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I. Introduction

Nickel has long been suspected to be an essential trace element for
living organisms, but the identification of its functions in molecular
terms is relatively recent. The first nickel protein to be identified was
urease (urea ammonia hydrolase) (1). This was demonstrated 49 years
after the original isolation and crystallization of the enzyme by Sumner
(2). This enzyme is of widespread occurrence, and the specific require-
ment for nickel explains many of the effects of nickel deficiency in
plants (3, 4).
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Certain bacteria—in particular hydrogen bacteria, methanogens,
and acetogens— were found to have a relatively high demand for nickel
as a trace element. This was not recognized at first, since the
requirement could be satisfied by nickel dissolved from stainless-steel
culture apparatus (5). These chemolithotrophic bacteria are named
from the metabolic processes by which they obtain energy for growth.
All of them use hydrogen as reductant, in different ways. The hydrogen
bacteria, such as Alcaligenes and Nocardia, are aerobes and catalyze the
oxidation of hydrogen. Methanogens, of which the best-studied genera
are Methanobacterium and Methanosarcina, are anaerobes which con-
vert carbon dioxide to methane, using reducing agents such as hydro-
gen gas (6). The acetogens, such as Clostridium thermoaceticum,
Clostridium aceticum, and Acetobacterium woodii (25), are also strict
anaerobes and catalyze the conversion of carbon dioxide and carbon
monoxide to acetic acid using hydrogen and other reductants.

The requirement for nickel was explained when it was found that the
enzyme hydrogenase contains nickel. A characteristic EPR spectrum
observed in membranes of methanogenic bacteria was recognized by
Lancaster as being due to nickel (7, 8). This assignment was confirmed
by growing the cells on the stable isotope ¢!Ni, which has a nuclear
spin I = 3/2, and observing the hyperfine splitting of the spectrum into
four lines (9). Similar spectra have been observed in hydrogenases from
sulfate-reducing bacteria (10, 11), photosynthetic bacteria (12), and
hydrogen-oxidizing bacteria (13).

Hydrogenases are enzymes that catalyze the production or con-
sumption of hydrogen gas. Not all hydrogenases contain nickel, and in
some of those that contain nickel, the nickel is EPR silent (14).
Properties of a few of the known Ni hydrogenases are summarized in
Table I; more comprehensive listings are given in Refs. 15 and 16. The
composition and biological function of hydrogenases have been re-
viewed recently (I15-18), and this review will concentrate on the
chemistry of those nickel centers.

In the methanogenic bacteria, nickel is also involved in a second
process, in which a complex series of reactions leads to the release of
methane gas (19-21). The enzyme involved, methyl-coenzyme M re-
ductase, contains a cofactor F,,, which is a nickel-porphinoid com-
plex. The methanogens belong to an unusual group of bacteria
described as Archaebacteria, which appear to be very ancient (22). Like
the acetogens they are strict anaerobes. Although they are now
restricted in habitat, these organisms, with their metabolism involving
nickel and the related cobalamins, may have played an important part
in the early phases of evolution.



TABLE 1

CoMPOSITION AND SPECTROSCOPIC PROPERTIES OF TypicAL Ni HYDROGENASES

Organism Type of hydrogenase Center Paramagnetic state

Methanobacterium Soluble, deazaflavin reducing Ni Oxidized, Ni(III);
thermoautotrophicum H, reduced, Ni(I)?
(methanogenic 2-3[4Fe-48] EPR silent?
bacterium)

Desulfovibrio gigas Soluble, periplasmic Ni Oxidized, Ni(III), Ni-A;
(sulfate-reducing H, reduced, Ni(I)?, Ni-C
bacterium) [3Fe—xS] Oxidized

[4Fe—4S]} Reduced

Chromatium vinosum Membrane bound Ni Oxidized, Ni(IIT), Ni-a;
(anaerobic H, reduced, Ni(I)
photosynthetic [3Fe—xS] Oxidized
bacterium) or [4Fe-48]

Nocardia opaca Soluble, NAD reducing Ni EPR silent
(hydrogen-oxidizing [3Fe-xS] Oxidized
bacterium) 3[4Fe—48] Reduced

