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Abstract

In the presence of Pgas (in a B/H,0 system), hydrogenases catalyze the proton-deuterium (H/D) exchange reaction, which results in
the formation of HD and bkl measurable by mass spectrometry at mass pea8 and 2, respectively. This technique can be used to
study the activity and function of hydrogenases both in vitro, with isolated enzymes, and in vivo, with whole cells. It allows to follow the
reductive activation of oxidized [NiFe]-hydrogenases and to identify physiological activators such as NADH and NADPH, of bidirectional
hydrogenases. Besides, since the H/D exchange reaction involves proton exchange with the solvent, it has been used to monitor the effects o
site-directed mutagenesis of amino acid residues postulated to belong to proton channels.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ing sulfur ligands of a small five-atom molecule, possibly a
di(thiomethyl)amine molecule, HN—(CHS ), [11]. The Fe

Hydrogenases are metalloproteins containing Fe/S clus-atom distal to the [ReS4] cluster (Fe2) has a vacant coor-

ters and a dinuclear metallic center, consisting of a Ni and dination site which is occupied by carbon monoxide, a com-

an Fe atom liganded by cysteine residues in the [NiFe]- petitive inhibitor, in the CO-inhibited form of the enzyme

hydrogenasefd, 2], or of two Fe atoms also including sulfur  [25-27] it is therefore thought to be the position where di-

ligands in the [FeFe]-hydrogenad8s4] (for recent reviews  hydrogen/hydride bind during enzyme turnover. A single hy-

seg[5-13)). The [NiFe]- and [FeFe]-hydrogenases belong to drophobic channel that runs from the molecular surface to

two phylogenetically distinct classes of hydrogend8gs the active site and points at Fe2 is present in the [FeFe]-
The catalytic core of [NiFe]-hydrogenases consists of an hydrogenase fromd. desulfuricansATCC 7757 and in the

of heterodimer with the large subuni& (subunit) of ca hydrogenase | fronC. pasteurianunj3,4,11] Similarly to

60 kDa hosting the bimetallic active site and the small sub- [NiFe]-hydrogenases, a plausible proton pathway has been

unit (3 subunit) of ca 30kDa, the Fe-S clusters. Additional proposed for [FeFe]-hydrogenagasl1].

subunits are present in many of these enzymes. Phylogenetic Hydrogenases catalyze the interconversion of molecular

analyses have shown that the two subunits evolved conjointly hydrogen into protons and electrons according to the re-

[8]. Crystal structures of heterodimeBesulfovibrigNiFe]- versible reaction:
hydrogenases have shown that the two subunits interact ex- . ~
tensively through a large contact surfdde2,14—17] The Hz < 2H" +2e 1)

bimetallic NiFe center is deeply buried in the large subunit; it
is coordinated to the protein by four cysteines. The small sub-
unit contains up to three Fe-S clusters, which conduct elec-
trons between the Hactivating center and the physiological

Most if not all known hydrogenases can catalyze the re-
action in either direction in vitro, although they are usually
committed to catalyze eithersHiptake or H evolution in
electron acceptor (or donor) of hydrogenase. The- &g vivo, depending on the demands_ of thg .hOSt organism. The

. . LT - N, use of hydrogen isotopes (deuterium, tritium) enables detec-
cluster that is proximal to the active site (within Ajlis “es- ) o
tion of splitting of the hydrogen molecule by hydrogenase.

sential” to K activation[1,18]. Later studies using infrared o
spectroscopy revealed the presence of three non-protein "g_lsotope exchange by hydrogenase was observed firstin 1934

with whole cells ofEscherichia col(E. coli) [28], in 1943 in
ands, 1 CO and 2 CNbound to the Fe atorfil4,19,20] : .
Hydrophobic channels linking the active site to the surface .CneIIi(r)tl;zﬁmeﬁﬁégzgzﬂégi? ?ﬁ;ugf_%(tr%?i?]_znd
of the molecule have been identified and suggested to facil-" P yp Zym ' 2 2
itate gas access to the buried active §li®,21] Chains of (H/D) exchange reacuqn IS partl of _the_ reversible act|V|t_y of
hydrophilic amino acid residues have been proposed to par_hydrogenase and provides an intrinsic measure of this ac-

2 . tivity. It has been used to study the mechanism of enzyme
ticipate to proton channel$,10]. The [NiFe]-hydrogenases, ; : :
widespread in the Archaea and Bacteria domains of life, action (see below). Krasna and Rittenb§g,33] studied

have been the hydrogenases most extensively studied physt—he isotope exchange apdra-hydrogen para-H) to ortho-

iologically, biochemically and genetically. It is to note that hydrogen @rtho-H,) (Spin nuclear isomers) conversion re-

the available crystallographic structures and catalytic mech- action inP. vulgans'cells..'l'.hey concluded th"."t hydroggnase
. : . . catalyzes heterolytic splitting of hydrogen with formation of
anisms were established with enzymes belonging only to the ~ ™. . ) . :
: . e an intermediate enzyme hydride, according to the following
first sub-group of [NiFe]-hydrogenases (classified into four o
sub-groups]8]. Future work may uncover the role of specific equation:
protein environments of the active site. E+ Hoo E:H 4+H*' )
Unlike [NiFe]-hydrogenases composed of at least two sub-
units, many [FeFe]-hydrogenases are monomeric and consistvhere E is the hydride binding site of hydrogenase, the re-
of the catalytic subunit only (although dimeric, trimeric and leased proton is supposed to be transiently bound to a pro-
tetrameric enzymes are also kno8l) The smallest[FeFe]-  ton accepting site. If Bgas is used, the splitting of the;D
hydrogenases (ca 45-48kDa) have been found in green almolecule results in the formation of a deuteror’(and a
gae[22,23] The catalytic subunit of [FeFe]-hydrogenases deuteride (D):
varies considerably in size; besides the conserved domain of
ca 350 residues containing the active site (H-clusi@4), D,+E < E:D™ +D* ®3)
it often comprises additional domains which accommodate
Fe-S clusters. The H-cluster of the [FeFe]-hydrogenase from
Clostridium pasteurianurf8] and fromDesulfovibrio desul-
furicansATCC 7757[4] consists of a binuclear iron subsite,

In the absence of an electron donor or acceptor, the back
reaction, in the presence of excess protons from the solvent,
leads to the formation of HD:

[FexSg], bound to a [Fg-S4] cluster by a bridging cysteine  g_p- 4 4+ o E 4+ HD (4)
sulfur and attached to the protein by a cysteine ligand. Non-
protein diatomic ligands, CO and Ci\are attached to both Formation of HD reflects the reversibility of E@). Over-

