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The sensitivity of FTIR spectra to the redox state of the
1. Introduction hydrpgenase active site foered_ a powerful tool to ex_amine
' species electrogenerated in sftit is the scope of this review
Hydrogen, the most abundant element in the Universe, isto cover the literature dealing with the different redox states
considered to be an environmental friendly energy carrier of the active sites of the catalystsNre, Fe-Fe, and Fe-S
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) . .. The multiauthored booklydrogen as a fuel. Learning from
cluster-free hydrogenases, their participation in the activation natyre offers comprehensive reviews of the literature on
and_ inactivation processes of these_ enzymes, and the'rhydrogenases from the previous centtife assume these
participation in the catalytic cycle, with emphasis on the 55 3 starting point, but we will first cover some previous

spectroelectrochemical studies. By inactivation we mean theeferences to provide background for the reader on this very
loss of activity, either reversible or irreversible, induced by 5ctive area.

extrinsic compounds. Activation is often the reversal of this

process. For the sake of clarity, Nre, Fe-Fe, and Fe-S 2 The Active Site

cluster-free hydrogenases will be treated separately although™

they could be united on the basis of mechanism of reaction The presence of a redox-active iresulfur (Fe-S) cluster

and common organometallic chemistfy#® at the active site dbesulfaibrio vulgaris hydrogenase was
The literature citations in the present review will focus proposed by LeGall and co-workers from results obtained

on work published since the beginning of the present decade by concerted experiments of optical absorption and EPR
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spectroscopy ob. yulgaris hydrogenase®.Further indirect N
evidence of the presence of Fe in the active siteCof Y, -
pasteurianunhydrogenase was obtained by experiments by a e A_@L\ - N
Thauer et al. in which the inhibition of activity by carbon v 71 \ ) AT\
monoxide was reversed by light. g\: 1 [4}9_‘}15]!‘-{-\1} p\

Almost in parallel with the gathering evidence that+& g R e ﬁ}k NG/ [4Fe-45]
clusters are constitutive redox elements on many hydroge- xﬁ’;;_ X ...‘?' . ‘t'\, - ~
nases, evidence accumulated for the involvement of nickel N\ \‘5 \_;.-«Q V2 K \ y
in the activation of hydrogen by some, but not all, hydro- 7K N Al Ll N\ [BFes) N
genases, suggesting the existence of at least two types of _ \_\’:\\ — QG L@y 1) (L
active sites in hydrogenas#s - { N YN NEFel ST )

. v U J i\ {Q < ? --\ 3
/’:\h‘h A o~ . * ‘ \

2.1. Ni—-Fe Hydrogenases e %-Z;J: J) (‘_\\x -"\:\f\' O

The first crystals of the nickel-containing hydrogenase i C\ '-\ ‘ Py N2 ;\J I\
purified fromD. gigas suitable for structure determination, 3 A\ ’."'& LA AN N X
were obtained in the group of E. C. Hatchikian in 1987. S\ /\&R\ A X V\

. ! . e . : ' V' \ \WVY TN

The crystals retained their catalytic activity after incubation o C‘Q
under hydrogen, indicating that the crystallization proceeded "\(\ -V v
without damage to the enzyme. This led the way to the first ¢
X-ray crystallographic structure of a hydrogenase molecule, b -~
in 1995, when Volbeda et al. reported the structuréDof ( \/ D
gigashydrogenase at 2.8 A resolution. The structure revealed ~—— [
the presence of a nickel atom in the active site and eleven (= ;x\\ . . .
iron atoms arranged in a chain of three ireulfur clus- ~ \\ \>_ [Feds 2] Q\ \\_:\ .

ters: two of cubane type and the middle one a [3Fe-4S]

i l :"- [4Fe-45) T r[zFEQS]
cluster (Figure 1a)° A\ oe & S
Chemical analyses of unstable metalloproteins are notori- ¢ [FeFe] i.?r ~ \{ "\ g
A N

ously variable, so it was impressive that the first chemical Y ‘%‘1‘" \ ?‘ ) oY [4Fe-43] )
analysis of the metal content of this enzyme indicated:12 N () Fdm N . AU A3

1 Fe atoms per hydrogenase molecdhich proved to be O @\ " Ve V=
correct. The twelfth Fe atom was found to be associated with = > (& Ve N g -
electron density located near Ni in the diffraction nf&n <N s >y \_/" [4Fe-as]

a further study, X-ray diffraction data were collected at two \ o 1 S

wavelengths, just below and above the iron absorption edge, A Ny

generating a double difference anomalous_ _electron de.nSityFigure 1. (a) Crystal structure of NiFe hydrogenase frorD.
map. A strong peak was found near the position of the nickel gigas The Ni-Fe center is in the center, with the nickel to the
atom and in all positions where Fe have been located in thefront and iron with CN and CO ligands to the back; the peroxo
previous study? This was a definitive proof of the nature ligand is in red. Coordinates are from the Protein Databank file
of a dinuclear Fe Ni center as the active site of nickel-type 1YQ9. Part of the protein has been sliced away to show the metal
hydrogenases connected to the surface through the chain oFe“te% (b) dCrytstaI Str“fcmretgi Fl’jaStteE‘”%”‘f[”Ee_l': ef.lhy‘ljlrzolgﬁ' "
!ron_su”ur.dUSters (Flgur_e 16})' The.actlve site Is stablllz_ed gctrj)llsoer.scr?grrnelni{;l g: f?)rlﬁjvcg:mirors orracl)nzlen; m?ign:sr}un:,ecyan; nickeﬁ
in the protein by four cysteine ligands: C530 and C65, which geen: nitrogen, blue; oxygen, red: sulfur, yellow. Plotted with Ras
are linked to Ni, and C533 and C68, which are bridging Top 2.1.

ligands of both Ni and Fe. All of them are strictly conserved,

and the two binding motifs C3C on the N-terminal side of a CTS
the peptide and CXCX;H/R on the C-terminal side are 3 co
always present. These four cysteines play a crucial role in cys,/ N ,’ \FE/
the coordination of the active site, as any attempt to substitute S/\I a1 N\ en
any of them even by serines, the hydroxyl of which is able T CN
to link Fe, resulted in an inactive enzyrffes® B cys

It took one additional year to complete the active site b
discovery, by FTIR spectroscopy. Using purifidlochro- ‘TS s |
matium vinosumhydrogenase labeled witRC or N, by [4FedS]~_{ =/ /
growth of the bacteria on the appropriate enriched media, it NS
was possible to determine that two cyanides and one carbon ,.-]F"-‘\ /FQ- 1N
monoxide were ligands of the iron até$’ The greater mass O?qc 8 co
of 1N (compared with naturalN) led to a shift to lower
frequencies of two of the three infrared bands, consistent X CH,NHCH,

with the stretching vibration of diatomic molecules contain- fFigyre 2. Schemes of the active sites of standard—Re
ing one nitrogen atom. The greater massf (compared  hydrogenases (a) and +&e hydrogenases (b). The arrows indicate
with natural*?C) led to shifts in all three bands to lower the vacant coordination site for binding of substrate or inhibitors.
frequencies. These three diatomic ligands are responsible for

the three anomalous bands detected by FTIR, and they areatom of the Ni-Fe center. Figure 2a shows in detail the
responsible for the low spin character of the ferrous iron active site of “standard” NiFe hydrogenases.
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Standard Ni-Fe hydrogenases, such as those frbm
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(formerly EC 1.12.99.4, now EC 1.12.98.2), isolated from

gigas conserve a histidine residue near to one of the methanogenic bacteriathat also catalyzes the evolution and
Ni—Fe bridging cysteines. This promotes a hydrogen bond uptake of hydroger The name is abbreviated to Hmd, for

between the histidine and one of the Nie bridging
cysteines, which DFT calculations have predicted would
favor the protonation of the MY of the histidine®® In
bacteria, the synthesis and the building of the-Ré center

H.-forming methylenetetrahydromethanopterin dehydroge-
nase. The enzyme is phylogenetically unrelated to the
Fe—Fe hydrogenases and-Nre hydrogenases and is formed
by two identical subunits of 38 kD4.The mechanism of

is a complex process that involves a minimum of seven reaction of this enzyme is completely different from those
maturation enzymes plus carbamoyl phosphate, GTP, andof the other transition-metal-containing hydrogenases dis-
ATP 5980 Carbamoyl phosphate is the precursor of the cussed above, as it catalyzes the specific, direct reduction

cyanide group, while the origin of the carbonyl is still
unknown®! Specific enzymes are responsible for nickel
transportation and insertidf.%* The loading process of the
iron is still unknown, but Fe insertion precedes Ni in the
steps of metal center assemBhSpecific chaperones also
interact tightly with the large subunit all along the maturation

of N®,N*®-methenyl-tetrahydromethanopterin with hydroden.
In contrast to the Nt Fe and Fe-Fe hydrogenases, the +8
cluster free hydrogenase is highly active in the catalytic
dehydrogenation ol N°-methylene-tetrahydromethanop-
terin, (methylene-EMPT) although it does not catalyze the
reduction by hydrogen of NADor NADP* or conventional

process, especially with one of the active cysteine ligands, hydrogenase acceptors such as viologen éiiesalso differs

cysteine-241 inE. coli hydrogenase 3 (C65 iD. gigas
numbering)® maintaining the active site cavity open and

from Ni—Fe and Fe-Fe hydrogenases in that the purified
enzymeper sedid not catalyze the conversion para-H,

accessible for maturation proteins. This cysteine ligand is to ortho-H, or the D/H exchange reaction; these reactions
released after the completion of the maturation process,specifically require the presence of methylendRT.”® The

which terminates by the cutting of the C-terminal peptide
after the histidine or arginine at the terminal coordination
motif CX,CX,H/R .8 This indicates that the final coordination

specific activity of Hmd purified under anaerobic conditions
is very high, about 12.5mol of methylene-EMPT reduced
per second per milligram of protefd.The purified enzyme

sphere of the active site is generated at the very end of thewas stable in aerobic conditions, but in cell extracts, it was

process.
Some nicketiron hydrogenases have a cysteine sulfur

replaced by a selenium atothThe first crystal structure of

a Ni—Fe—Se hydrogenase isolated frdbesulfomicrobium

baculatumshowed the Se atom of a Ni coordinated to

rapidly inactivated under oxidizing conditioRs,which
explains why no iron was initially detected in this enzyme
and it was formerly described as a “metal-free” hydroge-
nase’* Later, Thauer and co-workers confirmed that the
enzyme fromMethanobacter marburgensitoes not contain

selenocysteine instead of the sulfur atom of the equivalentiron—sulfur clusters although it harbors an iron-containing

cysteine at the active site in the-NFe enzyme. In addition,
the [3Fe-4S] cluster found in NiFe hydrogenases is replaced

cofactor’”"8The Hmd is dimeric and contains two iron atoms
per homodimer with the cofactor essential for activiteTIR

by [4Fe-4S] in this selenoenzyme, and the putative magne-spectroscopy revealed the presence of two CO’s bound to

sium ion in the large subunit is replaced by if8n.

2.2. Fe—Fe Hydrogenases

the iron at an angle of 9078 The crystal structures of the
enzyme fromMethanocaldococcus jannascland Metha-
nopyrus kandlerhave been recently report€dAn interest-

Fe—Fe hydrogenases are so-called because they do noing feature is that, in the apoproteigofactor complex

contain nickel. They are phylogenetically unrelated to
Ni—Fe hydrogenase8.The Fe-Fe hydrogenases that cata-
lyze H, evolution, for example from fermentative bacteria
such asClostridium pasteurianugf® have almost identical

model, the cofactor points to the -SH of the Cys 176, which
is essential for the enzyme activityRecent X-ray absorption
spectroscopy of théVl. marburgensisand M. jannaschii
hydrogenases indicates the presence of two CQO’s, one or

active sites and proton and electron transfer chains to thetwo N/O atoms coordinated to each Fe, and one S, probably

enzymes involved in the uptake of,Hsuch as those from
sulfate-reducing bacterfa,despite the differences in their
cellular localization, respectively, in the cytoplasmic or

provided by a cystein®.82 After exposure of the enzyme to
CO, the number of iron ligands increased, suggesting that
in the native enzyme there is one vacant coordination site

periplasmic external spaces (Figure 1b). The active site on the iron, which is presumably the site of binding83

involved in the activation of Kin Fe—Fe hydrogenases

consists of a specialized dinuclear iron cluster bonded to the 3 The Redox States of the Active Sites

protein backbone through just one cysteine sulfur, which

bridges to a [4Fe-4S] cluster. The two iron atoms in the pair ~ The bimetallic complexes, Fe&~e or Ni-Fe, that form

are bridged by a ligand (designated “X” in Figure 2b) that the active site in the two main types of hydrogenases are
appears from the crystal structure to be either 2-azapropaneable to acquire several stable structures, either catalytically
1,3-dithiol or possibly propane-1,3-dithi6}’* This ligand active or inactive, within a relatively narrow range of redox
has never been isolated, and its biosynthetic pathway ispotentials. This functional property is probably due to the

unknown. Fe-Fe hydrogenases also contain a low-spin
Fe(ll) with CO and CN ligands at the active site (Figure
2b). As Ni-Fe and Fe Fe hydrogenases are not phyloge-
netically linked, the strict conservation of low spin Fe(ll)
with CO and CN coordination indicates that these elements
are essential to biological hydrogenase actiAty.