[2Fe-2S] Reduced

FMN Semiquinone radical
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A third nickel-containing enzyme found in some strictly anaerobic
bacteria is involved in the oxidation of carbon monoxide to carbon
dioxide, and in the formation of acetyl-coenzyme A from carbon
monoxide (23, 24). This reaction was reported to occur in sewage sludge
in 1932 by Fischer (102), who was one of the cooriginators of the
Fischer—Tropsch synthesis of hydrocarbons from carbon monoxide. It
has been given the trivial name carbon monoxide dehydrogenase, but
this seems illogical in view of the fact that carbon monoxide contains no
hydrogen. In this review the alternative name carbon monoxide
oxidoreductase will be used. Since the principal function of the enzyme
is probably to synthesize acetyl-coenzyme A, the name “acetyl-CoA
synthase” is also appropriate. It is a major enzyme of acetogenic
bacteria, which have a novel pathway for fixation of CO, (26, 27), and it
is also found in methanogens.

Both hydrogenases and carbon monoxide oxidoreductases contain
iron-sulfur clusters in addition to nickel. It may be noted that in
addition to the Ni hydrogenases, there is another class of Fe hydrog-
enases, such as those in clostridia, which contain no nickel but have a
specialized type of iron—sulfur cluster (28a, 28b). Therefore, it has to be
established that the nickel in Ni hydrogenases is the active site; as will
be seen later, there is a considerable amount of circumstantial evidence
for this.

A recent review by Hausinger (29) deals with nickel utilization by
microorganisms. In addition to known effects of nickel deficiencies,
nickel and its compounds are known to have toxic and carcinogenic
effects. The reader is referred to recent proceedings (30a, 30b).

Il. Urease

A. CoMPOSITION

The first enzyme that was demonstrated to contain nickel was urease
(urea amidohydrolase) from jack bean. It catalyzes the hydrolysis of
urea to ammonia and carbon dioxide. The protein has a multimeric
structure with a relative molecular mass of 590,000 Da. Analysis
indicated 12 nickel atoms/mol. Binding studies with the inhibitors
indicated an equivalent weight per active site of 105,000, corresponding
to 2 nickel atoms/active site. During removal of the metal by treatment
with EDTA at pH 3.7, the optical absorption and enzymatic activity
correlated with nickel content. This, combined with the sensitivity of
the enzyme to the chelating agents acetohydroxamic acid and phos-
phoramidate, indicates that nickel is essential to the activity of the
enzyme (1).
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B. SpPECTROSCOPIC PROPERTIES

The nickel in urease is nonmagnetic and appears to be in the
oxidation state Ni(II). The broad optical absorption spectrum is
influenced by ligands to the metal (Fig. 1). The spectrum obtained in the
presence of the competitive inhibitor mercaptoethanol, after correction
for Rayleigh scattering by the protein (31), shows absorption peaks at
324, 380, and 420 nm, with molar absorption coefficients of 1550, 890, and
460 M~! cm™!, respectively. These were assigned to sulfur-to-nickel
charge transfer transitions. The spectrum is changed by addition of
other inhibitors, such as acetochydroxamic acid (Fig. 1B). Similar
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FiG. 1. Optical absorption spectra of urease from jack bean (Canavalia ensiformis). (A)
Enzyme, 43.3 mg/ml in 1 mM f-mercaptoethanol/1 mM EDTA; (B) with 10 mM acetohy-
droxamic acid; (C) urease, 11.9 mg/ml after acidification, pH 3.8; (C’) after 2 hours at pH
3.8; the latter enzyme retained 6.19%, of its original activity. Redrawn, with permission,
from Ref. 1.
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spectra have been observed in other nickel-protein complexes, includ-
ing Ni(II) carboxypeptidase, which also undergoes spectra changes on
addition of the inhibitor g-phenyl propionate (32). The spectra of urease
have been interpreted in terms of an octahedral site (31a), although the
site in carboxypeptidase, occupied by nickel, is coordinated to one
cysteine sulfur, two histidine imidazoles, and the carboxylate of a
glutamate residue (32a).