Fe atomg[3-5,7,11] The Fe atoms also share two bridg- all, thereis no electron transfer. Electron acceptors, if present,
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compete with H for the hydride intermediate so that the ex- can be detected by mass spectrometry. These different assay

change reaction is lowered and may even be abolished. Thenethods have been described in the Methods in Enzymology

kinetics of the isotope exchange reaction and of the conver-serieq37,38]

sion reaction were later reinvestigated using purified hydro-

genase preparations fro@. pasteurianurmand P. vulgaris 2.1. Para-hydrogen - ortho-hydrogen conversion

[34], from Desulfovibrio vulgarisMiyazaki [35] and from

Desulfovibrio vulgaris strain Hildenborough36]. The ki- Thepara-Hz—ortho-Hz conversion depends only upon the

netics of hydrogenase frof. pasteurianunandP. vulgaris reversal of reaction (2). At ambient temperature, normal hy-

were determined by measuring the HD angd jproduced drogen is a mixture of two isomers, namely 25%pafa-H

when the enzyme catalyzed the exchange betweeand with antiparallel nuclear spin and 75%aftho-H; with par-

100% DO [34]. The ratio of © to HD production depends  allel nuclear spin. A sample enrichedgara-H; is stable (in

on the enzyme concentration because the HD produced bythe absence of oxygen) for an extended period. In the pres-

the exchange of pican react with another enzyme molecule ence of hydrogenase, tipara-H, molecule is cleaved and

to give D, before it escapes to the gas phase. At very low its atoms bind to the active site of the enzyme. The hydrogen

enzyme concentrations, the ratie/BID is independent of ~ formed by the reverse reaction has the composition of nor-

enzyme concentration. The experimental data were consis-mal hydrogen, thegfara’ character has been lost during the

tent with the cleavage of dihydrogen into a proton and an process. Theara-ortho conversion is in some way a partial

enzyme hydride that can exchange with the solvent. It was reaction of the isotope exchange reaction, which includes in

possible to interpret the data in terms of a hydride that doesaddition an exchange of the hydrogen atoms with the protons

not exchange, if it is assumed that there is a shell of water (deuterons) of the solvent.

molecules around the active site of the enzyme, which pre- A method to prepare a mixture of 50gara-H, and 50%

vents HD diffusion away from the enzyme molecule. This ortho-Hs has been describg¢89]. Para-H, andortho-H, are

so-called “cage-effect” results in the molecule of HD react- separated by gas chromatography on an alumina column im-

ing a second time with the enzyme and thus, forming D mersed in liquid nitrogen with a thermal-conductivity detec-

The cage-effect would be present at infinitely dilute enzyme tor[37]. The measurements are normally done in parallel with

concentration since it involves only the interaction of the HD those of isotope exchange and,HiD and b are measured

with a single enzyme molecule. by mass spectrometf32—-36,40,41]

The highly purifiedD. vulgaris Miyazaki hydrogenase

(H2:ferricytochromecs oxidoreductase) was shown to cat- 2.2. Isotope exchange: proton-tritium exchange activity

alyze the conversion gfara-H; to normal H over D;O as

well as the isotope exchange reaction in the-BLO sys- Hydrogenase catalyzes the exchange reaction between

tem and it was concluded that the two hydrogen atoms of hydrogen and tritiated (or deuterated) wgt&Tr,42] in the

the enzyme-bound hydrogen molecule can exchange withabsence of additional electron acceptors or donors. The

hydrogen ions of the medium, but at different exchange proton—tritium exchange activity has been used to study the

rates[35]. Both isotope exchange arghra- to ortho-Ho three states dDesulfovibrio gigashydrogenase, designated

conversion in DO were demonstrated to occur wifD. “active”, “unready” and “ready”, and the effect of inhibitors

vulgaris Hildenborough [NiFe]-hydrogenase whereas with on the catalytic site§43,44] Tritum gas, used in the

a [NiFeSe]-hydrogenase, which had an exchange activity exchange reaction, was prepared by the addition of lithium

equivalent to that of the former, practically para—ortho metal to tritiated water. Only the “active” enzyme (obtained

conversion could be observed inO[36]. by prolonged incubation under hydrogen) catalyzed the
isotope exchange reaction, while the “unready” state (in
the as-isolated enzyme) and the “ready” state (produced by
treatment of the “active” state with argon) were completely

2. Assays of hydrogenase activity inactive.

The methods used to assay hydrogenase activity are base@.3. Proton—deuterium (H/D) exchange measurements
on the enzyme ability to catalyzeyldvolution and H oxida-
tion, interconversion gbara- andortho-H,, and deuterium or The use of the H-deuterium exchange reaction (H/D) to
tritium exchange reactions with'Hin the absence of electron  determine hydrogenase activity involves the mass spectro-
donors or acceptors). Oxidation opldan be associated with  metric analysis of massede 2 (Hz), me 3 (HD) andm/e 4
the reduction of a dye, measurable by spectrophotometry.(D>). Although the isotope exchange reaction has been mea-
Production or consumption ofdtan be measured ampero- sured from the gas phase of a vial uncompletely filled with
metrically, using a Clark-type electrode, manometrically or the enzyme (or particles) solution (suspensi@®)46), the
by gas chromatography with a thermal-conductivity detector. method described here is based on the use of a membrane-
Isotope exchange, using tritium gas or tritiated water can beinlet mass spectrometg¢47]. The direct determination of
measured by radioactive counting. Exchange with deuterium dissolved gases allows the use of §as in ordinary water
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experiment. The electrical signal collected by the spectrom-
eter is directly proportional to the gas concentration in the
chamber, the proportionality coefficient varying from one
mass to the other according to the ionization properties of
the corresponding gas. The factors to convert peak height of
m/e2 and 4 into H and D> concentration are determined
by preparing a calibration chart for each of the gases, us-
ing different concentrations of the gases and correcting for
the temperature-dependent solubility of hydrogen isotopes in
water[62]. For HD, the factor is taken as the mean of those
two values. The results are also corrected for the loss of gas
through the mass spectrometer. This loss is a first-order func-
tion of the gas partial pressure. It is determined in uninocu-
lated medium (or buffer), sparged under the same conditions
as the culture (or cell suspension, or enzyme solution) with
the different gases used. In a recent work, the consumption
of gases by the mass spectrometer showed first-order kinetics
with time constants around 0.09 mihfor Hy, 0.08 min 2 for

D, and 0.024 mint for O, [61]. The use of Rinthe D>—H,0
system, in which Bdisappears and is quantitatively replaced