2.3. Fe=S Cluster-free Hydrogenases
A totally distinct type of hydrogenase is the enzyme,

combination of different types of ligands that coordinate to
the metals: thiolates (goodr-donors), cyanides (good
o-donors), and carbonyls (goodacceptors). Their special
coordination may act as an electronic buffer that facilitates
the entry and exit of electrons in the active site. However,
biomimetic compounds of the active site of hydrogenases
with this type of ligation do not share this characteristic to
the same exterit:37388487 A possible explanation for this

is that the flexible environment generated by the protein

N5,N!%-methylene-tetrahydromethanopterin dehydrogenasematrix around the active site does not stabilize a particular
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redox state but facilitates redox transitions. Besides, the multiple isolated paramagnets, which can be resolved by
acid—base functional groups of adjacent amino acid residuesrecording spectra at different microwave frequencies. To first
should allow the coupled transfer of protons and electrons order, theg-factor anisotropy scales with microwave fre-
at the active site that favors the thermodynamics of the redoxquency, but the magnitude of the splitting scales with
transitions®® magnetic field. An example of a spectrum showing the effects
Although the kinetics of the hydrogenase reaction itself of spin—spin interactions is observed at temperatures below
are too rapid to be examined, different redox states of the 10 K, termed the “split Ni-C” signal. Its presence correlates
active site of hydrogenases have been identified by redoxwell with redox conditions where the NiFe center gives the
titrations of hydrogenases followed by different spectroscopic Ni-C signal, and the proximal [4Fe-4S] cluster is reduced,
techniques. EPR spectroscopy gave the first hints of theleading to the conclusion that it arises from a dipolar coupling
existence of redox chemistry of the active site, with the between them® This was confirmed by measurements at
detection of several states with a paramagnetic metal. Thedifferent microwave frequencies. The spectrum was simu-
introduction of FTIR spectroscopy for hydrogenase charac- lated by a combination of exchange and dipolar interac-
terization was a great step forward, as all redox states of thetions!° Another type of spectrum displaying the effects of
active site can be detected and usually distinguished by thisspin—spin interactions has been observed in the oxidized state
technique, and the enzymes are amenable to examination byf some, but not all, Ni-Fe hydrogenases. This spectrum in
in situ spectroelectrochemistfy.Other spectroscopic tech-  the hydrogenase from. vinosumwas demonstrated to dis-
niques, such as EXAFS, ENDOR, and"84bauer, have  appear during progressive reduction of the enzyme, with a
given valuable information on structural and electronic simultaneous increase in the signal from the oxidized
aspects of the active site, and the changes upon oxidation3Fe-4S] clustet®* EPR spectra at multiple frequenci&s

and reductiorf? indicated that it is due to interaction between the oxidized
_ cluster and an unidentified paramagH&fThe redox proper-
3.1. Ni—Fe Hydrogenases ties of the signal were investigated by redox titrations; the

potential of the interacting paramagnet did not correspond
to that of the NiFe center, nor did it correlate with the state
of activation of the enzyme. However, the midpoint potential
of the interacting species showed a pH-dependence indicating
a proton-dependent reducti#i§ The properties of this signal
might be explained if there was an iron ion in the metal-

i binding site, corresponding to the magnesium-binding site
in D. gigashydrogenase (Figure 1a). Such an iron atom was
observed in the structure of the Nire—Se hydrogenase of
Dm. baculatumand it was tentatively assigned as iron by

With the irrefutable demonstration of Ni as a component
of hydrogenase by the observation of hyperfine splittings in
the EPR spectrum of!Ni -substituted enzym®, three
different laboratories almost simultaneously submitted three
reports in 1982, on the redox-sensitivity of nickel in
hydrogenases as seen by EPR spectrostofiTwo types
of EPR signals are detected for the oxidized active site 0
“standard” Ni-Fe hydrogenases (such as those from the
Desulfaiibrio genus-D. gigas D. fructosaorans andD.
vulgaris—and others from the purple photosynthetic bacteria

A. zinosumand Thiocapsa roseoperciaThe EPR signals ~ 2nomalous dispersidfiNo such spir-spin interaction would
were designated Ni-A (or Nby some authorgy-values for be expected in the latter enzyme, since there is no [3Fe-4S]

D. gigas 2.31, 2.23, 2.01) and Ni-B (or Nby some authors; cluster, but if there were such a center in the hydrogenase
g-values forD_’gigas, 2.33,2.16, 2.01). A third EPR signa’I, of A. vinosum this might provide an explanation for the spin-

named Ni-C ¢-values for D. gigas 2.19, 2.16, 2.01) coupled signals.

appeared gradually upon reduction with Hr chemical Bagley and co-workers showed that the FTIR bands due
reductants. These names, which originally referred to EPRto the intrinsic diatomic ligands of the active site Af
signals, became attached by extension to particittesof vinosumNi—Fe hydrogenase shift in frequency upon reduc-

the nickel and, after the structure was determined, to statesing/oxidizing the sample with p0,.#?> This observation led
of the dinuclear center as a whole. It soon emerged that theto FTIR-spectroelectrochemical characterizatioogigas
EPR signals correlated with particular catalytic properties. hydrogenase, which allowed identification of all redox states
Fernandez et &F showed that the Ni-C state correspondsto of the active site, not only paramagnetic ones, and to
a catalyticallyactive state, whereas the Ni-A and Ni-B states determination of the redox and aeibase equilibria that
were inactive toward hydroge. These states will be relate them to each oth&¥ It emerged that FTIR, observing
described in section 4.1. A number of additional states werethe vibrational frequencies of the CN and CO ligands,
observed by EPR and FTIR, which were given additional monitors changes in the electron density of the active site
suffixes, including “R” for reduced (and in some cases “r" Fe, while EPR principally monitors the electronic state of
for ready) and “S” for EPR-silent. the Ni. As redox titrations by FTIR correspond, to within

Redox titrations of these EPR-detectable species estab-experimental error, with those done by EPR spectroscopy
lished the following: (a) one-electron reduction of the Ni-A  (Figure 3), it can be concluded that the bimetallic complex
and Ni-B states gave EPR-silent states; (b) Ni-B is two of the active site behaves as one electronic entity. Figure 4
electrons more reduced than Ni-A; (c) Ni-C is two electrons shows the equilibria that correlate the different redox states
more reduced than Ni-B; (d) one-electron reduction of Ni-C of the active site that have been detected spectroscopically
results in another EPR-silent state named as Ni-R (Ni-SR for “standard” Ni-Fe hydrogenases. The iron atom of the
by some authors); (e) all these redox equilibria are pH- active site is low-spin Fe(ll) in all states, as observed from
dependent; thus, protons as well as electrons are involvedENDOR and EPR spectroscoff, 1 which is in agreement
in these process@y?+ 101 with its coordination by the strong-field amdaccepting CO

A valuable feature of the EPR spectra of hydrogenases isando-donating CN ligands. Moreover, the frequency shifts
the spin coupling between paramagnetic centers, which leadbserved in FTIR of the active site upon change of redox
to splitting or distortion of the spectra. These features differ state are considerably smaller than those observed in model
from the complexities introduced by the superimposition of complexes for a Fe(ll)/Fe(lll) transitioi® Therefore, changes
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a More recently, FTIR-spectroelectrochemical experiments
have been performed for other “standard” hydrogenases such
as those fronD. fructosaorans A. vinosum andD. vulgaris

that have confirmed the previous resdfs%> Only slight
differences in frequency values (Table 1), redox potentials,
and pH-dependence have been observed, which clearly
suggests that the structure and functionality of the active site
in most Ni-Fe hydrogenases are equivalent. Thus, there is
little evidence to support the early reports of important
differences between NiFe hydrogenases from. gigas®5?
andD. vulgaris.'%1%6The vibrational shifts and the intensities
of the infrared bands of the diatomic ligands are related to
the zr-electron mobility or delocalization in the active site,
which is the result of the electronic changes of its metal
atoms and their interactions with the active site cavity. In a
study to evaluate the influence of the protein background
on the structure and functionality of the active sitelnf
fructosaorans Ni—Fe hydrogenase, it has been clearly
demonstrated that the mutations modifying the hydrogen
bonding of the CN ligands with neighboring amino acid

gnal amplitude

& EPRsi
S

200 -200 0
Redox potential/mV vs. NHE

1914 + 1934

FTIR absorbance

Redox potential/mV vs. NHE
Figure 3. Redox titrations of the active site @. gigashydro- residues induced modifications of the FTIR spe&tfahe

genase monitored by EPR (data from ref 91) and FTIR (data from

ref 107): open triangle, Ni-C signal; open square, Ni-A signal; removal of a serine that is hydrogen bonded to cyanides

closed squares, 1940 cfband; open triangles, 1952 cfrband; (Figure 5) leads to a shift to lower frequencies, while the
closed circles, 1914- 1934 cn1! band; open circles, 1946 crh introduction of a new serine residue that could establish new
band. Reprinted from ref 304, Copyright 2005, with permission hydrogen bonds produced shifts to higher frequencies.
from Elsevier B.V. Similar frequency shifts have been reported for biomimetic
*Ni-B NiA Fe complexes upon hydrogen bonding of the cyanide
ready unready ligands?® It is interesting to note that, whatever the mutation,
Anacrobic 1 0, , 0, - the frequencies of the two CNigands shifted in the same
inactivation Aerobic e, H . . . .. A . . .
Ea= 79 k,,mo:ﬂrze.l:vam/ ME,LBO v direction and with similar magnitude, indicating that the two
. - . reivation CN~ oscillators remained coupled.
NiShs—s NisSly €2 0 o 50 Some other redox states of the active site have been
y . detected that are not functional. These include states of
Ni-CO E'=-380 mV ba €O enzyme inhibited by carbon monoxide or enzyme irradiated
r . > ) by visible/near-ultraviolet light at low temperatures (see
*Ni-C EEZR aNi-L 0K #NiCO Figure 4). By EPR experiments, two Ni-CO (called Ni-S
4 CO by some authors) states have been proposed: one a
e, HY paramagnetic state and the other EPR sit&nt?® Two
oI my Ni-CO states have been detected by FTIR, but both of them
u* were shown to be EPR-silent, with the difference between

Ni-Ry; s—— Ni-R,

them being the redox state of the proximal [4Fe-4S] cluster,

Figure 4. Scheme of the different redox states of the active site ; : P :

of standard Ni-Fe hydrogenases. The paramagnetic EPR-active \INh'gh a'f'fectsfslﬂlghtly thﬁ el_e (_:érlonl_deilnSIty :n the active Site.
states are marked with an asterisk. The formal redox potentials (at/f"@diation of Ni-C with visible light at low temperature
pH 80), energy barriers, andKQcorrespond to those measured by allows detection of another redox state named as Nl-L, which

FTIR-spectroelectrochemistry &f. gigashydrogenase in ref 107. is generally considered to be a Ni(l) statg130132
Eé'rﬁ‘é'\ig%rgr'{;g' c’[l\lSI-JS,\IliKIiltl,I-Sill:-’S'\,lIﬁr?é,a&i-gt-ilsgggwaeg " Light irradiation of a coordination complex may have a
Ni-SR, respectively. number of different consequences, including displacement
of a ligand and electron transfer. It is now commonly
of formal oxidation state in the active site should take place considered that the light-sensitivity of the Ni-C state corre-
in the Ni atom, as expected from the redox titrations of the sponds to the displacement of a hydrogen-containing species
Ni-EPR signals. A different coordination of Fe in the active near the dinuclear [NiFe] site!®® One of these species has
site of the Ni-Fe hydrogenase from. vulgaris Miyazaki, been proposed to be a bridging hydride between the nickel
consisting of two CO and one SO ligands, has been reportedand the iron ions in the Ni-C staté Besides, it has also
based on X-ray crystallography and mass spectrometrybeen proposed that a proton transfer involving the terminal
(pyrolysis-MS and TOFSIMS) analysis; however, the FTIR  cysteine ligand of the nickel ion also accompanies the
and EPR spectra were essentially identical to the one reportecphotoprocess. The cancellation of the exchange coupling with
for other standard NiFe hydrogenasés!11? the proximal [4Fe-4S] clust&¥ suggested that the group that
The EPR spectra of paramagnetic states of hydrogenase#oses the proton during this process was the cysteine 65 thiol
are typical of Ni(lll) ions, although the spectra of Ni(l) are (in D. gigasnumbering):°8135This hypothesis is supported
not too dissimilat®®113 Nickel-K edge XAS spectra are by the site-directed mutagenesis experiments conducted on
consistent with the formal oxidation state of the Ni metal glutamate 25 oD. fructosaorans hydrogenase. The sub-
oscillating from Ni(lll) in all EPR active states to Ni(ll) in  stitution of this residue by an aspartate resulted in the loss
the EPR silent statéd? It is currently a matter of debate if of the photosensitivity of the reduced [Nie] center,
the Ni(ll) states are high spin or low spiff.115122 associated with the presence of spectroscopic features
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Table 1. Vibrational Frequencies (cm?) of the Diatomic Ligands of the Active Site at Different Redox States of NiFe Hydrogenases

Measured by FTIR?

A. vinosunt

D. gigas D. fructosaorang D. wulgaris®

redox state »(CO) »(CN) ¥(CO) »(CN) »(CO) »(CN) »(CO) »(CN)
Ni-A 1945 2082, 2093 1947 2083, 2093 1947 2084, 2096 1956 2084, 2094
Ni-B 1943 2079, 2090 1946 2079, 2090 1946 2080, 2091 1955 2081, 2090
Ni-SU 1948 2088, 2100 1950 2089, 2099 1950 2091, 2101 1946 2075, 2086
Ni-Sl 1910 2052, 2067 1914 2055, 2069 1913 2054, 2069 1922 2056, 2070
Ni-Sly, 1931 2073, 2084 1934 2075, 2086 1933 2074, 2087 1943 2075, 2086
Ni-C 1951 2073, 2085 1952 2073, 2086 1951 2074, 2086 1961 2074, 2085
Ni-R, 1936 2059, 2072 1940 2060, 2073 1938 2060, 2074 1948 2061, 2074
Ni-Ry 1921 2048, 2064 1923 2050, 2060 1922 2051, 2067 1933 nd
Ni-Ryy 1913 2043, 2058 nd nd nd nd 1919 2050, 2065
Ni-CO 1929, 2060 2069, 2082 1932, 2056 2070, 2083 1931, 2055 2069, 2084 nd nd
Ni-L 1898 2044, 2060 nd nd nd nd nd nd

and = not determined® Data from refs 42 and 124.Data from ref 1079 Data from ref 123¢ Data from ref 125.

gigas numbering, which is at H-bond distance from the
proton-transfer gate glutamate ®8lhis structural difference
greatly affects the functionality of the active site, changing
the activity kinetics and redox potentials of the stdfési*t

For instance, oxidized states with paramagnetic Ni are seldom
detected forDm. baculatumand D. vulgaris Ni—Fe—Se
hydrogenases, and the aerobically isolated enzyme is mostly
EPR-silent. Moreover, the NiFe-Se hydrogenases re-
quire little if any reductive activation in order to initiate
Ho-production or H-uptake!*?-144 although reduction with
methyl viologen is required for HD-exchange activity*®

A Ni-C type signal is detected for reduced, active hydrog-
enase?? 144146 and also a paramagnetic Ni-CO st#te.
However, the FTIR spectra of both oxidized and reduced
samples are quite complex and dissimilar from those of
“standard” Ni-Fe hydrogenasé4’ High resolution 'H

lectron nuclear le resonan ENDOR) of terium
been exchanged by mutations. The dashed lines indicate putativg’3 ectron nuclear double resonance ( OR) of deuteriu

hydrogen bonds. Coordinates were obtained from the crystal exchanged NtFe and N1—Fe—Se_hydroge_nase took adva_m-
structure at 2.54 A resolution . gigashydrogenase (Brookhaven  tage of the replacement of a Ni sulfur ligand by selenium
Protein Data Bank). Reprinted with permission from ref 127. for the assignment of ENDOR signals to the six protons of
Copyright 2003 Springer-Verlag. the cysteines bound to nick&f