In extended X-ray absorption fine structure (EXAFS) studies of
urease, Hasnain, Piggott, and co-workers (33, 34) demonstrated that
spectra were similar to those of benzimidazole complexes, consistent
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Fig. 2. Ni K-edge EXAFS spectrum of urease. The curve (+) is calculated for a single
type of nickel site, and the minimization of parameters was based on those for the model
complexes Ni(1-n-propyl-2-hydroxybenzylbenzimidazole),(C10,) and Ni(2-hydroxy-
methylbenzimidazole);Br,. Atoms (with distances in nanometers given in parentheses)
in the simulation were N (0.204), O (0.206), O (0.225), C (0.294), C (0.312), N (0.392), and

C (0.394). Reproduced, with permission, from Ref. 34.
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with nickel coordination to histidine nitrogen and oxygen ligands. The
spectra obtained for urease (Fig. 2) are presumably the average of two
types of sites.

C. MEcHANISM OF CATALYSIS

Dixon et al. (35) have proposed a mechanism for urease catalysis
(Fig. 3) based on studies of the reactions with the poor substrates
formamide, acetamide, and N-methylurea. They suggest that the two
nickel ions are both in the active site, one binding urea and the other a
hydroxide ion which acts as an efficient nucleophile. This implies that
the nickel ions are within 0.6 nm (1 nm = 10 A) of each other; so far it
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FiG. 3. Proposed reaction cycle for urease. For urea, R = —NH,. Step 1: urea is

activated toward nucleophilic attack by O coordination to a nickel ion; the =N*H, is
stabilized by interaction with a protein carboxylate. Step 2: nucleophilic attack by a
hydroxide ion, coordinated to the second nickel, to form a tetrahedral intermediate. Step
3: breakdown of the tetrahedral intermediate to form a coordinated carbamate ion. Step 4:
hydrolysis releases carbamate ion, the initial product of urease on urea. Reproduced, with
permission, from Ref. 34.
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has not been possible to confirm this spectroscopically. The reaction is
analogous with peptide hydrolysis by carboxypeptidase, in which a
hydroxide ion bound to a zinc ion has been implicated.

lll. Hydrogenase

A. TypEs oF HYDROGENASES

In contrast to urease the nickel in other bacterial enzymes appears to
have a redox function and to take up oxidation states Ni(I) and/or
Ni(ITI). Fortunately these states have recently become better under-
stood in inorganic systems (see the preceding review in this volume by
A. G. Lappin and A. McAuley).

The Ni hydrogenases are now the most intensively studied nickel
proteins. Although they have only been investigated for a few years,
there is a considerable amount of evidence about the state and function
of nickel in the catalytic cycle (16). In fact, “hydrogenase” is not one
enzyme, but a class of enzymes. Hydrogenases may be distinguished
functionally, in that they serve to produce or consume hydrogen in
reactions with various physiological electron acceptors and donors.
They may also be distinguished by the following molecular and
catalytic properties.

1. Types of iron-sulfur clusters and other groups, such as flavin or
selenium, that are present.

2. Types of EPR signals due to nickel.

3. Sensitivity to deactivation by oxygen and, in some cases, slow,
reductive reactivation.

4. Different ratio of products in hydrogen isotope-exchange assays.

Among the diversity of Ni hydrogenases, there is a common pattern
of protein composition, to which most conform, which consists of two
protein subunits of relative molecular mass approximately 60,000 and
30,000 Da (14). There is some evidence (38) that the nickel is situated in
the 60,000-Da subunit. More complex hydrogenases, such as the soluble
hydrogenase of Nocardia opaca (Table I), contain other subunits which
are concerned with the reduction of specific electron acceptors.