Fig. 1. Reaction chamber for on-line mass spectrometry. (1) Plunger cen- s L -
tral canal (sparging gas evacuation); (2) plunger fitted with three O-rings; (3) by HD and b, allows determination of the in vivo activity

needle stopcock (vessel tightening); (4) inner glass tubing (diameter 15 mm); of hydrogenase. In earlier repo_rt_s_, thé‘HD2 exchange re-
(5) outer glass tubing (diameter, 36 mm); (6) thermostated jacket; (7) canal action was evaluated from the initial rates of HD and/er H

fitted with a septum plug (gas or reagent introduction); (8) magnetic bar; (9) formation. A mathematical treatment modeling the H/D ex-
gas inlet equipped with a stopcock and a hypodermic needle; (10) vacuum change reaction catalyzed by hydrogenase in the presence of

line (towards the cooling trap and the mass spectrometer ion source); (11),_ - . ) .
fritted-steel disk supporting the Teflon membrane; (12) perforated disk pro- various refative concentrations of@nd of consuming or

tecting the Teflon membrane; (13) water inlet (top thermostated jacket); (14) H2-pr0ducing proce_sses WaS_ recently develdﬁ&ﬂj There- )
liquid medium; (15) water outlet (reproduced frg4¥] with permission). sult of such calculations applied to the H/D exchange reaction

catalyzed by the [NiFe]-hydrogenase frimfructosovorans

equally well as H in D20. The system B-H,O is easier to (in the absence of electron donors and acceptors) is shown in
handle than the systemyHD-,O, which requires lyophiliza-  Fig. 2 The treatment allows monitoring of changes in hydro-
tion of the biological material and of buffers to eliminate all genase activity over time and permits one to evaluate whether
H>0 molecules before resuspension in@ Fig. 1 shows the measured concentration changes of the hydrogen species
the type of reaction vessel used by the group of Cadaracheare simply related to the H/D exchange reaction or are ac-
(France) in the 1980gl8-54] companied by K production or uptake.

The reaction vessel consisted of a section of glass tub-
ing fitted to a porous fritted-steel disc covered with a Teflon
membrane, set by O-rings between upper and lower stainless3. The enzymatic mechanism for
steel blocks. The inner volume of the reaction vessel (up to [NiFe]-hydrogenases
15 ml) was adjustable by means of a hollow plunger. Now, the
reaction chamber, of the Hansatech electrode-type, is smallef3.1. Activation/deactivation
and can contain only 1.5 ml of mediufd5—61] The liquid
inside the vessel is continuously stirred by a magnetic bar  Several redox intermediates generated in [NiFe]-hydro-
and can be sparged with gases by means of a hypodermigenases under hydrogen have been detected by various
needle introduced through the plunger. When the reaction biophysical approaches (electron paramagnetic resonance
vessel is closed, there is no gas phase above the liquid. Dis{EPR) and Myssbauer spectroscopy, Fourier transform in-
solved gases diffuse according to their concentration throughfrared (FTIR) spectroscopy coupled to potentiometric mea-
the Teflon membrane to a vacuum line directly connected to surements (cf review§l0,63—66). Possible structures of
the ion source of a mass spectrometer. After passing throughthese forms have been predicted by theoretical studies with
a cold trap where water vapor is condensed, the gases ar@ensity functional theorf67—72} reviewed in refs[73—-77]
admitted into the ion source, where they are ionized and an-In the oxidized aerobic state most [NiFe]-hydrogenases are
alyzed. The spectrometer sequentially scans the abundancénactive. The enzyme has to be activated by reduction (H
of the different gases (H D2, HD, O;) by automatically ad-  dithionite) to become catalytically competgr8,79]
justing the magnet current to the corresponding mass peaks Three different EPR-active states have been identified
(m/e=2, 4, 3, 32, respectively). Measuring one mass peak through the paramagnetic properties of the nickel. As iso-
takes 0.5 s. Mass peaks are continuously recorded during thdated, the oxidized inactive forms are characterized by two
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hydrogenase and to a sulfur specie$ (81S™) in D. vul-

1801 (A) o F 90 . . . .
8001 %28 N o H hﬁg . garis Miyazaki [2] andD. desulfuricansATCC 27774[17]
2 60042 120 f N T T Lo g enzymes. The exact identity of the oxygen species remains
E 400_% 190 » N7 IGhie) uqclear, 3, 0H or H,0 are possible ca_m(_llidates. To fjeter-
B ol 2 8 Vi /V\ - 30 : mine the nature and chemical characteristics of the Ni-X—Fe
T ool o, \‘32\\_ e ]28 bridging ligand inD. gigashydrogenase, Carepo et 7]
1008: 408 - i ‘]’00 performed!’O ENDOR measurements on the Ni-A form of
3601 (B) HD - 90 the enzyme, exchanged intgHO, on the active Ni-C pre-
_ s 0 R o e (8 = pared by H-reduction of Ni-A in K170, and also on Ni-A
£ Elggg N 82 formed by reoxidation of Ni-C in bt’O. In the native state
& 400 T 160 s e 40 CI’ of the protein (Ni-A), the bridging ligand did not exchange
2004 5 80t ¢ /// L20 | with the Hp1’O solvent. But after a reduction/reoxidation cy-
404 o, 10 cle (Ni-A— Ni-C — Ni-A), an 1O label was introduced at
09  ofF—— “ RO N S
~ 150G S 1000 the active site, in the Ni-A state, as seen by ENDOR. e
= T S L 500 signal was lost upon reductive activation to the Ni-C state;
; 100 ,i Hedrosenase Activit _ reoxidation to Ni-A led to the reappearance of the signal.
\;r | i Y e = Thus, the bridging ligand X in the Ni-A state bf gigashy-
i = . .
S ol - 400 [ drogenase is mdeed an oxygenqu(@xo, OI']J.,-hy(.jI’O?(O, or
2 I' L 500 p-agqueo) species. These experiments further indicated that
%ﬂ ! this bridge is present in Ni-B. DFT calculations indicate that
= 0246 % o213 o820 both oxidized states havee-hydroxo bridge between the

Time (min)

two metal atomg72]. EPR studies ofAllochromatium vi-
nosum(formerly Chromatium vinosujroxidized with1’O-

Fig. 2. H, and HD production in exchange with,Duptake catalyzed by
Desulfovibrio fructosovoranfNiFe]-hydrogenase. (A) Actual concentra-
tions of the hydrogen species present in the vesset@centration reaches
zero). (B) Gas concentration changes corrected for consumption by the appa
ratus (shown is the equivalence betweeruiptake and kK plus HD produc-
tion). (C) Hydrogenase activity, calculated as {2d[H]/dt+ d[HD]/dt),
wherer is the isotopic ratio of D in hydrogerr € ([D2] + 1/2 [HD])/ X). The hydrogenase activation process (the conversion of

X, the total concentration of hydrogen speci&s{([D5] + [HD] + [H 2]) re- Niy-A to Ni,-S in Fig. 3 has been linked to the removal
mains constant since only the exchange reaction between hydrogen isotopesf th dditi | bridai l d at th ti a7 15
and protons of the solvent is taking place here (reproduced fBdirwith of the additional bridging ligand at the active sf&¥,15]

permission). Upon reductive activation, the ligand, depicted as a hydroxo
species irFig. 3 leaves by protonation to watfg9] and the
Niionis reduced from Ni(lll) to Ni(ll) to yield the EPR-silent

Ni-EPR signals (in various ratios, the Ni-A (INA signal in intermediate Ni-S. Ni-S occurs in two states in equilibrium,

Fig. 3 unreadyto catalyze H activation, i.e. the splitting of  the Nj-S (ready) state (also called 1814 or SI) and the

the H-H bond); this state requires a long activation-period (a Ni,-S (active) state (also called ($4 or Sh;) [87,92,100]

deoxygenation step and a reductive step in the presence of H (Fig. 3). The Sy-atom of Cys536 of théD. desulfuricans

or a reductant), and the Ni-B (NB signal inFig. 3, ready, ATCC 27774 [NiFe]-hydrogenase was suggested to be able to

for rapidly converted to the active state by reductants) (Ni-B interact with the bridging ligand and to assist in the removal

is obtained by reoxydation of the active enzyme in the ab- and insertion of the bridging atom during enzyme activa-

sence of Q)) [80-83] The third Ni-EPR signal, named Ni-C  tion and inactivation, respectivel§7]. In addition, in theD.