) o ) ) The oxygen-tolerant hydrogenases, particularly the cyto-
comparable with the Ni-L signals. This observation suggests plasmic soluble hydrogenase frdRalstonia eutrophavhich
that the mutation induced modifications that maintain the uses NAD as its direct electron acceptor, are of grea‘[

active site in a conformation close to that of the illuminated interest, owing to their stability and insensitivity to inhibition

state. It was then supposed that the shortening by 6n€ C  py O, and CO. So far, there is no crystallographic structure
bond of the lateral chain of glutamate brings the carboxylate for 5 hydrogenase of this type, but although the amino-acid
closer to the cysteine 72 Ni-thiolate ligand (cysteine 65 in sequences indicate a NFe center, spectroscopic studies
D. gigas numbering) by 0.5 A, thereby preventing the clearly suggest a different active site structure from those
protonation of that cystein€® Beyond the illuminated state,  already determined. First of all, no significant EPR signals
this Study shows that the EPR and FTIR Signals are SenSitivedue to the Ni-Fe active site are detected for aerobica”y
not Only to the redox state of the Ni and Fe but also to the isolated or active soluble hydrogenase (SH or SHﬁ‘ge)
hydrogen-bond network that exists in the active site cavity, Thus, the active site is probably Ni(tFe(ll) in most redox
and that any modification, even at a remote distance, might states; only after prolonged reduction of the hydrogenase does
influence the spectroscopic features. a Ni-C type signal start to appe®f.Second, FTIR spec-
Other studies of the redox states of the active site havetroscopy combined with chemical analysis suggests that there
been reported for “nonstandard” NiFe hydrogenases such are three CN and one CO ligands coordinated to the Fe
as Ni-Fe—Se hydrogenases, aerobic hydrogenases, andatom and a fourth CNcoordinated to the Ni ator%?! Third,
hyperthermophilic hydrogenases. In-Nte—Se hydrogena-  XAS studies point to coordination of Ni predominantly by
ses, a cysteine of the protein sequence is replaced by aard (O,C) ligands rather than soft (S) ligafe&>FTIR-
selenocystein&’ EPR studies with thé’Se-enriched hy-  spectroelectrochemical studiesRfeutrophaSHase by van
drogenase ofDm. baculatur®® and Ni and Se X-ray der Linden et al. indicated that aerobically isolated enzyme
absorption spectroscopy of the same enZjfnemonstrated  was converted to an active state by reductior-aié6 mv
that the selenocysteine is coordinated to the Ni site. Thesevs NHE and that this step is irreversible under anaerobic
suggestions were confirmed when the crystallographic conditions. A more reduced state was obtained 381 mV
structure was obtained, which showed that the selenocysteinghat was equivalent to hydrogenase reduced by 1 atmp.of H
replaces one of the terminal cysteines coordinated to the NiThis latter redox transition was reversible under anaerobic
atom. This selenocysteine corresponds to cysteine 5B0 in  conditions!®? Figure 6 shows the scheme of the redox states

Figure 5. Scheme showing the active site bf fructosaorans
Ni—Fe hydrogenase and neighboring amino acid residues that hav
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Inactive A complete EPR study has been reported for the K&
“sulfhydrogenase” from the hyperthermophilic Archaebac-
terium Pyroccocus furiosusParamagnetic signals due to
Active active site Ni were observed upon heat-induced reduction
o by a internal substrate, some of which are similar to those
described for “standard” NiFe hydrogenases, while others

Redox-dependent \E'= -100 mV
activation

Er~-350mv reflected temperature-dependent transitions between &htes.
. FTIR spectra for reduced and oxidized samples of this
Active, hydrogenase have been reported, showing bands due to the
Prolonged CO and CN ligands of the active site. However, these
reduction spectra revealed a great deal of heterogeneity in the samples,
which made interpretation difficult” On the other hand,
*Ni-C EPR spectra of the hydrogenases from the hyperthermophilic

Figure 6. Redox states of the SH frolR. eutrophadetected by bacteriumAquifex aeolicusvere typical of the N';B and Ni-C
different spectroscopic techniques (FTIR, EPR, and XAS). The States of standard hydrogenases, but not Nf%A.
paramagnetic EPR-active state is marked with an asterisk.

3.2. Fe—Fe Hydrogenases

of the active site ofR. eutrophaSHase according to the The different redox states of the active site ofJR

FTIR-spectroelectrochemical experiments and other redoxhydrogenases, also named the H-cluster, were studied first

controlled spectroscopic measurements. by EPR spectroscopy. Two oxygen-sensitive hydrogenases,
The p-proteobacteriumR. eutrophahosts two other | and I, were purified anaerobically froi. pasteurianum
oxygen-tolerant hydrogenases: the membrane-bound hydroand gave rhombic signals typical 8= %/, systems, with
genase (sometimes referred to as MBH or MBHase) and thethe highesg-value at 2.10, which were assigned to the active
Hz-sensing regulatory hydrogenase (RH or RHa3ehy- sites. Redox titrations showed that these signals disappeared
drogen sensors, which have a regulatory function but little ypon reduction with an apparent formal potential of about
activity in H, production or consumption, have also been —400 mV vs NHE at pH 8.0 to give diamagnetic stat®s.
described folRhodobacter capsulatuend Bradyrhizobium These redox states have been namgdafd Heg respec-
japonicum®® Since the early studies by EPR and redox tively. Hydrogenases, such as those fremuulgaris and
titrations;*° there have been few spectroscopic studies of D. desulfuricans which retain activity after aerobic puri-
the active site of MBHase, in comparison with many on the fication67-16° were found to comprise an inactive and
regulatory hydrogenase. Recently, an FTIR spectrum of diamagnetic state of the H-clusters; only after reductive
MBHase, as isolated, has been reported, which also showsreatment under anaerobic conditions did these hydrogenases
the typical CO and CN coordination of “standard” hydro-  pecome active, and theyfisignal was detected. Patil et al.
genase$® showed that during activation a transient rhombic EPR signal
The active site of the RHase seems to be structurally with the highestg-value at 2.06 appeared, reaching its
similar to those of “standard” NiFe hydrogenases although maximum at about-110 mV at pH 7.0’ In addition, Pierik
it is isolated as a dimer of heterodimers. Pierik et al. €tal. reported that the reduction step from this transient state
characterized the active states of RHase by FTIR and’ EPR. 10 Hox was irreversible under anaerobic conditidffs.
They concluded from the FTIR experiments that the active  Subsequent FTIR measurements showed thatHee
site has one CO and two CNligands, as in standard hydrogenases contain low-spin Fe with CO and Qijands
Ni—Fe hydrogenase8’ Redox titration by FTIR-spectro- in their H-cluste’®12 The FTIR bands due to these ligands
electrochemistry confirmed the existence of only two redox shift in frequency upon changes of the redox state of the
states: one comparable to Ni-Sl in “standard” W hydrogenase (Table 2). In a recent publication, redox
hydrogenases and another reduced paramagnetic state similditrations followed by FTIR in a spectroelectrochemical cell
to Ni-C. The formal midpoint redox potentidk, was were reported foD. desulfuricanydrogenasé’? Figure 7
estimated to be-322 mV vs NHE at pH 7.0, which is similar ~ shows a scheme of the redox transitions of this hydrogenase
to those reported for the Ni-SI/Ni-C transition (A. L. De starting from the aerobic inactive statendd (also known
Lacey, unpublished results). An ENDOR and HYSCORE as H,®"). The measured formal potentials in this work
study of the regulatory hydrogenase by Lubitz and co- correlate reasonably well with those measured by EPR8
workers concluded that a hydrogen exchangeable with D  and with redox potential-controlled Nsbauer daté& taking
or D, was in a bridging position between the active site into account the differences in pH conditions and hydroge-
metals in the reduced staf®, a structural characteristic nase origin.
assigned also to the Ni-C state of “standard’—IRe Reduction from diamagnetic i to the transient para-
hydrogenase¥2122.135159161 An XAS study of the regulatory ~ magnetic state, Hns is a one-electron sté§§12and revers-
hydrogenase concluded that the active site Ni has fewer Sible.}”> M&ssbauer spectroscopy indicates that in both states
ligands and more (O, N) ligands than “standard” hydroge- the [Fe-Fe} subcluster is diamagnetic and that the reducing
nases®? However, site-directed mutagenesis on RHase equivalent is used to reduce the [4Fe+4Slbclustef’s
reported by Friedrich and co-workers indicated that the four The presence of the strong CO and Chgands in the
cysteine residues adjacent to the Ni atom are indispensablgFe—Fe}; subcluster ensures that these Fe atoms are low-
for correct assembly of the protein, with three of them being spin, and it is difficult to assign their oxidation state from
indispensable for Ni-binding. More recently, iron-EXAFS  the isomer shift parameter of Mebauer spectfd® How-
spectra of this sensor hydrogenase have suggested a new typever, DFT calculations of models of the,k: state support
of iron—sulfur cluster, which may be a [4Fe-3S-30], in a Fe(ll)-Fe(ll) configuration of the [FeFely sub-
addition to two standard [2Fe-2S] clustéfg. clustert’4-175
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Table 2. Vibrational Frequencies (cm?) of the Diatomic Ligands of the Active Site at Different Redox States of FeFe Hydrogenases

Measured by FTIR?

D. vulgaris® D. desulfurican$ C. pasteurianund
redox state v(CO) (CN) v(CO) (CN) v(CO) (CN)
Hinact 1847, 1983, 2007 2087, 2106 1848, 1983, 2007 2087,2106  nd nd
Hirans nd nd 1836, 1977, 1983 2075,2100 nd nd
Hox 1940, 1965 2079, 2095 1802, 1940, 1965 2079,2093 1802, 1948, 1971 2072, 2086
Hox-CO 1811,1964,1971,2016 2088, 2096 1810, 1963, 1971, 2016 2088, 2096 1810, 1971, 1974, 2017 2077, 2096
Hred 1894, 1916, 1965 2041, 2079 1894, 1916, 1965 2040, 2079 nd nd
Hsred nd nd 1883, 1932, 1955 nd nd nd

and = not determined® Data from ref 171¢ Data from ref 1729 Data from ref 288.
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Figure 7. Scheme of the different redox states of the active site
of Fe hydrogenases. The paramagnetic EPR-active states are mark

with an asterisk (the EPR spectra ofiddhave not been reported).

and Massbauer studies clearly indicated that the [4Fg;4S]
subcluster is in the oxidized-2 state and that the two Fe
atoms of the other subcluster are spectroscopically indistin-
guishablel’®17%there are two possible electronic configura-
tions for the [2Fe-2$]subcluster: an antiferromagnetically
coupled Fe(l)y-Fe(l) state or a Fe(IhFe(ll) state with a
coordinated hydride. The first synthetic models reported for
the diiron subcluster were stable dinuclear complexes
Fe()—Fe(1)187-18% however, Fe(Il}-Fe(ll) complexes with

a hydride ligand have been reported more recetly?3

In addition, a diferrous complex featuring a semibridging
CO ligand has also been reporf@fl.Fe'*Fe't models
were favored by DFT calculations reported by several
authors'’419.1%yhereas Liu and Hu proposed thatdvas

a mixture of Fe(l)-Fe(l) and Fe(ll)-Fe(Il)-H~ configura-
tions based on the comparison of the calculated vibrational
frequencies for models of both options with the experimental
ones reported fob. desulfuricand=e—Fe hydrogenas&?®

eq Atvery low redox potentials, a super-reduced state of the
Igl-cluster, named k.4 was detected by infrared spectro-

The formal redox potentials (at pH 8.0) correspond to those €lectrochemistry. This state was not very stable and tended

measured by FTIR-spectroelectrochemistrpoflesulfuricand-e
hydrogenase in ref 172.

to decompose before it could be reoxidized tagHAS no
other data are available from other spectroscopic techniques,
this reduction step cannot be ascribed to the cubane or diiron

Diferrous dithiolates with cyanide and carbonyl ligation - subclusters of the active sit€ A CO-inhibited state of the
that bear a structural and spectroscopic relationship to theH-cluster was detected several years ago by EPR spectros-

Hinact State have been synthesiZég1’”

By an irreversible redox-dependent process, thestate
is obtained from the ks state. M@sbauer and ENDOR
studies ofC. pasteurianiuti® and D. vulgaris'’® Fe—Fe
hydrogenases have indicated that iy Hhe [4Fe-4S]

copy of various FeFe hydrogenasé$®1%° Mossbauer
and ENDOR spectroscopic studies suggested that the CO-
inhibited state has a similar electronic configuration to
Hox, 173178 thus, we can consider the former also as a
Fe(IlFe(l) subcluster with an oxidized cubane subcluster and

subcluster is diamagnetic and that the unpaired spin isname it as l-CO. DFT studie§“ 17> and FTIR character-
centered at one Fe site of the [2Fe-2S] subcluster; thus, theization of synthetic model&.-182 support this electronic

subcluster is in a mixed-valence state, either Fe@@(IIl)

configuration for the dinuclear iron subcluster. Nevertheless,

or Fe(ll)-Fe(l). As the magnetic coupling between the arecent computational study proposed that the unpaired spin
cubane and diiron subclusters. is low in this state, i_t was in Ho-CO is significantly delocalized between the two Fe
proposed that the paramagnetic atom was the Fe distal toatoms!83 Sulfur K-edge XAS measurements, combined with

the cubané’®17® A FTIR characterization under redox

potential control ofD. desulfuricanshydrogenase allowed
assignment of the infrared bands of theyldtate to the

different CO and CN ligands of the H cluster, and the

density functional calculations on a synthetic H-cluster
model, suggested that there is extensive delocalization of
frontier molecular orbitals of the iron and sulfur atoms of
both subcluster¥’ In fact, EPR spectra of’Fe-enriched

authors proposed a distal Fe(l) and a proximal Fe(ll) as the enzyme fromD. desulfuricansin the H,-CO state are

electronic configuration of the [2Fe-2S] subclust@TIR
characterization of biomimetic models of this subclustef?

and calculated vibrational frequencies from DFT stud-

iest’417518have confirmed this electronic configuration.
Redox titrations followed by EPR1%8or FTIRY2indicate
that Heq is one electron more reduced thag.HThe main

consistent with a magnetic hyperfine interaction of the
unpaired spin with all six Fe atoms of the H clust&r.

3.3. Fe—S-Cluster-free Hydrogenase (Hmd)

As for the iron atom of Ni-Fe hydrogenase’s active site,

structural difference between the two states is that, uponand in contrast to the FeFe hydrogenases, the iron of the
reduction, the bridging CO ligand shifts toward the distal cofactor of Hmd is not redox active and under all conditions

Fe, acquiring a semibridging coordinatittansto the vacant
coordination sité® As Heq is a diamagnetic state:185186

tested remains EPR-silent. Spectroscopic data obtained by
FTIR, Mossbauer, and XAS indicate that the iron is in a
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low-spin state, although it is yet unknown if it is Fe(ll) or disappeared, and the NFe distance is 0.25 A shorter.