B. EPR SpPECTROSCOPIC PROPERTIES OF NICKEL

The coordination and oxidation state of nickel in hydrogenase are
difficult to determine, because the optical spectra are obscured by the
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iron—sulfur clusters and because the commonest oxidation state Ni(II)
is EPR silent. However, as already noted, some hydrogenases show
significant EPR signals, which are the best indicators at present of the
function of nickel in these enzymes. In the following discussion, EPR
spectra will be described with reference to the typical spectra from
Desulfovibrio gigas hydrogenase, and any differences in other Ni
hydrogenases will be noted.

Examples of EPR spectra of the Ni hydrogenase from D. gigas are
shown in Fig. 4. This hydrogenase, in common with those from
Methanobacterium thermoautotrophicum (7, 9, 389) and Chromatium
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FiG. 4. EPR spectra of nickel in D. gigas hydrogenase: (a) Ni-A, enzyme stored under
air; (b) Ni-A, enzyme enriched with !Ni; (c) Ni-B, enzyme-activated enzyme reoxidized
with dichloroindophenol at pH 7.8; (d) Ni-C, enzyme activated under hydrogen. Spectra
were recorded at a temperature of approximately 100 K, with microwave power 10 mW.
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vinosum (12) shows a prominent EPR signal with g values of 2.32, 2.21,
and 2.01 (Fig. 4a). In D. gigas this spectrum has been termed Ni-A (40,
41). Frequently a second minor signal is observed in oxidized hydroge-
nase, termed Ni-B in D. gigas (Fig. 4b). In C. vinosum hydrogenase, the
corresponding signals have been termed Ni-a and Ni-b. It may be
mentioned that a number of additional EPR signals have been reported,
in particular hydrogenases from various bacteria, the origins of which
are not clear at present, and which will not be described here.

It is generally believed that the EPR-detectable nickel in oxidized
hydrogenase represents low-spin Ni(III), d”. In support of this view, the
EPR signal disappears on reduction, consistent with reduction to
Ni(Il). The g values of oxidized hydrogenase were interpreted by
Lancaster (7) as due to a rhombically distorted octahedron with the
unpaired electron in a d_? orbital. Square—pyramidal geometry is also
possible. In practice, the coordination sites in proteins are often so
distorted that structural interpretations of EPR spectra based on
crystal symmetry may be misleading.

When the hydrogenases of D. gigas (42), M. thermoautotrophicum
(39), or C. vinosum (43) are progressively reduced by hydrogen, the EPR
spectra indicate three stages: first, the Ni-A and Ni-B signals disappear;
then a signal (termed Ni-C in D. gigas) appears (Fig. 4d); then finally
this signal also disappears. The Ni-C signal represents an intermediate
oxidation state since it can be restored by flushing away excess
hydrogen with argon (39, 41, 43).

C. MiproINT REDOX POTENTIALS

The midpoint reduction potentials of the various EPR-detectable
nickel species in hydrogenase are all less than 0 mV versus the standard
hydrogen electrode (Table IT). This is in contrast to synthetic inorganic
complexes with amino acids (44), in which the oxidation of Ni(II) to
Ni(IIT) occurs at much higher potentials (0.8-1.2 mV) and is accom-
panied by reorganization of the complex (45). This requires some
explanation in view of the interpretation of the Ni-A EPR signal as
Ni(IIT)(7).

There are various factors which might stabilize the Ni(III) state and
thus lower the Ni(III)/Ni(II) potential, the first of these being sulfur
ligation, for which there is spectroscopic evidence (Section I1,D,1,2).
The ligands to nickel in the above-mentioned amino acid complexes are
oxygen and nitrogen. Moreover, it is well established that, for a
transition metal center with a particular arrangement of ligands, a
protein environment can adjust the midpoint potential over a range of



TABLE II

MiIDpPOINT REDOX POTENTIALS OF HYDROGENASES”

Hydrogenase Redox process E, (mV) E._./pH unit (mV)

D. gigas (65) Reduction of Ni-A —150 —60
Reduction of [3Fe~xS] -~35 0
Reduction of [4Fe-4S]® —350 —60
Appearance of Ni-C —2170 —120
Disappearance of Ni-C -390 —60
Reductive activation (75) - 310 —60
Oxidative deactivation (99) —~133 —60

C. vinosum Reduction of Ni-a —175 (43) (pH 7.3) ND
Reduction of [3Fe-xS]* —20 (100), —165 (43) (pH 7.3) 0
Disappearance of interaction 180 (100), —29 (43) (pH 7.3) —60

between Ni and [3Fe-xS]

N. opaca (82) Reduction of [4Fe—4S]¢ —420 ND
Reduction of {2Fe-25]4 —285 ND
Reduction of [3Fe-xS] 25 ND

? Potentials are values at pH 7.0, expressed relative to the standard hydrogen electrode. ND, Not
determined. Numbers in parentheses are references.