(Nig-C inFig. 3, characterizes aactivestate of the enzyme  desulfuricansenzyme purified and crystallized aerobically,

[80,83,84] When illuminated at low temperature, it releases modification of the proximal [FeS4] cluster, in the small

a hydrogen species and gives the EPR spectrum termed Ni-Lsybunit, to [FeSzO3] was observedl7]. As pointed out by

[85]. the authors, if the modification is not an artifact due to ex-

The X-ray structure of [NiFe]-hydrogenases revealed the posure of the protein to oxygen for an extended time period,

presence of electron density for a bridging monoatomic lig- the activation process of [NiFe]-hydrogenase may be more

and, labeled X, between the Ni and Fe atoms in the oxidized complex than initially thought.

form of D. gigashydrogenasgl4] andD. vulgarisMiyazaki

F enzymef2] and no bridging ligand in the reduced forms 3.2, Catalytic cycle

of the [NiFe]-hydrogenases from. vulgaris Miyazaki F

[15] and the [NiFeSe]-hydrogenase fra»esulfomicrobium The enzyme in the NiS (active) state can bind,H86].

norvegicum(formerly Desulfomicrobium baculatuyr{16]. The catalytic cycle then progresses with the formation of

The bridging ligand has been assigned to an oxygen specieshe EPR-silent Ni-R, where dihydrogen is suggested to be

for theD. gigas[14] and theD. fructosovoran$90] [NiFe]- bound side-on at the ird67,71]in Fig. 3. Ni-R corresponds

enriched @ had already shown that an oxygen species must
be present close to nickel in both the Ni-A and Ni-B states
[98]. In a recent study, it was concluded that the Ni-B state
holds a hydroxide ligand bound in an end-on position to
Ni(lll) [95].
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Catalytic cycle

1682
Activation/Deactivation
-S
NS Fe?* NPt Fe2*
-S7 NO“ S7 (OH)
H
Ni -A Ni-B
u 05 r
e il
H+ H+
'S\ 'S\
NIz R o ON% Fe?| |
-S (OH,) -S =
Niy-S Ni,-S

w-T

H TNz Fe?t

%)
\

Nig-S

% Nz

H H
-S -S H
Ni¥ Fe?t | ==  Ni%* iFe?
S7 Ny~ -e 87 H
- H+
Ni-C NizR

Fig. 3. Scheme illustrating the oxidation states of the bimetallic center of [NiFe]-hydrogenases during the activation/deactivation prdeesatahdic

cycle. The scheme shows the spectroscopically characterized states and coordination of the NiFe active site. The Ni-A, Ni-B and Ni-C staté3Rproduce E

signals, the Ni-S and Ni-R (fully reduced) states are EPR silent. The subscript “u” stands for unready, “r" for ready and “a” for active. The biigiging su

ligands and the diatomic ligands to Fe are omitted, only the thiol groups of terminal cysteines liganding Ni are shown. The scheme combinesvsurrent vie

of Hpase activation and catalysis deduced from potentiometric titrations, kinetics measurdf@#86—89hnd from the crystal structures of oxidized and
reduced15,16] forms of Desulfovibrio[NiFe]-hydrogenases. The EPR and IR values foundfloromatium vinosurfNiFe]-hydrogenase, similar to those
of D. gigasenzyme, are summarized in rg85]. Each of the active states, NB, Ni,-C and Nj-R have been proposed to be involved in the catalytic cycle
[66,89,91] Only the Ni-C/Ni-R couple is in thermodynamic equilibrium withh H'he competitive inhibitor CO was proposed to block electron and proton
transfer at the active site by binding to the Ni atom and thereby displacirantl stabilizing a Ni-S(CO) reduced st§88,92] Ni-C is represented with a
bridging hydride ligand coordinated between the Ni and Fe a{és71,93,94]adapted fronj67,71,89,95,96](reproduced fronj13] with permission).

to the fully reduced proteirf91]. Protonation of the %
atom of Cys530 irD. gigasenzyme[100], of Cys543 inD.
fructosovoranenzyme[10], of Cys536 inD. desulfuricans
enzyme[17] and the corresponding cysteine Timiocapsa
roseopersicindNiFe]-hydrogenas¢b5], or seleno-cysteine
in Dm. norvegicum(Dm. baculatur NiFeSe]-hydrogenase

[16], has been suggested to assist in the heterolytic cleav-

age of B by acting as the proton-accepting base in catalysis.
Ni-R is in thermodynamic equilibrium with the EPR-active
Ni-C state. The Ni-C state is commonly attributed to a Ni(lll)
oxidation statg101], recent review$65,75—77] Ni-C state

is shown inFig. 3with a hydride in a bridging position be-
tween the Ni and Fe, which are formally in the Ni(lll) and
Fe(ll) oxidation states. The Ni—Fe distance~a.5A in the
reduced statfl5,16]is suitable to accommodate a hydride;
however, se¢65]. The proposal of a hydride bridge is fur-
ther supported by density functional calculations of the Ni-C
state[67—73,93]and by electron nuclear double resonance
(ENDOR) and electron spin-echo envelope modulation (ES-
EEM) spectroscopy of the regulatory hydrogenase (RH) from
Ralstonia eutroph§94].

The redox transition between Ni-R and Ni-C states was
shown to involve one electron and one proféa,102,103]
EPR[101] and®’Fe ENDOR experimentgl04] led to the
conclusion that the iron ion remains diamagnetic, likely in an

Fe(ll) low-spin state, in all the enzyme forms. This was con-
firmed by quantum chemical calculatidi$,76,105] There-
fore, the redox process is not centered on the Fe ion.