Fe(l)19° Therefore, it was assumed that reduction of the oxidized
A CO-inhibited state and a CN-inhibited state have been states triggered the removal of a bridging oxygen species,

observed by FTIR spectroscopy. These extrinsic ligands bindwhich allowed H binding to the active site and catalytic

most probably to the Hreactive site of the iron atof. turnover® This was confirmed by alfO ENDOR study in
which the signal due to Ni-A labeled wifflO was lost upon
4. Actlvatlon Processes reductive activation to Ni_@(}S

) ) FTIR-spectroelectrochemical studies of different hydro-
Most hydrogenases are not fully active when isolated genases have indicated that one-electron reduction of Ni-A
aerobically, requiring a reductive process to become catalyti- 3nq Ni-B leads to two different states: Ni-A leads to the

cally competent. The nature of this activation process \j.gy (named N}-S by other authors) state, and Ni-B leads
depends on the structure of their active site, but in all cases,;g Nj-S| 107123125 Enzyme in the Ni-SI state is active

itinvolves a structural reorganization of the active site from \yhereas the Ni-SU state is still inactit®:2%6-209 The
a form stable in air to the form that is catalytically active activation process represents a gradual, spontaneous conver-

for Hz-uptake/production. sion of the Ni-SU to the active Ni-SlI state, a step that is
) rate-limiting and entropié3197.2°Two forms of the Ni-SI
4.1. Ni-Fe Hydrogenases state are in pH equilibrium, as detected by FTIR (Figure

4) 1237125 The unprotonated form is named Nir@Ni-S by
other authors), whereas the protonated form is named

behavior: Fernandez et #l postulated that the difference  Ni-Shi (Nia-S by other authors). It has been proposed, on
between the Ni-A and Ni-B states was associated with a the baS'S Qf the difference in vibrational frequenue_s_ Of. the
difference in activation behavior. NFe hydrogenases, such diatomic ligands of the Fe atom, that the pH equilibrium

as that fronD. gigas are isolated aerobically and are inactive NVoIves protonation of a terminal cysteine of the'fi:2>210
in assays where His the reductant or in hydrogen Although crystal structures of these states have not been

deuterium and hydrogertritium exchange assay&2%2To reported, some computational studies consider that one of
restore the activity requires reducing conditions and the the Ni-Sl forms still has an oxygen ligand bound to the active
absence of @9 A confusing feature of this reductive Site?*"* However, there are experimental results which
activation was the highly variable nature of the onset, rate, SUPPOrt that Ni-Sl has lost the bridging oxygen ligand,
and extent of activation. There is often a lag of minutes or Whereas it is still present in NI-SU. First of all, an X-ray
even hours before the enzyme starts to become active, an@PSOrption spectroscopic study Af vinosumhydrogenase

the extent of activation depends on the history of the enzyme concluded that a NtO bond was present in Ni-SU, which
sample. Moreover, once reductive activation has started, disappeared in the four coordinated Ni-SI states of the active

some of the hydrogenase activity reappears quickly, but site23 Second, FTIR-spectroelectrochemical characterization
restoration of full activity takes several hours at ambient Of D. fructosaoranshydrogenase in the presence of carbon
temperatures. Fernandez ef¥lexplained these effects in monoxide, which Isa Competltlve lnhlb_ltor of hydrogengses,
terms of a minimum of three forms of the enzyme: #utive showed that extrinsic CO binds to Ni-SI but not to Ni-A,
state, theready state that becomes active quickly upon Ni-B, or Ni-SU. The interpretation of this result was that
reduction, and thenreadystate that needs a long period of the inhibitor can only bind to the Ni atom when the bridging
incubation under reducing conditions before becoming active. ©Xygen species is removed from the active site, thus leaving
It was proposed that in the oxidized enzyme theblihding a vacant coordination sit@In addition, several theoretical
site (now known to be the NiFe center) is inactive or  Studies support models of the Ni-SU and Ni-SI states with
blocked, so that activation of the hydrogenase requires @nd without a bridging oxygen species, respectidé&ly:’
electron transfer into the #binding site from elsewhere in ~ Therefore, itis generally considered that the “ready” behavior
the electron-transfer chain. According to this scheme, it Of Ni-B is due to fast removal of the bridging oxygen species
would require the presence of only a few active hydrogenaseUPon reduction, whereas the “unready” behavior of Ni-A is
molecules to start the reduction process, after which the due to slow removal of the bridging oxygen species upon
activation would be autocatalytic. The reductant could be a reduction.
low-potential electron-donor compound, or another electron The early studies on the NiFe hydrogenases used
source such as an electrode. In concentrated hydrogenaselectron-transfer mediator dyes such as the low-potential
preparations, activation could be by intermolecular electron methyl viologen E,, —440 mV vs NHE), which presumably
transfer between hydrogenase molecules or by residual tracesupplies electrons to the irersulfur cluster$® and the
of low-potential carriers such as cytochromer ferredoxin oxidant 2,6-dichloroindophenolgf, +217 mV). In these
from the bacterial source material. Otherwise, in the assay,experiments, it is difficult to control the rate of the reaction,
the activating compound could be a reduced electron acceptorand, at higher potentials, there is the likelihood of exposure
such as methyl viologen. to O.. Recently, electrochemical studies by Armstrong’s
Fernandez et &F showed that, forD. gigas Ni—Fe group, of hydrogenases adsorbed onto the surface of a carbon
hydrogenase, the relative proportions of the Ni-A and Ni-B electrode in an anaerobic chamber, have provided an incisive
EPR signals correlated with the proportion of the enzyme method to control the applied redox potential and observe
in the unready and ready states. For both the ready andthe activation and inactivation processes. The rate of diffusion
unready states, the first step of activation is the reduction of of substrate molecules to the enzyme is controlled by the
Ni(ll1) to Ni(ll) as observed by EPRY%9Subsequent X-ray  rotation rate of the electrode. Electrons are supplied by the
diffraction studies showed that the main structural difference electrode directly to the electron-transfer chain, in all states
between oxidized and reduced states of the active site is thatpf the enzyme. The electric current is a measure of catalytic
in the latter, the oxygen species that bridges the metals hasactivity, and the driving force, voltage, can be altered at will.

As mentioned above, standard-Nte hydrogenases have
several different oxidized states with different kinetic
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Rapid changes in applied voltage can be used to measureshow an exchangeable proton in Ni-A that can be assigned
the instantaneous activity of the enzyme, while chrono- to the bridging ligand, although in this case it has a different
amperometry, in which a current is measured during the orientation than that in Ni-B or it is of a different typ&.
steady application of a voltage, can be used to follow Quantum calculations of EPR parameters of models of
activation and inactivatioft®21°In this way, it was shown  Ni—Fe hydrogenase active sites and comparison with
that conversion of “ready” to “activeA. vinosumhydroge- experimental values suggested a hydroxo bridging ligand in
nase is rate-limited by the redox potential, which suggests Ni-B, and an oxo or peroxo ligand in Ni-&+225The authors
that the reduction of Ni-B to Ni-Sl is the slow step of the argued that the latter ligand would be removed from the
process% A contrast may be drawn with the “unready” active site with more difficulty. In a similar study reported
hydrogenase, where an analogous study indicated that a fasby Stadler et al., the authors were in agreement with the Ni-B
and reversible electrochemical step precedes the rate-assignment but favored a hydroxo ligand for Ni-A instead
determining step of the activation process, independent ofof an oxo ligand because it modeled better the experimental
the redox potentid? The latter result confirmed the previous paramagnetic and structural parametétsStadler et al.
FTIR-spectroelectrochemical study@f gigashydrogenase  proposed that the difference in electronic structure between
that showed that Ni-A could be reduced to Ni-SU in a Ni-A and Ni-B could be explained by a different protonation
reversible way and that the rate-limiting step of the activation level of a cysteine ligand of the Ni atom and that the kinetic
process was conversion of Ni-SU to the active states, barrier for Ni-A activation was caused by a different
independent of redox potential and pHAThe redox titration orientation of a nearby glutamate residue, which impeded
of the Ni-A/Ni-SU couple followed by FTIR has also been fast removal of the bridging hydroxo ligand as a water
reported for theD. fructosaorans A. vinosum and D. molecule?® Bleijlevens et al., on the basis of the H/D
vulgaris Ni—Fe hydrogenaséd® 125> The pH dependences hyperfine coupling of the EPR signals, proposed a bridging
of the formal measured redox potentials for these standardoxygen species between the metals in the Ni-A state, and a
Ni—Fe hydrogenases are indicative of a one-electron/one-terminal hydroxo ligand to the Ni in Ni-B. This terminal
proton step, which is in agreement with the small shift in ligand would be pointing toward the Hransport channel,
the frequencies of the CO and CMgands, which means a  which should facilitate its exit from the active site during
small change in the electron density of the active site. One activation??® A difficulty with these proposals in which the
exception is the case of th®. wpulgaris Miyazaki F Ni-A and Ni-B states both have a single bridging oxygen
hydrogenase, in which the shift of the CO and Chands atom is that they do not explain why it is impossible to
is larger and follows a different pattern than the other interconvert the states without prior reduction.
standard Ni-Fe hydrogenases. Therefore, Fitchner et al.  The proposal that hydrogenases in the Ni-A state have a
suggested that this enzyme has a different electronic con-peroxo bridging ligand was supported by a recent X-ray
figuration for the Ni-SU state which could account for the (diffraction study ofD. fructosaorans??” In the Ni-B state,
faster activation process of Ni-/&? an oxygen species was clearly shown in the bridging position
Kurkin et al. studied the activation of Ni-A and Ni-B with  between the metals. A similar conclusion was drawn for the
H, by stopped-flow FTIR spectroscopy.In that work, they ~ Ni-B state of D. vulgaris Miyazaki F hydrogenas&? A
observed that the Ni-A state was converted to the active stategecent further refinement of X-ray diffraction data frdn
very slowly, whereas the latter converted quickly, after a gigas and D. fructosaorans hydrogenases, mainly in the
lag phase of a few seconds, through which a specific unready state, suggested that the bridging ligand in Ni-A is
reduction of the enzyme happens. In agreement with previousprobably monatomic rather than diatordf¢.The protein
proposals, the authors concluded thatwhs not able to molecules in the crystals were not in a homogeneous state,
reduce the active site directly in the Ni-A and Ni-SU states, and clear featureless electron-density difference maps were
whereas it did reduce the active site in the Ni-B state after only obtained when the bridging ligand was modeled as 70%
a few seconds’ lag phad¥.De Lacey et al. applied FTIR-  (hydro-)peroxo and 30% (hydro-)oxo, which is consistent

Spectroe|ectrochemistry . gigashydrogenase in $0/D,0O with the relative abundance of the Ni-A/Ni-B species as
and found that for the activation of Ni-A there is no Mmeasured by EPR. In addition, the refinement data suggested
significant kinetic effect of the solvent or the F#P. This partial oxidation of a bridging cysteine to sulfenic acid/

suggests that the rate-limiting step for Ni-A activation is not Sulfenat€??” Ogata et al. have also reported the crystal-
the protonation of the bridging ligand. The cause of the lographic structure ob. vulgaris Miyazaki F hydrogenase
different kinetic behaviors of Ni-A and Ni-B has been inthe Ni-A state with a diatomic bridging ligand, which was
interpreted in recent years as a difference of the nature ofassigned to a dioxygen with one of the oxygen atoms oriented
the oxygen species in both states. In a single-crystal EPRtoward the H-transport channel. The authors suggested that
study on this enzyme, thg-tensors of the Ni-A and Ni-B thls orientation is resppns@le for thel bIoc.klng of the active
states were determined as having a similar orientation andsite toward reaction with Hin the active sité?®

the authors proposed that the difference of ¢hevalues Marine organisms such & gigasare sometimes exposed
between Ni-A and Ni-B could be explained by a protonation to air, which would be expected to convert their periplasmic
of the bridging Ni-Fe ligand?*! A single-crystal ENDOR  hydrogenases to the unready state. If the activation of the
study of the same enzyme in the Ni-B state detected a protonunready states by reducing agents in vitro is very slow, taking
hyperfine tensor with an orientation compatible with the many hours at ocean temperatures, it is a question as to how
calculated one by DFT studies of oxidized active site models their hydrogenases become reactivated, if indeed they do.
with a u-hydroxo bridging ligand?? In the same work it Based on these structural data, it has been proposed that the
was observed that this hyperfine coupling was either missing kinetic barrier of Ni-A is either due to the difficulty of the

or decreased in magnitude in Ni-A, confirming a structural release of HO, from the active sit&”22%0or, alternatively,
difference of the active site involving the bridging ligand. due to the reduction of a sulfenate to thiolate in one of the
However, HYSCORE spectroscopy and H/D exchange do cysteine ligands and liberation ob@&.2?° Lamle et al. showed
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Figure 8. Simplified scheme of the possible mechanisms of activation of the active site of standard NiFe hydrogenases proposed by
Jayapal et al. in ref 212 considering a hydroperoxo bridging ligand for Ni-A.

that A. vinosum hydrogenase could be reactivated more estimated a midpoint redox potential for activation-af00
rapidly by H, or CO, in a complex multistep process. They mV. A mechanism for the activation process has been
proposed that the rate-limiting step is an internal rearrange-proposed, taking into account the structural characteristics
ment of the oxygen-containing species that allows its of the active site of this hydrogenase, namely that the Fe
subsequent and fast displacement byoHCO?%°In a recent atom has one CO and three ClNgands and the Ni atom
computational study, the activation by, Was simulated, = has one additional CN as deduced from FTIR spectros-
assuming a hydroperoxo bridging ligand in the Ni-A state copy}®! and that the Ni has predominant coordination by C
and a hydroxo ligand for Ni-B. Two pathways of activation or O ligands in the aerobically oxidized state, as deduced
of Ni-A were considered, one in which,B, is liberated from XAS spectroscop$t? According to this hypothesis,
from the active site and another in which twe@®molecules upon reductive activation with NADH, electrons are trans-
are liberated?? It was concluded that the second mechanism ferred to the Ni-Fe active site via a [2Fe-2S] cluster and
had a transition state with a kinetic barrier more similar to this causes removal of an oxygen species from terminal
the experimental result8’2°422%Figure 8 shows the simpli-  coordination to Ni, leaving a vacant site for hydrogen binding
fied scheme of both proposed mechanisms. Another recentand cleavagé??:152.233.237
computational study combined with quantum refinement of
the previously reported crystallographic data of the “unready” 4-2- Fe—Fe Hydrogenases
oxidized states oD. fructosaorans suggests that in that For those FeFe hydrogenases that can be reductively
structure there is a mixture of states of the active site. The activated, the rate of activation is much more rapid than that
best fit was obtained with a-hydroxo bridging ligand and  for most Ni-Fe hydrogenasé4?16° Redox titrations of these
partial oxidation of one terminal and one bridging ligand. hydrogenases followed by different spectroscopic techniques
Nevertheless, in this work a minor conformation with a have concluded that this activation step involves the reduction
bridging peroxo ligand was not exclud&d.The activation of the Hyans State to the g staté®7.168.172.173gnd that this
mechanism has also been studiedThiocapsa roseopercina  step is irreversible under anaerobic conditi#fi¥st’? From
hydrogenase by kinetic measuremeiits?®? These authors  the Massbauer characterization Bf vulgaris hydrogenase,
proposed that there is an autocatalytic step in the activationPereira et a’® concluded that in this activation step there
process. was not a net reduction of the H cluster; hence, they proposed
The SHase oR. eutropha despite being active in the a conformational change during conversion that promoted
presence of @ needs to be activated when it is isolated in the transfer of one electron from the [4Fe-4Slbcluster
air. This activation process is different from those of to the [2Fe} subclustef3® Other authors have proposed that
“standard” Ni-Fe hydrogenases because, as mentionedin the inactive states a ligand is terminally bound to the distal
before, there are no Ni-A nor Ni-B states in this hydrogenase Fe of the [2Fe] subcluster that is removed upon reduction,
and FTIR measurements indicated a different structure of leaving a vacant site for Hbinding during catalytic turn-
the active sit&®51and XAS52153.233Activation of aerobic over. DFT calculations by Cao and Hall showed that a
SHase (in a heterotetrameric form) is rapid (within a few Fe(ll)—Fe(ll) site with a terminal KD ligand is very stable
seconds) in the presence of sodium dithionite or catalytic and proposed that this is a good model fof.kdbecause
amounts of NADH:4235|nterestingly, the enzyme may be that coordination blocked the active site. Upon reduction to
activated by NADPH as well as NADH, but only in a Fe(ll)-Fe(l), the calculations indicated that the water
hexameric form of the enzyme that incorporates a dimer of molecule dissociated and.fwas formed-’* However, in
subunits 4, which probably bears the NADPH binding sité. this work, models for the Hnsstate were not studied. Similar
In an FTIR-spectroelectrochemical cell, the active state of theoretical studies by Liu and Hu favored instead a terminal
soluble Hase was obtained by adjusting the potential of an hydroxo ligand as a better candidate forHthan a water
aerobic sample te-316 mV, with this step being irreversible  or a dioxygen ligand because in the former case the predicted
in the absence of £° This result is in general agreement CO vibrational frequencies were nearer to the experimental
with the titration of the activity for the same hydrogenase ones, and in addition, it allowed upon reduction an inter-
reported previously by Petrov et &} although they mediate Fe(Il}-Fe(l)—(OH) spin-polarized state that models
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Hirans'”® Another DFT study has proposed a thermodynami-
cally favorable activation pathway that involves, first,
protonation of the putative hydroxo ligand of.k, subse-
qguent removal of KO from the active site, and finally, a
monoelectronic reduction of the dinuclear iron site to form
Hox.23% However, this study does not take into consideration that Ni-B was formed by reaction of the Ni-R or the Ni-C
the experimental evidence of the existence of thg.dd  states with excess Owhereas some Ni-A was formed and
intermediate. In a recent study of the activation process of Ni-SI detected as a transient if the, ©@oncentration was