? The redox potential of the [4Fe—48] cluster in D. gigas hydrogenase is inferred from an extremely broad
EPR signal in the reduced enzyme, which correlates with the splitting of the Ni-C signal (65).

¢ The g = 2.01 signal in C. vinosum hydrogenase is interpreted by Albracht et al. (12) as a [4Fe-4S] cluster
which changes to a {3Fe-xS] cluster when interaction with the nickel center ceases.

4 The EPR-detectable iron-sulfur clusters of N. opaca hydrogenase are associated with the NAD-reducing
segment of the enzyme.
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several hundred millivolts by means of electrostatic and other effects
(46). There are other mechanisms known from chemical complexes
which would also lower the potential (4£7). A confined binding site would
have this effect, as has been demonstrated in Ni complexes with
macrocycles (48). However, it may be difficult to achieve this in the more
flexible environment of a protein.

The opposite problem occurs if we are to invoke Ni(I) as a participant
in the reaction cycle, since the Ni(II)/Ni(I) couple is generally more
negative, by about 1 V, than Ni(IIT)/Ni(IT)(37). In some hydrogenases,
such as in D. gigas, it is known that the enzyme undergoes a slow
conformational change during conversion to the active state, in which
the alleged Ni(I) EPR signal appears (e.g., see Ref. 49), so the altered
conformation might stabilize the Ni(I) state. The Ni(I) state is stabi-
lized, relative to the Ni(II) state, by ligands which favor tetrahedral
coordination. Dietrich-Buchecker et al. (50) have obtained stable Ni(I)
complexes by using catenand ligands, containing interlocking, 30-
membered, coordinating rings.

D. COORDINATION STATE OF NICKEL

In those hydrogenases in which the nickel is EPR detectable (TableI),
the remarkable similarity in the lineshapes of the spectra is a strong
indication that the nickel environment is highly conserved. Therefore,
although there are substantial differences in the catalytic activities and
specificity of hydrogenases from different organisms, it seems likely
that there are, at most, only a few different types of nickel centers. It
therefore seems reasonable to correlate spectroscopic information on
nickel in hydrogenases from different species in order to obtain a
composite picture.

It is not known at present if the nickel is coordinated directly to the
protein, as in copper and iron—sulfur proteins, or to an organic cofactor,
as in the molybdenum hydroxylases and hemoproteins.

1. X-Ray Absorption Spectroscopy

X-Ray absorption edge spectra and EXAFS measurements have the
potential for detailed determination of the coordination geometry of
the nickel sites. Nickel K-edge X-Ray absorption measurements have so
far been made on two hydrogenases. At present there are few suitable
model compounds containing Ni(IIT) or Ni(I) with sulfur ligands, and
the interpretations as to coordination geometry and oxidation state
should therefore be regarded as preliminary.
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EXAFS studies of the F,,,reducing hydrogenase from M. ther-
moautotrophicum (51) indicated that sulfur was the principal scattering
nucleus. Best fits to the data were obtained with 2.9 sulfur atoms, at a
distance of approximately 0.225 nm. The spectra were refined with the
aid of data from Ni(II)(toluene-3, 4-dithiolato),?, in which the Ni-S
distance was estimated to be 0.219 nm. Lindahl et al. (51) note that
because of differences between the Debye—Waller factors of the enzyme
and model compound, there is uncertainty about the exact number of
sulfur ligands involved. Scattering by nuclei of other ligands to nickel,
such as oxygen or nitrogen, of lower atomic mass, was expected to be so
weak that they could not be resolved.