By a further one electron oxidation of the NiFe center,
Ni-C yields Ni-S (Ni(ll)) and another protor{g. 3). The
proximal [Fe-Sy] cluster (at a redox potential 6f340 mV
at pH 8[106] receives the electrons from the NiFe center and
transfers them one at a time to the distalf=2] cluster, close
to the surface of the molecule, and able to transfer the elec-
trons also one at a time to external acceptor (or donor). Only
the Ni-C/Ni-R and the proximal [ReS4]2** redox couples
are in thermodynamic equilibrium with4H{86,88,89] The
role of the [Fg-S4] cluster located between the two [F84]
clusters and having a redox potential approximately 300 mV
more positive than the proximal and distal jF&] clusters
is unclear. The distances between these redox clusters are
adequate for fast electron transfer through the prdteia]
and the electron transfer between thesfSg] center and
the [Fe-S4] clusters appears to be fast enough to be non-
limiting in both the B uptake and K evolution reactions
[106,108] Fig. 3combines current views of hydrogenase ac-
tivation and catalysis deduced from potentiometric titrations,
kinetics measurements, IR spectroelectrochemical titrations,
density functional theory (DFT) calculations carried out with
Desulfovibrioand Chromatium vinosunmydrogenases and
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from the crystal structures of oxidized and reduced forms a proton transfer chain towards the surface of the protein
of [NiFe]-hydrogenases. Differences exist between the pro- molecule.

posed models, in particular concerning the location of hydro-  Site-directed mutants targeted to those types of amino
gen atoms not visible by crystallography. Methods like DFT acids combined to isotopic hydrogen reactions are powerful
test models where species like,HH™ and H" are explic- tools to verify or establish proton transport pathways as is dis-
itly placed at the active site of hydrogenase; however, up to cussed in the accompanying revigiil 3]. The involvement
now, they generally do not take into account the protein en- of the homologous glutamic residue (Glu29infructosovo-
vironment (see review§5,75—-77). The midpoint potentials  rans) in proton transfer between the active site and the protein
values at pH 7 for the Ni-S/Ni-C and the Ni-C/Ni-R couples surface during the catalytic cycle was demonstrated by the
were determined by EPR to be270 and—390 mV, respec-  use of hydrogenase mutants targeted to G[d2% Replace-
tively [84] and by infrared (IR) spectroscopy coupled to elec- ment of that glutamic residue by a glutamine did not modify
trochemistry to be-340 and—405 mV, respectively87]. A the spectroscopic (FTIR and EPR) properties of the enzyme
strong electronic interaction between the two metal centersbut abolished the catalytic (H/D exchange) activity except
at the active site was deduced from the similarity between the the para-H to ortho-H, conversion. Th@ara-H,/ortho-Hz
titrations of the redox states &f. gigashydrogenase based conversion only involves heterolytic splitting and recombi-
on stretching frequencies of the diatomic ligands to the active nation of molecular hydrogen but no proton transport. On
site Fe (CO and CN[87], and the stoichiometric reductive the other hand, proton transfer through the protein is com-
titrations of EPR nickel signal®1]. Therefore, the letters S,  pulsory for the H/D exchange reaction. Thus, with the E25Q
R and C, which initially designated a redox state of the Ni mutant, in which the fast proton transfer between the active
atom are commonly used now to designate a redox state ofsite and the protein environment is impaired, glutamate25

the enzyme. is demonstrated to be essential for proton transfer during
the catalytic cycld41]. Similarly, in theR. eutrophasolu-
3.3. Proton channels ble [NiFe]-hydrogenase, a mutant similar to E25Q has been

shown to loose its buptake and H/D activitiefl14], re-
Concerning proton transport pathways to the molecular viewed in[113]. In a former work orR. eutrophaby then
surface, several routes have been proposed for [NiFe]-namedAlcaligenes eutrophlsa mutant of the same hy-
hydrogenases and most probably several pathways may be&lrogenase where Arg40 was replaced by a leucine exhib-
used during catalysis. One of the cysteine ligands to the ited a normal level of H/D exchange activity but a complete

nickel atom (Cys543 irD. fructosovorans Cys530 inD. lack of Hy:acceptor oxidoreductase activity15]. This re-
gigas Cys536 inD. desulfuricansand the corresponding  sult indicates that Arg40 is rather involved in electron trans-
Cys inT. roseopersicinaor SeCys inDm. norvegicumis fer and that electron and proton transfer are not necessarily

generally considered to be the proton acceptor group aftercoupled.

heterolytic cleavage of tin the active site. This hypothesis

is supported by data obtained by chemical modification of

the cysteine$s5], by X-ray diffraction[1,10,16,17,90,109] 4. Applications of the H"/D, exchange reaction

by X-ray absorption spectroscopy (XA$$4], by EPR

spectroscopy94,100] ENDOR spectroscopji10], model 4.1. Hydrogenase activation

complexes chemistry (e.g[111,112), and theoretical

calculations[68—70,73] A glutamic acid residue, strictly The H/D exchange reaction was used more than
conserved in all hydrogenase structures, (Glu2@.idesul- twenty years ago to monitor hydrogenase activation of
furicans [NiFe]-hydrogenase and the corresponding Glul8 Alcaligenes eutrophugRalstonia eutrophg [116] and

in Dm. norvegicuniNiFeSe]-hydrogenase) was suggested Desulfovibrio[NiFe]-hydrogenasegs1]. It was concluded

to be involved in proton transfer between the active site and that the process involves two successive steps: (a) a slow
the molecular surface along with thg-8tom of Cys5361[D. non-reductive step probably consisting in the removal of
desulfuricans)[17] or the Se-atom of Se-Cys4926]. In oxygen from the active center, or rather the dissociation
the D. desulfuricansenzyme, close to Glu 24, on the other of an enzyme—oxygen combinatid80] and (b) a fast
side of Cys536, three other strictly conserved residues arereductive step linked to the reduction of the enzyme by
present, Arg469, Asp534 and His117 and a water moleculeH, or a reductant (e.g. dithionite). These two steps are
is found within hydrogen bonding distance between one of illustrated inFig. 4 for the activation ofD. fructosovorans
the carboxyl oxygen atoms of Asp534 (ca é)?and one [NiFe]-hydrogenase, which had been stored atG4inder

of the carboxyl oxygen atoms of Glu24 (ca 2 Matias air. The enzyme did not catalyze the H/D exchange reaction
et al. [17] suggested that this water molecule, conserved in the medium made totally anaerobic by addition of O
in all the hydrogenase structures analyzed, except in thescavengers (glucose +glucose oxidase + catalase) until
D. gigasenzyme, could mediate a proton transfer between it was activated by reduced methyl viologen. The H/D
Glu24 and Asp534. Thus, Cys536 and residues Glu24 exchange reaction then started immediately with initial
and Asp534 and the water molecule could participate to rates of 195.mol HD produced mint (mg protein)! and
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500+ = 3502 Tuctosovorans HynS| 50 (so that the active site remains EPR silent under all redox
S 300w conditions tested) and the NAD-linked hydrogenasé&lof
=91 Sasf S~ b Mvs 40 cardia opacavas shown to be unstable and to dissociate into
£ 3004 I \--\_ 2 IS .
2 ; 200 S E two heterodimer§l19].
2004 o 1507gluc. oxidase T~ o
| o) o 1001 ! 4.2. The catalytic cycle
1001 T X0, L.
of | of