D. desulfuricansydrogenase by FTIR-spectroelectrochem- decreased. The authors interpreted these results as indicating
istry and light-induced reduction in the presence of extrinsic that O, can react directly at the active site or at the distal
CO, the reduction of Ik to HyansWas reported to weaken iron sulfur cluster, with the latter reaction being faster.
the coordination of an unidentified terminal ligand to the According to this, when there is low amount of,@he active
distal Fe, which was removed upon further reduction to site is oxidized to Ni-Sl via the ironsulfur clusters before
Hox.2"? As both Hians and Hy are paramagnetic states and it reacts with Q, and in this case, the hydrogenase has two
their redox titration step could be fitted to a two-electron reducing equivalents that lead to peroxide formation and
Nernstian process, the authors proposed that the activatiorfinally to the Ni-A state. In the case that there is an excess

can be exchanged by,8 or OH" from the solvent before

it binds to the Ni atom. This exchange is previous to Ni-A
formation because the authors found that no solvent-exchange
effect was observed by incubation of Ni-A in,¥0. A
stopped-flow FTIR study of. vinosumhydrogenase showed

step involved a redox-dependent chemical change, such agf O,, the Ni-C and Ni-R states would react directly with

a two-electron reduction of a Cys-SOH (sulfenic acid) in
Hians t0 @ Cys-SH in Hy. An alternative explanation
postulated in this work for the activation process was the
possibility of reduction of a disulfide bond involving one or
two of the thiol ligands of the H clustéf? A very recent
kinetic analysis of the hydrogen oxidation activity of
aerobically isolatedD. wulgaris (Hildenborough) FeFe

O, with enough reducing equivalents to form®or OH",
leading to the formation of the Ni-B state. This hypothesis
has found support in several electrochemical and crystal-
lographic studies of different NiFe hydrogenases. Lamle

et al??® studied the potential dependences and kinetics of
the aerobic interconversions &. vinosum hydrogenase
adsorbed on a carbon electrode. This work showed that the

hydrogenase suggested that activation by hydrogen is«ynready” (Ni-A) state was formed preferentially when O

cooperative: a first hydrogen molecule binds to the active
site with low affinity and then a second one binds to the
active site with high affinity and is oxidized at a high rate.

5. Inactivation Processes

Compared to other enzymes, which often undergo con-
siderable conformational changes on binding of the sub-

strates, hydrogenases are rigid proteins with a multilayered

structure consisting of sheets gfstrands andu-helices

(Figure 1a). The only parts that are expected to move are

the side chains of amino acids involved in transfer of hydrons
to the active site. Even here, much of the movement of

hydrons is predicted to occur through bound water molecules

in the protein structuré! Therefore, hydrogenases are well
suited enzymes to investigate the mechanism of their

inactivation by external agents, since in most of the cases,
their molecular structure remains stable during deactivating/

reactivating treatments.

5.1. Ni-Fe Hydrogenases

5.1.1. Inactivation by O,

The fact that Ni-Fe hydrogenases become deactivated by
trace amounts of ©has been known for several decad®s.

Depending on the conditions of exposure to the gas, different

ratios of the “unready” Ni-A and “ready” Ni-B states are
obtainech?93:205.207.228,229.243.24fhe mechanism of these in-
activation processes is still not well understéévan der
Zwaan and co-workers showed that oxidation of actve
vinosumhydrogenase with’O, caused the appearance of a
mixture of Ni-A and Ni-B EPR spectra, each of which
showed broadening due 6 hyperfine coupling*é More
recently, Carepo et al. reported that oxidation with air of a
D. gigas hydrogenase solution in O, and in the Ni-C
state, gave Ni-A with aid’O label, as observed by ENDOR
spectroscop¥?® These results showed that molecular oxygen
reacts directly with the active site and at least one oxygen
atom binds tightly in the vicinity of the Ni atom. Thus, an
oxygenic species formed by reaction of & the active site

reacted with the hydrogenase at high redox potentials, which
should favor partial reduction of &t the active site, whereas
the “ready” (Ni-B) state was formed whern, @acted with
the hydrogenase at lower redox potentials, which should
favor complete reduction of 4o water. According to this,

a HO or OH species would be available for binding directly
to the active site during Ni-B formation, whereas two
possibilities exist for Ni-A formation: (i) a peroxide or
superoxide ion formed by partial reduction of, ®inds
directly to the active site as a bridging ligand or (ii) the
peroxide or superoxide oxidizes a cysteine ligand of the
active site to ars-oxide or sulfenate species and subsequently
a hydroxide formed binds to the active site as a bridge
between the two metals. A similar study performed by Leger
and co-workers wittD. fructosaorans hydrogenase con-
cluded that inactivation by £s a bimolecular process with

a pH-independent rate constant ok310* st Mt at 40°C

and 1 atm H pressure. The reaction rate did not depend
greatly on the H pressure, which indicates that IHeeds
not to be released from the active enzyme befoyee@cts
with the active site, and therefore, it can attack any of the
active states (Ni-R, Ni-C, or Ni-Sl). For this enzyme, a
mixture of both Ni-A and Ni-B was always obtained upon
oxidation under the conditions studi&t.

As mentioned above, the most recent X-ray diffraction data
of Ni—Fe hydrogenases in the oxidized states point to a
monatomic oxygen species bridging the two metals in
Ni-B, whereas, for Ni-A, a diatomic oxygen species was
favored as bridging ligan#” 2?8 These results would in
principle support option i for the mechanism of Ni-A
formation. However, in crystals of the putative Ni-A state,
significant electron density at some of the active site cysteine
ligands that could be refined t8-oxide/sulfenate species
suggests that mechanism ii may take place at least in part of
the hydrogenase sample. In fact, Volbeda et al. did emphasize
that in the crystals there was a considerable proportion of
hydrogenase molecules in which the nickel was EPR-silent;
in the study of Ogata et al., the amount of EPR-silent
hydrogenase in the putative Ni-A crystal was not estimated.
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Therefore, more spectroscopic characterization of the pureusually valine and leucine, in the large subunits. In oxygen
Ni-A and the “unready” EPR-silent states is necessary in tolerant hydrogenases, represented by the RHas®.of
order to clarify the mechanisms of ;Gnactivation of eutropha the HupUV proteins fronRd. capsulati’8® and
Ni—Fe hydrogenases. Bradyrhizobium japonicui?® valine and leucine, are re-

The stability of different types of hydrogenases te O placed by the more bulky residues isoleucine and phenyl-
inactivation is variable and depends on the form of the alanine, respectivef’ It was proposed that these residues
enzyme and on previous oxidizing and reducing treatments. Might play the role of a molecular sieve, limiting access of
Morozov et al. reported that. roseopersicindydrogenase ~ O- to the active site. To investigate this theoretical consid-
becomes @tolerant when immobilized on an electrode, in €ration experimentally, mutagenesis experiments were con-
spite of being very @sensitive in solutiod*® no explanation ~ ducted on the RHase fro. eutrophaand HupUV from
was offered by the authors for this effect. The SHase from Rd. capsulatus The isoleucine and phenylalanine were
R. eutrophawhich is usually oxygen-tolerant, is irreversibly ~Substituted by the valine and leuciff?*°In each case, the
deactivated by @after it has been previously incubated in resulting mutated hydrogenases were inhibited by O
the presence of reductants such asad NADH.150.151.249 demonstrating that the nature of the amino-acid residues that
FTIR spectroscopy showed that this reductive treatmentform the gas channel is very important fop-€ensitivity.
removed irreversibly the CNligand of the Ni atom of the ) o
active site; thus, the authors concluded that these ligands?-1.2. Anaerobic Inactivation by Increased Redox
protected the active site from,@! Interestingly, bacteria  Fotential
that metabolize blunder aerobic conditions have been found o oo racteristic feature of NiFe hydrogenases is that their
to bear an additionahypX gene. AhypX mutant ofR. activity in Hp-oxidation drops, even under strict anaerobic
eutrophagrew slowly under standard aerobic conditions, and conditions, at high overpotentials. This effect was initially

the purified hydrogenase did not contain the extra nickel- Jp .\ by two independent research groups in 1985 for

bound CN, suggesting that, in the cell, the third cyanide is D g .
. . . gigas hydrogenase: (i) Fernandez et al. reported that
provided by the HypX proteif° The SHase from the HypX anaerobic oxidation of active enzyme with dichloroindophe-

strain is highly sensitive to oxygen inactivation during nol gave ‘ready” enzym@ (i) Mege and Bourdillon

turnover conditions in the presence of low concentrations : o :
showed that the electroenzymatic oxidation efiyt D. gigas

of NADH. In ttr:je prt(_asetngebof an excess of N'%D"I" tthe hydrogenase immobilized on a glassy carbon electrode, with

enzyme IS not deactivated by oXygen, as enougn elec ronsmethyl viologen as redox mediator, decreased at high redox

i i 250
?hre ?h\ﬁ;"‘('jlablentig reicrj]u:'e d;(rectllyé?n&HzO. | TI:le Iaﬁkv\?f d potentials and that the inactivation process corresponded to
€ cyanide YPA SOlUDIE 12ase, clearly showe a reversible Nernstian one-electron/one-proton step taking

_by FTIR sp%clztrofscotpr:c Sgd'?st’ demonfstra}eglth;thls'lal\gandplace at potentials 280 mV more positive than the/Ht
IS responsible Tor the resistance of Soluble se. couple?® FTIR-spectroelectrochemical characterization of

possible explanation would be that the Ni coordination the same enzyme combined with isotope exchange activity

rpg:é?i%rr'] O‘?ﬁgpé?]?\:r}:ctggzééiggiiiis g?taa,\ﬁ'tﬁltegfgﬂ);ﬁ%en measurements showed that this anaerobic inactivation cor-
' y responded to the oxidation of the Ni-Sl state of the active

:a?tt\rl;/tr)]llﬁgdl_t%usctlgr? Cl %?n&iiggtt))suttﬁéeguﬁg p?}%?qyllaalg?]'ir:z milst site to the Ni-B state and that this process followed first-
y y pheny order kinetics with a high kinetic barrié?’ This same

may block the incorporation of the extra ligatfd. process has been studied by the same technique for wild type
The oxygen tolerance dk. eutrophaMBHase has been D, fructosaoransNi—Fe hydrogenase, and the influence of
studied by protein film voltammetry, which showed that this  amino acid substitutions around the active site on the first-
enzyme maintained a significant amount ofiptake activity  order rate constant and the Arrhenius activation energy was
in the presence of high levels of;@nd 100% of activity ~ examinedt?” The anaerobic interconversions between the
recovery was measured upon removal efOThis low O, active and inactive states &f vinosumhydrogenase were
sensitivity has been exploited for developing a membrane- stydied by chronoamperometric measurements of the enzyme
less hydrogerroxygen fuel cell with MBHase as the anode  jmmobilized on an electrode. The measurements showed that
catalyst> and laccase as the cathode catalyst. The MBHasethe kinetics of oxidative inactivation were independent of
has a FTIR spectrum similar to “standard”-Nte hydro-  redox potential, consistent with a controlled chemical event.
genases instead of to the SHase; that is, there is no additionahs Ni-B has au-hydroxo bridging ligand and Ni-SI probably
CN~ ligand on the Ni sité> Thus, the Q-tolerance of the  has not, the authors suggested that the rate-limiting step of
MBHase cannot be explained in the same way as that of thenjj-S| oxidation is the incorporation of OHinto the active
soluble Hase. It seems that it could be due rather to a gjtg206 Support for this proposed mechanism came from
combination of a slower rate of inactivation by @ith fast FT|R_Spectroelectrochemistry, which showed a primary
activation by H, as observed with hydrogenase | from yinetic solvent isotope effect for the anaerobic oxidation of
Aquifex aeolicus® D. gigashydrogenasé?° In the same work, it was reported
The RHases fronR. eutroph&? and Rhodobacter cap-  that a glutamate residue near to the active site had a role in
sulatud*>?>are not deactivated at all by>(Electrochemical  this process, possibly by taking a proton from a water
measurements showed that, unusually, the regulatory hy-molecule to allow its binding to the active site as a hydroxide
drogenase reacts reversibly with, ®ven during turnover  species (Figure 9). FTIR-spectroelectrochemical studies of
and continues to catalyze,tbxidation in the presence of the Ni-SI/Ni-B transition have been recently performed for
0,156 This property has been assumed to be due to athe A. vinosuni?* and D. vulgaris Miyazaki F-?°> hydroge-
narrower gas channel for ,Hransportation. In standard nases. Similar results were obtained to thoséofjigas
Ni—Fe hydrogenases, molecular modeling indicated that thehydrogenase, although a clear pH-dependent effect of the
connection of the gas channel with the active site cavity is kinetics of Ni-SI oxidation was observed féY. vinosum
controlled by two conserved hydrophobic amino acids, which is not measured with thB. gigasenzyme, and the
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Figure 9. Possible mechanism of anaerobic inactivation of the active site of standafeeNiydrogenases taking into account the role of
the carboxylic group of glutamic 25 amino acid.(fructos@orans numeration).

oxidation kinetics of Ni-Sl are relatively rapid in the. A. vinosum was investigated by stopped-flow infrared
vulgaris enzyme even at low temperatures. spectroscopy by Albracht, Thorneley, and co-workéts.
Anaerobic inactivation of a nonstandard-Nie hydroge- Active enzyme in the redox states Ni-Sl or Ni-R, in which
nase, the MBHase frofR. eutrophawas observed by protein  the nickel is Ni(ll), reacted much faster with CO than enzyme
film voltammetry experiments. This process took place at a in the redox state Ni-C, in which the nickel is shown by
potential 150 mV more positive than that for the standard EPR to be Ni(lll), confirming the previous finding that
Ni—Fe hydrogenases. So far, there are no spectroscopic dateeplacement of H by CO is easier with Ni(ll) than with
to ascertain if this corresponds to oxidation to a state of the Ni(lll). 1> A DFT study on different models of the paramag-

active site equivalent to the Ni-B staf®. netic CO-inhibited state of the active site concluded that a
o ) structure with the extrinsic CO coordinated to Ni(l) in an
5.1.3. Inhibition by Carbon Monoxide axial position gave the best fit of calculated EPR parameters
CO is a competitive inhibitor of most NiFe hydrogena- 10 the experimental dafa* Another DFT study on the active
ses, as the effect is reversed upon increase pbﬂes_ site structure of CO-inhibited NiFe hydrogenase, which is

surel40242 Direct spectroscopic evidence of CO binding to EPR-silent but detectable by FTIR, concluded that only with