In D. gigas hydrogenase, X-ray absorption edge measurements gave
a —2-eV shift in the nickel K-edge on reduction of the sample by hy-
drogen (52). This was similar to the difference between the model
compounds [Ni(II)(maleonitriledithiolate),](n-Bu,N) and [Ni(II)-
(maleonitriledithiolate),](n-Bu,N),, and was taken as evidence for
reduction of Ni(Ill) to Ni(II) in hydrogenase. It is difficult to cor-
relate these results with the states observed in EPR, since it was not
made clear whether the hydrogen-reduced enzyme was predominantly
in the EPR-silent reduced state or the EPR-detectable Ni-C state.
EXAFS spectra of the nickel in oxidized D. gigas hydrogenase were best
fitted with four or six sulfur atoms at a distance of 0.220 nm. Other low-
atomic-number scatterers were not detected but the presence of a small
number could not be ruled out.

2. Hyperfine Interactions

As already noted, the first application of hyperfine interactions in the
EPR spectra of hydrogenase was to identify the EPR signals that are
due to nickel, by using the convenient isotope 8!Ni. All of the signals
due to nickel have been assigned in this way (Figs. 4 and 5).

The EPR spectra of oxidized hydrogenases (Fig. 4a) do not show any
noticeable hyperfine splitting by '*N nuclei, indicating that there is no
significant delocalization onto nitrogen ligands. Neither is there any
change in linewidth on exchanging H,0 by D,0 (10, 53).

Albracht et al. (54) investigated the hyperfine interaction of the
nickel center with 338 ligands in hydrogenase from Wolinella succino-
genes grown in a medium enriched with the isotope. Hyperfine splitting
was observed in the narrow-line EPR spectra of both oxidized hydroge-
nase, and the hydrogen-reduced form after illumination (cf. Fig. 5b).
Although there was only partial (about 709%,) isotopic enrichment, it was
possible to estimate by spectral simulations the number of interacting



310 R. CAMMACK

¢ VALUE

2.40 2.20 2.00
LI L L O L O

e

Lo tvvns v ben b by b g

280 300 320 340
MAGNETIC FIELD (mT)

Fic. 5. EPR spectra of nickel in D. gigas hydrogenase: (a) Ni-C spectrum of activated
hydrogenase under hydrogen, recorded at 77 K (cf. Fig. 4d); (b) same sample, recorded at
7 K, showing splitting due to interaction with reduced [4Fe-4S] cluster(s); (¢) sample
after illumination, recorded at 104 K; (d) hydrogen-activated hydrogenase, treated with
carbon monoxide, recorded at 28 K.

sulfurs on the basis that it should be an integer value. The best fit was
obtained by assuming just one interacting sulfur nucleus. The possi-
bility cannot be discounted at present that other sulfurs are present, if
the coordination geometry and electron distribution are such that the
hyperfine interaction is very weak, or if the percentage enrichment of
38 is overestimated. However, these results represent a significant
disagreement with the estimates, from EXAFS, of three (51) or four (52)
sulfurs, and further investigation is required.
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The EPR spectra of Ni(IIl) complexes of short peptides containing
thiol groups (55) were found to resemble those of hydrogenase most
closely when they contained only one sulfur ligand. Sugiura et al.
concluded that the most probable arrangement in hydrogenase is a
single cysteine sulfur as equatorial ligand in a tetragonal geometry.

3. Electron Spin-Echo Spectroscopy

The three-pulse electron spin-echo envelope modulation (ESEEM)
technique is particularly sensitive for detecting hyperfine couplings to
nuclei with a weak nuclear moment, such as *N. It has been used to
probe the coordination state of nickel in two hydrogenases from M.
thermoautotrophicum, strain AH (56). One of these enzymes contains
FAD and catalyzes the reduction of F,,, (7,8-dimethyl-8-hydroxy-5-
deazaflavin), while the other contains no FAD and has so far only been
shown to reduce artificial redox agents such as methyl viologen.