R e ——— The_H/D exchange provideg an i(_jeal assayford.etermining

Time (min) the activity of the enzyme active site alone even in systems

as complex as whole microorganisms. It was even used to
Fig. 4. Activation by reduced methyl viologen (MYand H/D exchange demonstrate the activity of hydrogenase in the dry $1&@].
activity of D. fructosovoranfNiFe]-hydrogenase stored for 1 month at The authors measured the amount of HD aadddind in the

under air. The buffer (20 mM K phosphate, 0.1 M KCI, pH 7.0, 1.5 ml) was e
first introduced in the reaction chamber and gased withThe chamber gas phase of a vessel containing a powder of deutefated

was closed, the medium was made anaerobic by addition of catalase (500 U),Vl'”gariS Miyazaki hydrogenase (0.8 nmol) in co_ntact with
glucose (5 mM) and glucose oxidase (40 U), the hydrogenase.¢2,mnd H2 gas (12.3umol). After 35 days, the molar fraction of HD

MV* (0.16 mM) were then added as shown in the figure (reproduced from and D were found to be 6.9 and 0.2%, respectively. The

[59] with permission). total amount of deuterium atoms liberated into the gas phase
(after a couple of months) was found to be 1580l, a value
150pmol Hp produced min® (mg protein)* at an initial D» which corresponds to 140 D atoms liberated per hydrogenase
concentration of 200M (Fig. 4). molecule[120].
Anaerobic activation of the bidirectional NAD(P)- In the D—H,O isotope exchange reaction, generally the

dependent multimeric hydrogenase fr@ynechocystiBCC formation of both the single exchange product (HD) and the
6308, by the reduced nucleotides, NADH or NADPH, in the double-exchange product §Hare observed. Exceptionally,
presence of B, was also demonstrated by the H/D exchange no HD production was detected for the hydrogenase from
method Fig. 5). A. vinelandii[46] and for the H-sensing hydrogenase from

In this case, while HD appeared immediately after R. eutropha[l21]. As recalled in Sectiorl, the origin
NAD(P)H addition, a lag, in the range of minute(s), was of H, produced by exchange of,Dwith H,O as solvent,
observed before fappeared in the medium. AlthoughpD  was already discussed more than forty years ago. The HD
has been reported to inhibitoHevolution in Azotobacter molecule formed initially can react with another molecule
vinelandii[46], this delay is not observed when a fully acti- of hydrogenase to give the double-exchange produg) (H
vated enzyme is used. These data raise the question whethgthis intermolecular reaction of HD, observed at relatively
in the inactivated form of th8ynechocystisnzyme only the high protein concentrationgt5], is diffusion-limited) or
NiFe center is modified or whether conformational changes react a second time with the active site before escaping into
capable of modifying proton channels can also occur. This the solvent (this intramolecular reaction, the cage-effect
may be more specific to this type of enzyme since the homol- [34,121] is independent of the enzyme concentration) or
ogous NAD -reducing hydrogenase froiR. eutrophahas both the deuterons and the deuteride formed by heterolytic
been reported to have unusual properties due to the presenceleavage of 3 can exchange separately, at different velocity
of two additional CN-ligands to the NiFe centdrl7,118] [35,50,55]

Synechocystis PCC6308 HoxFUYH

400 200
:
3004 F -150
s I s
EX : e
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! iy 1
j 1004 T *L50 |
07 K

4 6 81012141618 2022 24
Time (min)

0 4 6 8 101214 16 18P0 22240 2
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Fig. 5. Anaerobic activation @ynechocystBCC 6308 bidirectional [NiFe]-hydrogenase by reduced nicotinamide nucleotides, measured by the H/D exchange
reaction. The enzyme had been stored &tG-4 50 mM phosphate buffer, pH 7.0, under argon. In the reaction chamber, MES buffer (50 mM, pH 6.0, 1.5 ml)
was saturated with ) the chamber was closed, hydrogenase was added, the medium was made anaerobic by addition of catalase + glucose + glucose oxidase |
legend toFig. 4and NADH or NADPH were added as indicated by the arrows. (A) Hydrogenase (0.2 mg), NADH2OMV * (100uM), (B) hydrogenase

(0.4 mg), NADPH (20Q.M). The figure shows the actual concentrations of the hydrogen species present in the vessel (reprod{is8fMitmpermission).
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The rates of HD and i formation depend on the en- 4.3. Effects of the inhibitors, acetylene and carbon
vironment of the active site, on the nature of the primary monoxide
proton acceptor at the active site and of the amino acid
residues involved in proton channels. This explains the pH-  The tritum exchange and Hoxidizing activities of
dependence and the isotope effect observedafthe H/D membrane-bound [NiFe]-hydrogenases frémvinelandii,
exchangd46,55,122-124]The same pH profiles, with op-  Rhizobium japonicun@B. japonicun), A. eutrophuqR. eu-
tima at acidic pH, have been obtained far éVvolution (from tropha are inhibited by acetylene. Acetylene inhibition is
reduced methyl viologen) and H/D exchangeFaracoccus competitive with CO and bl suggesting a common bind-
denitrificang50], Bradyrhizobium japonicurf5], D. salex- ing site (the active site Ni) for all three gasgs5], since
igeng122], Rhodobacter capsulat{is8] andDm. baculatum the [FeFe]-hydrogenase frobh vulgarisis not inhibited by
[59,123]hydrogenases, and equal rates gfgfloduction by acetyleng136]. Acetylene is an active-site-directed, slow-
isotope exchange and ofHvolution from reduced methyl  binding, reversible inhibitor of [NiFe]-hydrogenase; it binds
viologen were reported for the enzymes frdmioseopersic-  tightly to the large subunit but is released from the enzyme
ina [55] and A. vinelandii(where these reactions are char- during recovery from inhibitiof137]. Acetylene inhibition
acterized by the same activation energig$)]. These data  requires catalytically active enzynfig5,138] With the hy-
indicate that the two reactions share the same rate-limiting drogenase fronT. roseopersicinaacetylene was similarly
step in a same reaction pathway. From the isotope ef-shown to inhibit the H/D exchange reaction, to abolish the
fects and pH-dependence it has been concluded that theNi-C EPR signal and to protect the enzyme from irreversible
proton uptake is the rate-limiting step in the*/B» inhibition by iodoacetamid¢s5]. lodoacetamide inhibition
exchange reactiofil08]. On the other hand, for Hox- also requires an active form of the enzy{B8&]. The active
idation, optimal at basic pH valuef0,55,59,106,123] site might be accessible to these inhibitors (acetylene, iodoac-
it was concluded that the intermolecular electron trans- etamide)through hydrophobic chann@s]. However, in the
fer to the electron acceptor is the rate-limiting step [NiFeSe]-hydrogenase &m. baculatumeither such chan-