Ni ion at the catalytic active site of NiFe hydrogenase was high-spin Ni(Il) were the calculateeto frequencies similar
first obtained by EPR measurements of active enzyme undert© those obtained experimentalff. The kinetics of CO
al3CO atmospher&8 The FTIR band of extrinsic CO bound |nh|b_|¢|on of D. fructosaorans Ni—Fe hydrogenase im-
to the active site was also identified by the isotopic shift Mobilized on an electrode were studied by Leger et al. using
measured under8CO atmospherét123Multiple-scattering chronoamperometry under steady-state mass transport condi-
ana'ysis of the EXAFS data from_ Uinosum [N|_Fe] tions. -Th|S WOI’k ShOWeq that CO-InthItIC_)n IS faSt and
hydrogenase deactivated with CO also revealed the presencéeversible and that CO binds only to the Ni-S stéfe.
of Ni(Il)-CO with CO bound as a terminal ligarié Almost Ni—Fe-Se hydrogenases are generally more sensitive to
simultaneously it was reported that the nickel L-edge soft CO inhibition than Ni-Fe hydrogenase$? Sorgenfrei
X-ray spectrum of CO-inhibited. gigas hydrogenase is et al. measured the EPR spectrum of activgr-Ronre-
consistent with CO binding to Ni and has the features of a ducing hydrogenase fronMethanococcusvoltae in the
Ni(ll) high-spin state!” FTIR data and DFT calculated presence of either CO 6fCO. The data suggested that, in
spectra of CO-inhibitedD. fructosaorans hydrogenase  this Ni—Fe—Se hydrogenase, extrinsic CO was bound to the
suggest that the extrinsic CO was only weakly bound to the Ni atom opposite to the selenium atdfa.
Ni atom in a terminal mode, as no vibrational coupling with A few Ni—Fe hydrogenases are resistant to CO inhibition,
the structural CO ligand of the Fe atom was observed; such as the CO-induced hydrogenase fighodospirillum
moreover, the vibration frequency of the extrinsic CO was rubrun?®® and the hyperthermophilic hydrogenase from
considerably higher than that expected for CO tightly bound Pyrococcus furiosu®* The Q-tolerant hydrogenases from
to a metal?® Definitive proof of the binding mode of the R. eutrophaare also completely insensitive to G8:250.253
CO inhibitor came from the X-ray structure of related Only after prolonged reduction of the SHase by NADH or
[Ni—Fe] hydrogenase from. vulgaris Miyazaki F activated sodium dithionite is a Ni-C state detected by EPR spectros-
with H, and further treated with CO, which showed a CO copy. At this stage, the hydrogenase becomes sensitive to
molecule terminally bound to Ni with a bent conformatt§h. CO and the EPR spectrum changes to an apparent Ni-CO
FTIR-spectroelectrochemistry experiments were conductedsignal?®® It has been proposed recently that this is due to
with aD. fructosaoranshydrogenase in a saturated solution loss of the extra CNligand to form an active site structure
of CO. In these experiments, evidence was obtained thatsimilar to those of “standard” NiFe hydrogenases. It was
Ni—Fe hydrogenases in the inactive states Ni-A, Ni-B, and suggested that the cysteine ligands of the Ni atom are
Ni-SU do not bind extrinsic CO. CO binding to the active chemically modified to sulfenates in SHase but are reduced
site took place only after reductive activation of the enzyme to thiolates, yielding a more conventional active site struc-
to the Ni-SlI forms, presumably when the bridging oxygen ture!® SHase that has lost the CNigand of the Ni, as
species had been removed from the active site. In addition,shown by FTIR, is sensitive to £Obut not to CO1250
in this work it was shown that CO-inhibition blocked electron indicating that the requirements for reaction of the active
and proton transfer at the active site, although reduction atsite with G, and CO are different. The MBHase, which
the proximal [4Fe-4S] cluster was detectétiThe kinetics appears from FTIR spectroscopy to have normal CO and
of CO binding to the Ni-Fe site in the hydrogenase from CN~ coordination, is also completely insensitive to CO-
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inhibition even though ©can reach the active sitet For sensitive to inhibition by @ CO, and NO than are the
this reason, theR. eutrophaMBHase has been used as Ni—Fe and Ni-Fe—Se hydrogenasé4’

catalyst for the anode of a CO-insensitive biological fuel o
cell 266 5.2.1. Inactivation by O,

. Active Fe-Fe hydrogenases become irreversibly deacti-
5.1.4. Other Inhibitors vated in contact with @ and the EPR signals of the H-cluster
NO inhibits the D/H* exchange activity oD. gigas  disappear, presumably becausgréacts with and destroys
Ni—Fe andDm. baculatunNi—Fe—Se hydrogenasé& The the H-clustet®® However, the hydrogenases franyulgaris
irreversible inactivation of the membrane-bound—Re  (Hildenborough¥* andD. desulfurican¥®have an oxidized
hydrogenase ofzotobacterinelandii by NO was investi- inactive state that is air-stable; they can be activated quickly
gated by Hyman and Arp, who concluded that the NO under reductive conditions, but this process cannot be
binding site is different from the Hactivation center and ~ reversed in the presence of ®ecently, the reactivity toward
suggested that NO destroys iron sulfur clusters essential forO2 of D. desulfuricandiydrogenase immobilized on a carbon
the catalysis rather than the active &fe. electrode was studied by protein film voltammetry. This work
Acetylene is also known as an inhibitor of [NFe] confirmed the previous studies performed with enzyme in
hydrogenases, competitive with, lind CO28 which indi- solution. In pellrfucular, |nject|on_o_f Oto active enzyme
cates that the binding of these three gases is mutuallyCOMPletely inhibited Huptake activity in a ireversible way,
exclusive?92 Arp et al. have obtained experimental evidence Whereas if Qwas injected at high redox potentials, in which
of acetylene binding to the large subunit of the enzjfle, (e enzyme activity was suppressed by anaerobic oxidation,
that in Ni—Fe hydrogenases accommodates the bimetallic P&t Of the activity could be restored upon reduction at low
active site®? but the site of binding is unknown. By contrast, €dox potentials?
the H-sensor hydrogenase froRv eutrophais insensitive
to CH,;%5% perhaps its gas channel is too narrow for access. ] . _ _ _
Cyanide has been reported to be an irreversible inhibitor Van Dijk et al. reported in 1983 that an inactive but air-
of a Ni—Fe hydrogenase isolated frof vinelandii, in an ~ Stable state oD. vulgaris (Hildenborough) hydrogenase
oxidized state that is formed in the presence @aHd Q;270 COU|d_ .be Obta!ned. from the active ) States under certain
however, cyanide (as KCN) does not inhibit the active, conditions, which included anaerobiosis and the use of
anaerobically isolated enzymg.Diaryl iodonium salts have d!chloromdophenol as oxm_ianp ThIS. anaerobic inactivation
been shown to inhibit the hydrogenase complexRauf. did not take place by oxidation with cytochronue the
capsulatug’? enzyme remained active _under_thos_e conditions even though
Transition metals ions such as Cu(ll) and Hg(ll) inhibit cytochrc_)mec has g similar m|qp0|nt re(_jox potential to
the growth of bacteria such & desulfuricansinterfering  dichloroindophenct?* The authors’ suggestion that anaerobic
with their hydrogen metabolisfi2 EPR and UV-visible inactivation requires an obligatory two-electronic oxidation
spectroscopy studies db. gigashydrogenase deactivated SteP: since dichloroindophenol is usualiyna= 2 oxidant,
by CL?* salts suggested that the I0ss of catalytic activity was Whereas cytochrome is an =1 oxidant, seems unlikely,

due to the destruction of a [3Fe-4S] cluster in the electron- SINCe diphloroindopr;enol may also be an= 1 oxidant,
transfer chairf’* A similar deactivating effect, by Hg(ll), generating a radicaf? Redox titrations of FeFe hydroge-

has been reported to occur to the-¥ie hydrogenase from ~ ases monitored by EPRor FTIR spectroscopy” showed
D. wulgaris2/52/s Cu(ll) and Hg(ll) irreversibly inhibit the  that anaerobic oxidation to the air-stable statg,(pidiid not
hydrogenase frorif. roseopersicind’” Nedoluzhko et af’8 take place. The reduction step from the inactiveqkstate

have reported that Pb(ll) can act as electron donor to the'© the %:tive 3 state fitted better to a two-electron
hydrogenase but is also an irreversible inhibitor. process’? Therefore, it is possible that the anaerobic

Sulfide, the metabolic product of bacterial sulfate reduc- inactivation process is rate-limited by a two-electron oxida-

. X S >, tion of Hox t0 Hyans Protein film voltammetry experiments
g?néﬁzxg ang'tgé;fnzogﬁe tgyggg\?::ajfgsﬁgf;;gzg qf D. desulfu_ricanmydrogenas_e did sho_vv anaerobic inac-
nése and subsequent oxidation produced an inactive stat flvation at high redox_potentlals. In this case, no re_dox
which was EPR-silent and had an FTIR spectrum different ediators were used, since elgctrons were exchanged directly
f : . . ' T at the electrode, allowing simultaneous transfer of two

rom the Ni-A, Ni-B, and Ni-SU states. Reductive activation electronss6.283
of this sample was possible, albeit slowly, but required lower ’
redox potentials than those for Ni-A. Recently, this;8la 52 3 |npibition by CO
inhibition effect and reductive reactivation has been shown o .
for several standard NiFe hydrogenases by protein film Fe—Fe hydrogenases are strongly inhibited by CO in a
voltammetry27® These results are understood in terms of the competitive mannet2®2840f the known hydrogenases, this
X-ray crystal structure ob. yulgaris Miyazaki F hydroge- class is the most sensitive to CO: a 50% dec_rease in the
nase in the oxidized state, in which a sulfur species was H'/D2 exchange activity of the FeFe periplasmic hydro-
assigned as a bridging ligand between both metals of thegenase fronD. vulgaris is obtained with concentrations of
active site'?6 This observation offers a possible explanation CO as low as 0.kM in solution!*° As mentioned above,
as to why formation of bS is detected upon reductive CO binding to the active site of Fé=e hydrogenases gives

5.2.2. Anaerobic Inactivation

activation of this hydrogena$é® a characteristic spectrum in EPR and FTIR that corresponds
to the HxCO state. The crystallographic study &f.
5.2. Fe—Fe Hydrogenases pasteurianumhydrogenase in this state concluded that a

single exogenous molecule of CO binds to the vacant
The Fe-Fe hydrogenases of sulfate-reducing bacteria from coordination site of the distal Fe atom of the H cluster, which
the genuDesulfaibrio reveal that hydrogenases are more is the putative substrate binding site, since CO is a competi-
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tive inhibitor 285 EPR spectra of crystals of this CO-inhibited
enzyme exhibited the characteristic signal of thg €O state
described for Fe Fe hydrogenases in solutié#.Fe-carbo-
nyls are characteristically photosensitive, and X-ray diffrac-
tion data were obtained after irradiation of the CO-inhibited
crystal with a helium/neon laser. The calculated electron
density difference mags,(illuminated)— Fq(dark) revealed
changes in electron density at the H cluster where the
exogenous CO is bondé#.The results were interpreted as
a photodissociation of the terminal ligand trans to the
bridging CO ligand. This indicates that the putative extrinsic
CO ligand is chemically more labile than the intrinsic CO
ligands, probably because the latter ones are transimnor
thiol ligands?®” An FTIR-spectroelectrochemical study of CO
and*3CO binding toD. desulfurican$ydrogenase indicated
that extrinsic CO vibrationally couples with the terminal CO
ligand of the distal Fe atom, in agreement with the crystal
structure of H,-COZ%0 In the Fe-Fe hydrogenases, the
vibrational frequency of extrinsic CO is lower than that in
the Ni—Fe hydrogenases, which suggests that extrinsic CO
binds to a stronget-accepting metal in the former than in
the latter!123This explains why Fe Fe hydrogenases have
a lowerK; for CO than Ni-Fe hydrogenases: the structure
of the active sites of the Fe~e hydrogenases allows a
stronger binding of extrinsic CO. FTIR studies of the CO-
inhibited form of C. pasteurianum Fe—Fe hydrogenase
confirmed the results reported for th@. desulfuricans

De Lacey et al.
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Figure 10. Scheme of the different steps involved in the catalytic
cycle of Ni-Fe hydrogenases (a) and-Hee hydrogenases (b).

hydrogenase and concluded that the intrinsic CO ligands are>-2-4- Other Inhibitors

not bound to the same Fe atom of the active site; otherwise,

only two CO bands would be observed in the CO-inhibited
state?®® A theoretical study of the FTIR data of the CO-
inhibited state has contradicted the crystallographically

Fe—Fe hydrogenase frof. desulfuricansvas shown to
be inhibited by Cu(ll) but only in the presence of ascorBéte.
The hydrogenase fror®. vulgaris’’ as well as the one
involved in the reduction of 2,4,6-trinitrotoluene by hydrogen

deduced model and suggested that the vacant coordinationn C. acetobutylicudi® are deactivated by Hg(ll).

site of the distal Fe is occupied by the intrinsic CN ligand
of the Fe atom and that the extrinsic CQrinsto a bridging

thiolate?®? In this work, however, no account was taken of
the influence of the protein environment, which probably
controls the sites of cyanide binding by hydrogen bonding

Nitrites are inhibitors of FeFe hydrogenases and to a
lesser extent of NitFe—Se hydrogenases, but they do not
inhibit Ni—Fe hydrogenase®?

to polar residues. For this reason, these terminal ligands Were6' Catalytic Cycle

assigned as CNligands™ In a recent FTIR study of CO
inhibition in D. desulfuricandiydrogenase, it was shown that
exogenous CO does not bind theJH state but it is able to
bind to the Hans State, which suggests that in this state the
putative HO or OH" terminal ligand of the distal Fe atom
is more weakly bound in the s state!’?

An interesting phenomenon of F&e hydrogenases is the
light-sensitivity of their different states. Photoirradiation of

The first studies of catalytic Hactivation by bacterial
whole cells in the presence of deuterium revealed a hetero-
lytic splitting of D,, in contrast to the homolytic mechanism
believed to occur on platinum and other noble met®$he
use of the hydrogen-exchange assay to study the activity and
function of hydrogenases, eithar vivo using whole cells
or with purified hydrogenases, has been reviewed by P.
Vignais?%2 Another approach has been the detection of

the CO-inhibited state at cryogenic temperatures producedhydrogen species in the catalytic metal clusters by EN-

two species with different infrared spectra. Irradiation at
temperatures below 150 K produced the photolysis of

DOR!%822%and electron spin envelope modulation (ESEEM}*?
in those states of hydrogenases in which the metal center

exogenous CO, and the expulsion of exogenous CO washas an odd number of electrons.

gradually followed by the loss of the bridging CO ligand of
the active site at temperatures below 8G®KFiedler and

It is possible to divide the hydrogenase catalytic cycle into
five steps, which are, in the direction offdxidation: (i)

Brunold have discussed the different possible structures ofdiffusion of hydrogen molecules from the surface of the
the photodissociated states based on computational stfitlies. protein to the active site through the gas channels, (ii)
Recently, it has been shown by EPRand FTIR" heterolytic splitting of the hydrogen molecule after binding
spectroscopy that the light inactivation of the active states to the bimetallic active site, (iii) intramolecular electron
of Fe—Fe hydrogenases is due to a kind of cannibalization; transfer from the active site to the distal redox cluster, (iv)
some of the enzyme molecules have their H cluster destroyedproton transfer from the active site to the water solvent, and
by the light, and the released CO then binds to the H cluster (v) intermolecular electron transfer from the distal cluster
of other molecules forming the J4CO state. Destruction  to the redox partner (cytochrome, ferredoxin, redox media-
of clusters may also explain why the EPR spectrunCof  tors, or electrode surface) (Figure 10). As mentioned above,
pasteurianuniydrogenase exposed te Srongly resembled  steps iii and iv take place by different paths through the
that of the CO-inhibited forn¢® protein.
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(i) Diffusion of Hydrogen Molecules to the Active Site. We start from the premise that hydride is bound to the
In the X-ray structure oD. gigashydrogenase, the active enzyme, possibly on the low-valent iron atom. It must next
site is located about 3.0 nm from the molecular surface, a simultaneously transfer two reducing equivalents to an
distance over which Hmolecules have to diffus®.Deter- electron acceptor in order to release the second proton. The
mination of the structure at 0.254 nm resolution revealed difficulty is that most carriers in biological electron-transfer
the existence of hydrophobic cavities that connect the activechains accept electrons one at a time. Only a select group of
site of Ni-Fe hydrogenases with the molecule surface. carriers is able to accomplish the feat of accepting two
Determination of the crystal structure in high-pressure xenon electrons and donating them singly to the next acceptor.
showed a channel network that would function in gas Among these are certain organic redox cofactors, such as
exchange with the surface. Molecular dynamics simulations flavins, quinones, and pterins, which can undergo reduction
showed that diffusion of KHmolecules to the active site by two hydrogen atoms and donate two electrons by
would not be rate-limiting at the observed rate of catal§fis. ~ stabilizing an intermediate radical species, such as FAD/
A more recent study aimed at analyzing possible pathways FADH-/FADH,. Some metal ions, such as molybdenum,
of H; entering inside the NiFe hydrogenase db. gigas which can take up three oxidation states, Mo(VI)/Mo(V)/
by using molecular dynamics simulations in explicit solvent Mo(lV), are also well suited to this function, but probably
and molecular hydrogen also concluded that hydrogen easilynot at a sufficiently low potential. In the active sites of
permeates the protein and moves preferentially in channelshydrogenases, the possibilities for these sorts of transactions
to the Ni side of the active site. After identification of the are nickel, which can undergo oxidatiereduction between
potential regions involved in the control of hydrogen access states Ni(lll)/Ni(Il)/Ni(l) by steps which are close in
to the active site, mutations that could improve theakkcess  potential, and, in principle, iron, as Fe(lll)/Fe(ll)/Fe(l) or as
to the active site were testausilico. A simulated mutation clusters of iron atoms undergoing two such transitions.
of valine 67 to alanine indicated an increase efchincentra- (iii) Intramolecular Electron Transfer from the Active

tion in the protein and a lower effective distance from the Site to the Distal Redox Cluster.In a different direction
active site?® Another computational investigation on from the gas channels, a chain of iron sulfur clusters,
Fe—Fe hydrogenases has examined theekit path from  separated by distances less than 1.5 nm (see Figure 1),
the buried catalytic site to the external surface and the way provides an electron-transfer pathway from thesglitting

that it allows the inhibitor @to reach the active sif€?> The site to the site on the surface where electron acceptors bind.
authors found that, besides hydrophobic channels, the smallChains of carriers in electron-transfer chains are now known
H, and Q molecules can diffuse inside the protein through in many redox enzymes and allow rapid electron transfer
defined packing defects, predicted from the dynamic motion across considerable distané®sThe rate would be expected

of the protein structure at a time scale of nanoseconds.to be rapid with equipotential carriers. However, a surprising
Further simulations predicted different pathways for diffusion finding was the presence of a high-potential centefq mV

of H, and Q to the active site of FeFe hydrogenase and  in D. gigasand+65 mV inD. fructosaoranshydrogenases)
the surface. Whereas,@rosses the protein through defined in the middle of a low-potentiaH340 mV) electron pathway
channels, H molecules spread out in the protein and take of Ni—Fe hydrogenase.

many different exits™ To investigate the role of the [3Fe-4S] cluster in the
(i) Heterolytic Splitting of a Hydrogen Molecule after intramolecular electron transfer, Pro-23@ffructosaorans
Binding to the Bimetallic Active Site. The key reaction in  hydrogenase (P239 . gigasnumbering), which occupies
the activation of H is the heterolytic cleavage to a proton the position of a potential additional ligand to the intermedi-
and a hydride. In a protein, there are many basic groups thatate Fe-S cluster, was replaced by a cysteine residue. The
can initially accept the proton, which can be passed down mutation resulted in a functional enzyme that maintained its
the proton-transfer pathway. This reaction is responsible for structural integrity and exhibited a decrease in the midpoint
the H/HD isotope exchange reaction mentioned previously. potential of the modified center from65 mV to —250
The heterolytic cleavage reaction must take place at a centeimV.2% In spite of the 315 mV decrease of the center redox
such as an organometallic compound to bind the hydride for potential, the effect of the mutation on the catalytic activity
long enough for catalysis to take place. This is a very unusualwas rather limited whatever the electron acceptor.
event, and the only enzymes that catalyze it efficiently are Later, a membrane-bound NFe hydrogenase was iso-
hydrogenases. Indeed, it appears to be the principal mechyaeq from Methanosarcina barkeyi which is probably
anism in biochemistry for metabolism of hydrogen, since jyolved in a proton-pumping mechanism and has three [4Fe-
even sensor proteins for detecting the concentration0f H 4s) cjusters of similar low redox potentfl.In another study
use dinuclear centers similar to the-Nte hydrogenases. A -gnducted orViethanococcusoltae Ni—Fe—Se hydroge-
few enzymes are known that can produce & a side  nase the medial [4Fe-4S] center was transformed into a
reaction, namely nitrogenas¥,carbon monoxide dehydro-  [3re.4s] center, which resulted in an increase in midpoint
genase;” and pyruvate:ferredoxin oxidoreductdS&but  potential of 400 mV, from-370 mV in the wild-type enzyme
these enzymes do not consume hydrogen reversibly. Whatg 160 my for the mutant [3Fe-4S] cluster, which is similar
the hydrogenases, including the one that contains ne-iron {4 that of D. fructosaorans hydrogenasé®® In that case,
sulfur clusters, have in common is a low-valent iron ion the activity was affected only when the natural electron
coupled to carbonyl, and in most cases cyanide ligands. It acceptor, F420, was tested. It therefore appears that, despite
seems a reasonable presumption that this site is involved aghe apparently unfavorablaGe® values deduced from po-
some stage in binding of the hydride. tentiometric experiments, the intramolecular electron transfer
The detailed steps of the hydrogenase catalytic activity between the [3Fe-4S] center and the [4Fe-4S] centers is rapid
have proved to be rather difficult to observe and as a resultenough to be nonlimiting in hydrogenase activityThese
have been a matter of much theoretical deBate.300304 studies clearly raise the question of the relevance of the
However, we can make a few general observations. measured redox potential in the description of the electron
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proton-transfer gate during the catalytic cycle of the-Re
hydrogenase, through which the protons are entering or
exiting the active site. A recent DFT study of proton and
QCN electron transfers to and from the active site has also

&)

£ es30, \;’cm- ) on concluded that this glutamate residue has an essential role
1O [ I‘Fa in catalysis'® Beyond glutamate 25, there are numerous
NX —(Q_ other proton-carrying groups, including several water mol-
es3s( & [ co ecules, aspartates, glutamates, and histidines, so the pathway
((:g'cw becomes rapidly diffused. It is moreover likely that a network
- @ of pathways exists, as observed by Massdna make sure
- b. that this essential component of the hydrogenase activity does
not fail.
Figure 11. Zoomed view of the active site db. gigas NiFe (v) Intermolecular Electron Transfer from the Distal
hydrogenase including amino acid glutamic 18. Cluster to the Redox Partner.The intermolecular electron-

transfer steps between the hydrogenases and their respective
electron-transfer partners have also attracted attention. Mo-
lecular modeling of the electrostatic surface characteristics
of the Ni—Fe hydrogenase fromd. desulfuricansATCC
27774 hydrogenase and its physiological electron-transfer
partner, a tetraheme cytochromgindicated an electrostatic
interaction between the proteins involving the zone around
the distal [4Fe-4S] cluster and the region surrounding heme
IV in cytochromecs.3* An extensive investigation of the

transfer in proteins. The midpoint potential of the [3Fe-4S]
cluster, as measured by equilibrium redox titrations, would
be different from the actual potential determined from the
states of reduction of the electron carriers.

(iv) Proton Transfer from the Active Site to the Water
Solvent. A third pathway between the surface and the active
site is required for transfer of protons involved in the
hydrogenase reaction. Within an electron-transfer protein, it

is important to maintain charge neutrality between different arameters that control cytochromeg interaction with
redox species; otherwise, the free energy changes mvolvetﬁli_':e hydrogenases fromesulfaibrio revealed a highly

::)eck;)ome suﬁ}stﬁmkt]la(l{l Il? trt]ﬁ castero:] hydrrtog](carr:aztras, thrllsi arﬁ)p?r?réﬁicient electron transfer between hydrogenase and cyto-
0 be accomplished by the cotransport ot Nyarogen 1ons I . .o mec, (second-order rate constdnabout 16 Mt s7).

parallel with electron transfer. It is interesting that the The thermodynamic parameters of their interaction were

mé)ehn'ibci)f lg?rfogisfé?&zgscehaslﬂbw gr?cr:telg?rlglr r(é&rt?grllesﬁil,s determined by isothermal calorimetric titrations. The results
:ubiq ’ PSindicated that the driving force for the complex formation

in their structure to the hydrogenasésThese complexes was a positive entropy change; the net increase of entropy

ie::st?]igitgls)gsvi?r? rtlrc :nr;?gr tcr)?nSrgigsns()faﬁlriggo;fngnmdbgr?éoTﬁand enthalpy was associated with proton release in combina-
P - tion with water molecule exclusion. In another study, no

principle, the protein matrix provides the groups that will complex formation was detected at high ionic strength,
accept or donate protons from and to the active site, but once

; i confirming that electrostatic forces play an important stabi-
again, there seem to be specific and conserved pathways t(?izing effect on the complex between the two proteittdn
facilitate this transfer.

; : . another study, much lower association rates were found with
One possible pathway involves water molecules coordinat-

. X . ; ) the hydrogenase fro. norvegicum3!?

ing the conserved divalent metal ion, whichDn vulgaris )
hydrogenase (Figure 1a) is a magnesiunitioand inDm. In a recent work, the electron-transfer r_nech_anlsm _between
baculatumhydrogenase is an Fe(ll) i6f.Possible proton ~ N-labeled cytochrome; and D. wulgaris (Miyazaki F)
pathways on Ni-Fe hydrogenases have been evaluated by Ni—Fe hydrogenase has been studied by NMR. The results
site-directed mutagenesis experiments. The first study wasSuggest that heme 3 is the electron gate to ferrguiniche
conducted orR. eutrophasoluble NAD-reducing hydroge- ~ Same study, site-directed mutagenesis of individual lysine
nase. A set of two histidines and one glutamate extending"esidues to uncharged methionine increasedkiheof the

on about 13 A from the Ni ligand cysteine-461 (C533in electron-transfer kinetics, which indicates that the positive
gigas numbering) were mutated. The resulting enzymes charge_s of the lysines around heme 4 are mv_olved in the
exhibited a 75-95% decrease in activity, suggesting that the formation of the complex between the region of the
proton transfer was actually impairétit was not possible [4Fe-4_S] cluster of the hydrogenase that is responsible for
at that time to perform spectroscopic experiments on the feduction of the cytochromi?

mutated hydrogenases to determine the real impact of the The crystal structure oD. gigas Ni—Fe hydrogenase
mutations. A more recent study conducted@nfructoso- indicates that the distal [4Fe-4S] cluster, that is the nearest
voranshydrogenase targeted the conserved glutamate-25 (1&o the protein surface, is surrounded by several glutamate
in D. gigasnumbering) locatedta3 A from the Ni ligand residues?® The surface electrostatic potential distribution
cysteine-543 (C530 iD. gigasnumbering), exactly in the  obtained from the crystal structure indicates the existence
opposite direction as the previous study (Figure 11). This of a strong dipole moment in the enzyme molecule, with
residue was chosen because it is the most disordered alonghe distal [4Fe-4S] cluster located in the negative region of
with C543%0:311 suggesting a possible motion that might the protein surface where the docking of cytochroméo
imply an active role in the proton transfer. The substitution the hydrogenase molecule takes place (Figure*#®2jhis

of the carboxylate group of glutamate 25 by the non- distal [4Fe-4S] cluster has an unusual His(Gy&ation
protonatable amide group from a glutamine resulted in a (Figure 13). Replacement of this histidine by a cysteine or
complete loss of activity, even though all the prosthetic a glycine did not affect the correct assembly of the distal
groups of the enzyme involved in electron transfer or [4Fe-4S] cluster, but the #bxidation activity of the mutant
hydrogen splitting were still perfectly constituted and hydrogenases was reduced to less than 3% of that of the
functionall3® Therefore, this glutamate appears to be the wild type. Similar decreases in jtbxidation rates were
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function of Ni—Fe and FeFe hydrogenases. Therefore,
nature has been able to develop two different ways to
accomplish this chemical process without using noble metals.
The crystallographic structures of active and inhibited forms
of hydrogenases combined with spectroscopic data of the
different redox states of the active site have given hints of
the catalytic cycle. Theoretical methods, particularly density
functional theory (DFT), and the chemistry of biomimetic
models of both types of active site have complemented this
information for determination of the mechanisms of the
catalytic cycle at the active site of hydrogenases and the most
probable structures of the redox states that participate in it.