[108]. nels do not allow access of the active site to iodoacetamide
The pH optima of HD and biformation and the bito HD [55] and only feably to acetylerj@ 36] or selenocysteine re-

ratios have been used to distinguish various type3esful- acts poorly with iodoacetamide.

fovibrio hydrogenase$122]. In particular, the [NiFeSe]- By the use of acetylene, in whole cells Bf capsula-

hydrogenase frondm. baculatun(D. baculatu3 produced tus the H/D exchange activity of thesHiptake hydrogenase
H>/HD ratios higher than one, while this ratio was found (HupSL protein) could be distinguished from that of the H
lower than one for non-selenium containing hydrogenasessensor (HupUV). The former is inhibited by acetylene while
[122,124] This property was at the time considered to the latter is no{57,58] Another application of the specific
be a specificity of [NiFeSe]-hydrogenases. However, this features of the H/D exchange catalyzed by thesdnsing hy-
fact is not linked to the presence of SeCys at the active drogenase HupUV (insensitivity tog&nd to acetylene) and
site since the membrane-bound uptake [NiFe]-hydrogenasesy the uptake hydrogenase (inhibition by @nd by acety-
from P. denitrificang50], R. capsulatu$47] andB. japon- lene) has been the demonstration thatRircapsulatusthe
icum[45] also produce B at a higher rate than HD and the synthesis of both hydrogenases requires at least the acces-
H>/HD ratio is higher than one in all cases. It more prob- sory proteins HypH57] and HypD[58]. HypF and HypD
ably depends on the relative exchange velocity (and thenhave been shown recently to participate (with HypE) in the
on proton transport and accessibility to water molecules) synthesis and incorporation of the intrinsic Cdnd also
of the second (hydride) hydrogen atom of the dihydrogen probably CO) ligands to the active site B89], review[13].
molecule. Indeed, the presence of those non-protein diatomic ligands
Measurements of the H/D exchange reaction inwhole cells in the homologous btsensor fronR. eutrophahas been re-
of the photosynthetic bacteriuR. capsulatus©iave demon-  vealed by FTIR experimen{&21,140]
strated, for the first time, that the regulatory HupUV protein The effect of acetylene is reminiscent of that of car-
could catalyze H/D exchange and thus bingl B prerequi- bon monoxide. CO is a competitive inhibitor of [NiFe]-
site for a K detector{56]. This H-sensing hydrogenase is hydrogenaseft4,141] It binds to the enzyme in the NC
the first component of a signal transduction cascade respondstate and the NiC.CO complex, as Ni-C, dissociates upon
ing to Hp, which also comprises the histidine kinase HupT illumination to yield the Ni-L EPR spectruf®8]. This was
and the transcriptional regulator HupR25-128] A similar the basis for the suggestion that CO andhiihd to the same

system is found irR. eutrophg129,130]in which the B- site on Ni in this stat§d8]. More recently, CO binding to the
sensing regulatory protein is termed HoxBC or R21,131, [NiFe]-hydrogenases was demonstrated by IR spectroscopy
132]. [142] and information on the Ni-SCO complex inC. vi-

The H/D exchange reaction has also been useful to demon-nosumhydrogenase has been obtained by X-ray absorption
strate the presence of a fourth hydrogenase in a mutdht of spectroscopy; in this complex the CO is bound to Ni as a ter-
fructosovorangleleted from its three known hydrogenases minal ligand[100]. A stopped-flow infrared study has shown
[133,134] that the competition betweenFnd CO for binding to the
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active site is dependent on the redox state of the nickel ion; 70 R. capsulated HupUV
it is considerably faster with Rt (Niz-S and Ni-R states) 60 -
than with NP* (Ni,-C state)[143]. From IR spectroelectro- < 501
chemical studies of the binding of CO to the active site of 2 407
D. fructosovoranshydrogenasg92] it was concluded that S 307
only after reductive activation of hydrogenase can CO bind ' 104
to the active site; therefore the redox states Ni-A, Ni-B and oA Hyase Lo
Niy-S do not bind extrinsic CO. The authors proposed that S 3 % & & 1o 12 14
COinhibition is caused by a weak interaction of extrinsic CO Time (min)

with the Ni atom, blocking electron and proton transfer at the D,

active site.

HD (uM)

H2 OFeeneees
LOoO2ANWwWAOON®©O©O

Fig. 7. H/D exchange activity of thed-sensing hydrogenase (HupUV) from

R. capsulatusn the presence of £ The reaction chamber was filled with
1.4 ml of air saturated MES buffer (50 mM, pH 6.0) and closed, then 0.1 ml
of MES buffer saturated with Pand the hydrogenase (3, 6 .g) were in-
Most hydrogenases are sensitive tg. @hey may be troduced by Hamilton seringes at the time indicated. The figure shows the

reversibly inactivated by € as is the case for [NiFe]- actual concentrations of the hydrogen species present in the vessel (repro-

hydrogenases or irreversibly inactivated (most [FeFe]- duced from59] with permission).

hydrogenases). The H/D exchange reaction has been used ) ) .

to demonstrate that the NAD(RJeducing hydrogenase of ~©F RH InR. eutrophg118]); they function as brsensors in

the cyanobacteriunSynechocystiss reversibly inactivated ~ Pacteria growing aerobically. These hydrogenases do not re-

in vivo by O, produced photosynthetically in the light and duire reductive actlvat!on to become aptwe arjd, accordlngly,

that the activity is recovered in the dark once kas been EPR measurements did not_detectaNl-Aoer-B state for this

totally consumed by respiratioffig. 6). type of enzymg121,140] Fig. 7 shows that the _lz‘rsensor
However, some [NiFe]-hydrogenases are-tBlerant. from R. capsulatugan cgtalyze H/D exchange in the pres-

This is the case in particular for theptéensing regulatory ~ €Nce of 16M Op, at variance from the hydrogenaselnf

hydrogenases (HupUV iR. capsulatugs8,59]and HoxBC fructosovorangFig. 2) and ofSynechocystig-igs. 5 and §
which catalyzed H/D exchange only under anaerobic con-

40 65 ditions. The reasons for this dnsensitivity have not yet
CO, { A been elucidated. A structural reason has been put forward by
301 \ /’ \_«*"'\\_____ 60 Volbeda et al[90] who observed that the putative principal
P ’/ gas channel is significantly narrower than in standard hydro-
|/ | L 55 genases due to the presence of bulkier amino acid residues
Vo i close to the NiFe center. A partial blocking of the gas channel
2 '\f\ w L 50 limiting gas access to the active site may explain the insen-
"""" sitivity to O, and also to @H, and CO, reported for the
100 1000 Ho-sensors. Another reason, also linked to obstruction of the
c NiFe center, may be an unusual Niligand environment as was
reported forR. eutropharegulatory hydrogenase, RH44]
and for theR. eutrophaNAD*-reducing hydrogenase, also
highly insensitive to @, the metallocenter of which contains
two additional CN ligands[117], one of them, the Ni-bound

cyanide group, is responsible for the @sensitivity of the
enzyme{118].

4.4, H/D exchange and £sensitivity of hydrogenases

201

0, (um)
CO, (um)

F 900

2 (uM)

Activity

H,ase activity (uM min™')

800

0 5 10 15 4.5. HI/D exchange catalyzed by4fbrming enzymes

Time (min) others than hydrogenases

Fig. 6. Mass spectrometric measurements pa6d CQ exchange (A) and 45.1. H/D exchange catalyzed by nitrogenase
H/D exchange (C) during dark—light—dark transitionSimechocystiBCC e

6803 cells adapted to dark anaerobic conditions in the presencg éfyb An intrinsic pr_operty of nitrogenase 1Is to reduce_ SO'_Vem
drogenase activity was calculated as (2d[H,]/dt + d[HD]/dt), wheret protons along with M and to produce b The reaction is

is the isotopic ratio of D in hydrogern & ([D»] + 1/2 [HD])/ X). The total ATP-dependent and irreversible. As hydrogenases, nitro-
concentration of hydrogen speci@s( X' = [Dy] + [HD] +[H 2]), drops at the genase can also catalyze a H/D exchange reaction but, at
beginning of the illumination period when the hydrogenase is still active then variance from hydrogenases, HD formation by nitrogenase

remains constant when the enzyme is inactivated bgroduced photosyn- . e
thetically. Hydrogenase activity resumes when alh@s been consumed by requires the presence of2Nas well as B [145] for it is

respiration. Dark periods are represented orxtiis by black bars andthe ~ Mediated by a partially reduced dinitrogen intermediate
light period by a white bar (reproduced frd6i] with permission). [146,147]such as diazer@46]. With hydrogenases, both of
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the D atoms can exchange with®, although the hydride
exchanges more slowly than the protonated amino acid
[34,35,55] Tritium labeling experiments on nitrogenase
showed that the rate of incorporation of ihto the aqueous
phase was much slower than the rate of HD formation under
the same condition$§146]. Thus, it appears that unlike
the hydrogenase-catalyzed reaction, cleavage ofbp
nitrogenase does not produce readily exchangeable protons.

The nitrogenase MoFe protein contains the active site met-
allocluster called FeMo-cofactor. The question whether H
inhibition of Ny fixation and N-dependent HD formation
are manifestations of the same molecular process has been
addressed by the use of mutants. It was shown that substi-
tutions of the His195¢-19575) residue in thex-subunit, in
the FeMo-cofactor environment, yielded mutants unable to
catalyze N reduction to NH. However, N was bound by
the «-195*S" MoFe protein, apparently in the same way as
the wild-type enzyme, and inhibited the reduction of both
protons and gH». Hz was found to inhibit N binding, but
the mutant did not produce HD under a/N, atmosphere.

The authors suggested that initial binding of &t the active .
site FeMo-cofactor suffers from direct competition with,H 0 5 10 75
whereas a reduced form ohbNnay be required for HD for- MINUTES

mation [147]. ,Based OI’.l quantum CaICUIa,‘tlons’ a model for Fig. 9. Hp production and acetylene reduction I®: capsulatusMo-
the HD formation reaction catalyzed by nitrogenase has beenyjyogenase (reproduced frai7] with permission).

recently proposefll48]; it involves, as intermediates, both a
reduced N species (MH2) and a metal hydride at which,D
scrambling can occur.

Practically, the specific features of the enzymes permit
to distinguish the nitrogenase-mediated H/D exchange from
the H/D exchange catalyzed by hydrogena&és. 8 shows
that, in the photosynthetic bacterilRncapsulatusvhere the
large amounts of ATP required for the reaction is produced

)

~ 200

120~

80~

40+

HYDROGEN AND ETHYLENE PRODUCED (nmol.mg™" dry wt

by photophosphorylation, no H/D exchange was observed
in the dark, in a mutant deleted from its hydrogenase activ-
ities, nor in the presence of ammonium ions, inhibitors of
nitrogenase activitys8]. A light-stimulated H/D exchange
activity stemming from nitrogenase was also demonstrated in
the cyanobacteriuostoc punctiformestrain ATCC 29133
[149].

Reduction of acetylene to ethylene constitutes an easy as-

T ' ' ' o0 say of nitrogenase activity. Membrane-inlet mass spectrom-
o oodl ot +NH," loa = etry allowed to_dem_onstrate that reduction of acety!ene pre-
T ; off ‘ H, g vents H formation.Fig. 9further shows that CO can displace
g /L.Q‘} g § acetylene from the active site under turnover condit[dii$
L 0o F7 D, | 03 o Recently, it was suggested that, in the MoFe protein, the side
P : o chain of arginine 196o(-Arg96) acts as a gatekeeper, moving
g 004 ¢ '." 702 » during turnover in order to permit accessibility of acetylene
2 Py ﬁ l D g to a specific [Fg-S4] face of the active site FeMo-cofactor
Y A S I q01 » [150].

&ﬁ'_ 1 o,
S '5(? 4.5.2. H/D exchange catalyzed by the iron sulfur cluster
Time (min) free hydrogenase, Hmd

The Hp-forming N° N'0-methylenetetrahydromethanop-

Fig. 8. Nitrogenase-mediatecbtdnd HD production, in the presence of 0 t€fin dehydrogenase (Hmd) found in most methanogenic
and HO, by a hydrogenase-less mutanfofcapsulatusCells were grown archaea is another type of enzyme which producgsiH
under nitrogenase-derepressing conditions. The culture (1.5 ml, 0.6 mg pro-catalyzes the reversible conversion Ns,Nlo-methyl-

tein) placed in the reaction chamber was sparged withADthe time indi- enetetrahydromethanopterin (@H HaM PT) to N5,N10-

cated by the vertical dotted line, the vessel was closed and the H/D exchangemethen ltetrahydromethanopterin  (GHH MPT+) and
reaction in whole cells was measured under light (light on) or in darkness y y p 4

(light off) and after addition of 10 MM ammonium sulfate, as indicated by dihydrogen:
arrows. The curves have been corrected for gas consumption by the mass
spectrometer (reproduced frd&8] with permission). CHo = H4MPT + HT <> CH = H4MPT" +H> (5)
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The formation of H, HD and » by Hmd isolated
from Methanobacterium thermoautotrophicustrain Mar-
burg (now calledviethanothermobacter marburgensisas

studied in experiments in which either the methylene group of

CH, =H4MPT or water were deuterium label¢tb1]. The

results indicated that Hmd catalyzes the transfer of a hy-

drogen, most likely a hydride, from the methylene group of
CH2 =H4MPT to a proton of water since more than 50% of
the dihydrogen formed from GB= H4MPT in H>O and from
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