6.1.1. Ni-Fe Hydrogenases

Figure 12. 3D-structure ofD. gigashydrogenase obtained from As discussed above, the redox states of the active site that
tho?er?trglooll('r;?rylﬂ'ozroﬁ%nat[')aét?e nglsf'(r((aAdg Sc‘)‘srfgcgrg.egrt]rso(sgf‘tg' correspond to catalytically competent enzyme are three:
ial distribution: ive regi , positive regi ue), ~: . . L2 .
girection of the dipole m%ment (3e|low arrom%. (B) Pos?tion of the Ni-R, N"C.’ and I.\“.'.SI' Kinetic data of the production
distal 4Fe4S cluster (green), large subunit (cyan), and small subunitand oxidation activities of several NFe hydrogenases can
(red) relative to the dipole moment. The direction and magnitude be fitted to three-step mechanisms that involve these three
(564 debyes) of the dipole moment of the crystal structure were with redox potentials similar to those obtained by spectro-
calculated with GRASP software. Reprinted with permission from scopic redox titration&313183198oth Ni-R and Ni-SI have
ref 315. Copyright 2005 American Chemical Society. different subforms that differ in their protonation levels of
the active site (Figure 4), and not all of them may partici-
pate in the catalytic cycle. Some authors consider that only
Ni-SI, is catalytically competent, arguing that Nir$hay
still have a hydroxo/aquo ligand in the active site and,
therefore, is an inactive stat®:*> However, there is no
spectroscopic evidence of a structural difference of this sort
between the two forms of Ni-Sl, and the shift of the
vibrational frequencies observed between the FTIR spectra
of both subforms fits quite well to a different level of
protonation of one of the terminal cysteines of the Ni aféfin.
Taking into account the broad pH range in which-fie
\ hydrogenases are active (especially forddtivation), it is
4 quite possible that the catalytic cycle can work with different
levels of protonatiod!® Other authors have pointed out that
a catalytic cycle can be described involving only the Ni-C
Figure 13. Zoomed view of the distal [4Fe-4S] centerdf gigas and Ni-R, as they are the only two states that are in
Ni—Fe hydrogenase. The histidine 184 is highlighted in green. The thermodynamic equilibrium with §£%241 This is quite
numbers of the cysteine ligands are indicated. possible for the case of they#production activity, which
_ . takes place in a medium of low redox potential, but in the
o_bserved with soluble electron acceptors and with the enzymecase of H-oxidation activity, the driving force is a high-
directly adsorbed onto an electrode. These results suggestedox potential medium (either imposed at an electrode or

that a short distance between-F clusters in biological  que to the presence of the redox-acceptor partner), which
_redox chains may not always be sufficient to support rapid suggests that Ni-SI may be a stable intermediate of the
intramolecular electron transfer and that the nature of the reaction. In any case, there is general agreement in consider-

protein amino acid ligands plays an important role in jng Ni-C the key intermediate of the catalytic cycle because

facilitating electron transfet:® there is sufficient experimental and theoretical data for the
The physiological redox electron partner of the-fre presence of a bridging hydride ligand in this state, consistent
hydrogenase fronD. desulfuricanss cytochrome g3 A with heterolytic cleavage of +t the active sit@!2122.156161.320

structural model of their complex has been obtained from a {owever, as mentioned above, it is not agreed if the EPR-
combination of NMR experiments and docking calcula- sjlent intermediates of the catalytic reaction Ni-SI and Ni-R
tions*!7 According to this model, the cytochrome interacts correspond to low spin or high spin Ni(ll) stat¥8117.12£122
with the small subunit of the hydrogenase; the closest
contacts are between a cysteine ligand of the distal cluster

o the role of the two metal ions of the dinuclear center in
of the hydrogenase and another cysteine ligand of the hemerJinding and heterolytic cleavage. Some authors favor Ni as

e e e el el e CYSEM et g piace of the subsiate and a more relevan
hydrogenase and’cytochrome fun_cnon on hydride formation because the crystal structures
’ indicate that the gas transport channel of the enzyme ends
: : . : there and that the competitive inhibitor binds terminally to
6.1. Catalytic Mechanism at the Active Site Ni.241.261Moreover, experimental and theoretical studies of
The mechanism of heterolytic cleavage ofad the active biomimetic Ni(ll) complexes have shown that base-assisted
site and the reverse reaction of production from protons  heterolytic cleavage of Htakes place with formation of a
and electrons is the most intriguing aspect of the catalytic hydride ligand bound to the met&E—=32°1t has been proposed

Another controversial point of the catalytic cycle concerns
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nature of the hydrogen species bound to the Ni-R state,
although the frequency shifts of the diatomic ligands of the
active site observed by FTIR when reducing Ni-C to Ni-R
suggest that the latter state retains the bridging hydride
ligand?# In fact, most DFT studies propose this coordination
for Ni-R.121.122160211The final steps of the Hproduction
reaction could be formation of a;Higand on the Fe and its
release via the gas-transport channel. The reverse reaction
pathway, H-oxidation, is represented in the outer cycle in
the counterclockwise direction. The first step involves
binding of H; to the Fe atom of the Ni-glistate. Pardo et al.
calculated that the subsequent heterolytic cleavage step had
a lower kinetic barrier if the Ni atom was previously oxidized
to Ni(lll). However, Siegbahn has concluded from a similar
study that this cleavage step is more favorable with a
Ni(ll) —Fe(Il) oxidation level if the net charge of the model
of the active site used is differeff In the same work it
was concluded that including atoms of amino acid residues
Figure 14. Simplified scheme of the catalytic cycle mechanism Surrounding the active site in the DFT calculations did not
proposed for standard NiFe hydrogenases in ref 122. The outer impede H-binding to the Fe atom. After heterolytic cleavage
circle represents the Jbxidation pathway (counterclockwise and transfer of one proton, the Ni-C state is formed; this

direction), whereas the inner circle represents theptdduction  then forms the transient intermediate similar to Ni-L that is
pathway (clockwise direction). The structures between the circles quickly oxidized to the Ni-Si state (Figure 14).

are common to both pathways. o o
The effect of substitution of a sulfur atom coordinating

that this hydride acceptor ability is enhanced when the th_e Ni atom by selenium in the mod_els of the active site of
coordination of the Ni complex corresponds to a distorted Ni—Fe hydrogenases has been studied by DFT. In that study
tetrahedror#22 which is the coordination around Ni in the itwas concluded that the main effect was due to the increased
crystal structures of NiFe hydrogenasé859325Conversely, acidity of Se relative to S, which could improve proton

other authors have favored the Fe atom as the binding p|ac(;'transfer from the active sif&° This may explain the different

of H, based on DFT calculations of the intermediates and catalytic properties of NiFe—Se hydrogenases, although
transition steps of the catalytic cycle (Figure #2}%°and other authors have suggested that other differences in the

on the high affinity of low spin imetals for H.29.301 protein environment of the active site may tune the catalytic

There are numerous candidates for the base that acceptgr()pert'es of these particular hydrogenasés.
the proton formed during the heterolytic cleavage, but there
is cSrrentIy no experimr—?ntal supportyfor any of%hem. They 6.1.2. Fe-Fe Hydrogenases
include a terminal cysteine ligand of the Ni atom (Figure  The redox potential-controlled spectroscopic stuéfie§s172
14), because of the high dynamic disorder of the S atom of indicate that only two of the states of the active site detected
this residue in the crystallographic structufg!* A DFT can be stable intermediates of the catalytic cycle, taking into
study® calculated the energy barrier for heterolytic cleavage account the redox potential range in which-fe hydro-
assisted by a terminal S ligand to be similar to the activation genases turn overH56:328329These two redox states arg,H
energy measured for thetiptake activity of hydrogenase  and Heg the former can be considered the state at whigh H
by direct electrochemistry, 55 kJ/m8f. Another DFT study  binds for heterolytic cleavage, and the latter one can be
by Siegbahn pointed out that a bridging cysteine of the active considered the state that is capable of proton reduction for
site may also act as a base during the catalytic ciela. the reverse reaction, i.e.hroduction. As there is a one-
water molecule bound to the Fe in the Ni-SI has also been electron difference between the two states and two electrons
proposed!* although to date there is no experimental are implicated in this reaction, the participation of the iron
evidence of this coordination in that state. sulfur clusters for providing or accepting an additional

In a recent DFT study, Pardo et al. have proposed a electron is compulsory during the catalytic cycle. A combined
catalytic mechanism for NiFe hydrogenases that involves crystallographic and FTIR study suggested that the main
different pathways for kproduction and koxidationl?? structural change in the active site during turnover is the
which is shown in Figure 14 in a simplified scheme. The movement of thei-CO ligand in Hy toward the distal Fe of
inner cycle of the scheme corresponds to thepkbduction the active site, thus giving a semibridging mode iRqf*
pathway (clockwise direction). In this case, the starting point This bridging CO ligand isransto the coordination position
is the Ni-S|, state that in a one-electron/one-proton step is of the distal Fe, in its active state, that is either vacant or
reduced to a Ni(h-Fe(ll) transient intermediate, which is weakly bound to a solvent molecule. This site has been
not detected by spectroscopy during turnover conditions but proposed as the site for substrate binding during catalytic
could be similar to the Ni-L state detected by photodisso- turnover?>72This hypothesis has additional support from the
ciation of Ni-C at low temperaturédd?12%132The existence  crystallographic structure of the CO-inhibited state, showing
of this transient intermediate in the catalytic cycle has also that the competitive inhibitor CO binds to that vacant
been proposed by other authors and may explain ¢#iB,H  site?85287 |n contrast to Ni-Fe hydrogenases, there is no
exchange activity of NiFe hydrogenaseé®? The Ni-L direct spectroscopic evidence of a hydride species bound to
transient state evolves quickly to form the stable Ni-C the active site, although an intermediate species with a bound
intermediate, which in a second one-electron/one-proton stephydride would be expected in the catalytic cycle because
forms Ni-R. There is no direct experimental evidence of the HD-production is measured at faster rates thapidduction
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a energy barrier for the heterolytic cleavage by this method

aresst ] 5<X wreasity ;gi/x i+ and the high stability of the bridging hydride intermediate,
SN =i . Fel+—Fel+ as shown by the chemistry of biomimetic dinuclear iron
ogé’f"z\+ AN 0 g e\Cg:N complexed®1336-3% and DFT calculation&:334335 |n this
Hox 6 co Hred2 mechanism, the fg; state would correspond to the bridging
hydride intermediate (Figure 15b). There is no need to
el postulate that the secondary amine in the putative bridging
2 azapropanedithiol acts as a proton acceptor, since one of the
thiolates of this ligand or one of the CNigands could
L - s X perform this functioﬁ§v196v33"§35However, it has been argued
@Feds} Ly AL g [4FedS} g ;§,\ H by other authors that a possible role of the bridging CO ligand
o C,,;p'eu ;g\z,‘ = OC,,;FCZ+ /'Flza:i is to prevent formation of a hydride in that position by steric
NG g e NE § o effects?33340and a combined electronic absorption spectros-
Hredl copy/DFT study of an Fe(f)Fe(l) complex suggests that
the shift of the bridging CO ligand toward the distal Fe in
the Heq increases the nucleophilicity of this atom via
b s X WP X polarization of the electron density of the Fee b.ond%40
[4Fe4S]2{I, ;2< ot FeASI~g ;§\ o This electronic effect should promote protonation at the
NFert Fel+ T ocF& _,Feft.CN vacant coordination site of the distal Fe instead of the
0%l \8’ LN NC H co Fe—Fe bond®3:340Vvan der Vlugt et at* have reported the
Hox Hred synthesis of the first di-ferrous species bearing a terminal
hydride ligand. It produced Hupon reaction with Bronsted
elu . acids, whereas equivalemH~ compounds did not_because
2 H they were too stable. Therefore, the mechanism of the
catalytic cycle with the terminal hydride intermediate (Figure
s X N ?x 15a) fits better Wifth the _exp_erim_ental results obtained with
[4Fe4sliz ﬁ( CO [4FedSI~g 5\\ ,CO enzyme and functional biomimetic complexes. Nevertheless,
,.Tp"{w ) OC,.-vIFeZ\‘]-gFe\Zf‘CN the possibility of a bridging hydride |ntermed|ate cannot bg
OI%C/\HH E;‘DCN NC H o excluded because the energy barriers calculated for this
. . . . mechanism are similar to those of the terminal hydride
E;/%%egei%sel;mssmle catalytic cycle mechanisms for e mechanisnios.334-335

6.1.3. Fe=S Cluster-free Hydrogenases (Hmd)

during D,/H™ isotope-exchange activity assays of-fe . )
hydrogenaseXP Several authors have proposed that binding ~ This hydrogenase, by contrast with other known hydro-
of H, to the distal Fe, which has the bridging CO ligand in 9genases, does not catalyze the reduction of dyes such as
the trans position, increases its acidity, thereby favoring its Methyl viologen with H even in the presence of methenyl-
heterolytic cleavage and terminal binding of a hydride to HsMPT".” However, it catalyzes the reversible reduction
this site (Figure 15a}%174287.3%331 The heterolytic cleavage ~ ©f N°.N'>methenyl-HMPT* with H; to N°,N'®-methylene-
step may be assisted through proton extraction by the putativeHsMPT and a proton in the absence of any added electron
amine group of the Organic ||gand that forms a bndge accept0r§.3 It a..ISO Catalyzes the |nterC0nVerS|0nﬂﬁra'H2
between both Fe atoms131.184332According to this mech- ~ and ortho-Hz in the presence of methenyI4MPT+, a
anism, simultaneously with the heterolytic cleavage of H reaction that is suppressed in@’" The formation of HD
an electron is ceded to the iresulfur cluster electron- and D, rather than conversion plara-H; to ortho-Hs, was
transport chain, leading to formation of the intermediate state OPserved, indicating that, after the heterolytic splitting of the
Fe(ll)-Fe(Il)—(H"), which has been proposed as one of the hydrogen molecule, the dissociation of the exchangeable
configurations of the kg state (Heq:in Figure 15a)75 This proton is faster than the reformation of.F# NMR studies
state is isoelectronic with the proposed intermediate With labeled methenyl-fMPT* have shown that Hmd
Fe(l)-Fe(l), which has also been suggested for thq $ate catalyzes the Re-site stereospecific transfer of a hydride from
(Hreqzin Figure 15a)74-175.195-19% Thjs electron-rich dinuclear ~ Hz to methenyl-HMPT*.34
iron intermediate could be the starting point for proton  Before it was known that the enzyme contains an-ron
reduction in the reverse reaction, as shown in Figure 15a.carbonyl center, an unusual catalytic mechanism was pro-
The H, state may be formed in the catalytic cycle by the posed by Thauer and co-workers, formulated by analogy with
release of H from the active site (pproduction activity) the superacid mechanism elucidated by Olah for the forma-
or by cession of an electron of thedh state to the iron tion of carbocations and Hrom alkanes*’¢However, now
sulfur clusters (Hoxidation activity). The shift of one of  that the iror-carbonyl cofactor in Hmd has been identified,
the CO ligands of the active site from bridging to semibridg- one can envisage the formation of a hydride at this center in
ing coordination andiice versaduring the catalytic cycle  an analogous way to the NFe and Fe-Fe hydrogenases,
has been rationalized as a way of tuning the electronic followed by a transfer of the hydride from the iron site to
distribution in both Fe atoms in order to allow reversibility the cation radical of 5,10-methenyl,MPT* (Figure 16).
of the enzymatic activity®333 This transfer would occur inside the protein and would not

Alternative mechanisms have been proposed in which thenecessarily lead to hydrogen isotope exchange with the
binding site for H is the proximal Fe and that lead to surrounding water. However, the reaction would be revers-
formation of a bridging hydride intermediate (Figure ible, and since the 5,10-methenylMPT cation has an
15b)36:245.334335 This hypothesis is supported by the low- exchangeable proton, release of the cation in isotopically
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H+ H, NADP nicotinamide adenine dinucleotide phosphate
NHE normal hydrogen electrode
RHase regulatory hydrogenase
SHase soluble hydrogenase
| TOF-SIMS time-of-flight-secondary ion mass spectrometry
XAS X-ray absorption spectroscopy

\]':c/z+ R \lLe/Z*' R
B

0 7+—N 0 —N
HNTSNT N e, HNT SN N e,

Figure 16. Proposed reaction catalyzed by the ir@ulfur-free

hydrogenasd\® N'%-methylene-tetranydromethanopterin dehydro-
genase.
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