The Fourier transform of the ESEEM spectra of the F,,,reducing
hydrogenase showed a pattern of lines (Fig. 6b) which was interpreted
as a hyperfine interaction of about 1.8 MHz with a '*N nucleus (56).
Since the spectrum was not observed in the ESEEM of the methyl
viologen-reducing hydrogenase, which lacks FAD, it was suggested
that the interaction might be with a flavin nitrogen. However, sub-
sequent measurements have revealed the same interaction with nitro-
gen, in the hydrogenase of T hiocapsa roseopersicina, which contains no
flavin (10I). The magnitude of the hyperfine splitting suggests an
indirect coordination of the nickel to nitrogen. It corresponds to a
dipolar interaction over approximately 0.35 nm.

4. Magnetic Circular Dichroism

Magnetic circular dichroism (MCD) is a means of observing optical
transitions due to paramagnetic species, and has been used by Johnson
etal. (57)to observe Ni(Ill) against a background of iron—sulfur cluster
absorption, in hydrogenases from M. thermoautotrophicum and D.
gigas. Spectra of M. thermoautotrophicum hydrogenase were more
fruitful because of the absence of paramagnetic [3Fe—xS] clusters. In
the oxidized state only the nickel is paramagnetic and at low temper-
atures yielded MCD bands in the regions of 300-460 and 530—670 nm
(Fig. 7b). These were provisionally assigned to nickel d—d transitions
and sulfur-to-nickel charge transfer bands, respectively. Magnetization
curves were consistent with an S = 1/2 ground state, as expected for
low-spin Ni(III).
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Fic. 6. ESEEM spectra of Ni in the F,,,-reducing and methyl viologen (MV)-reducing
hydrogenases from M. thermoautotrophicum (AH strain). Spectra (a) were obtained using
a three-pulse stimulated-echo sequence, the time T between the second and third pulses
being varied. (b) Fourier transform of FH,ase data; (c) simulated spectra. Spectra are the
average of recordings from g = 2.0 to 2.34. Reproduced, with permission, from Ref. 56.
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Fic. 7. Optical absorption and magnetic circular dichroism spectra of oxidized
hydrogenase from M. thermoautotrophicum (AH strain), nickel concentration 120 uM. (a)
Optical absorption spectrum, at room temperature; the absorption is predominantly due
to iron—sulfur clusters. (b) MCD spectra recorded at 1.53, 4.22, and 8.9 K, in a magnetic
field of 4.5 T; MCD is predominantly due to Ni(III), which is the only paramagnetic species
in the oxidized enzyme. Reproduced, with permission, from Ref. 57.

E. DERIVATIVES OF NICKEL

Altered forms of Ni hydrogenases have been observed under con-
ditions in which substitution is expected at the hydrogen-binding site.
These have been interpreted as species containing hydrogen or hydride
or carbon monoxide, respectively, and are particularly relevant to the
mechanism of hydrogen production and its inhibition by carbon
monoxide. So far these species have only been observed by EPR. The
investigation of these species and other possible diamagnetic species by
other spectroscopic techniques is awaited with interest.
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1. Reactions with Hydrogen

The Ni-C EPR signal is observed in some Ni hydrogenases under
hydrogen. A significant property of this nickel species is that it is
photosensitive; irradiation by visible or near-ultraviolet light at cryo-
genic temperatures produces a new type of EPR signal (Fig. 5¢). The
photochemical reaction is reversed at temperatures above 200 K. The
rate of photolysis was shown by Van der Zwaan et al. (43) to have a
kinetic isotope effect, being nearly six times slower in D,0 than in H,O.
This indicates that the photolytic process involves displacement of a
hydrogen atom in the first coordination sphere, such as a nickel
hydride. If that is the case, a significant hyperfine splitting would be
expected. The Ni-C signal has indeed been reported (43, 53) to show
broadening in 'H,0 compared with 2H,0 (43, 53), though this is small
(0.3-0.5mT) considering the large magnetic moment of the 'H nucleus.

Studies of nickel protoporphyrins by resonance Raman spectroscopy
show that the photochemical behavior of nickel sites may be complex
and dependent on the protein environment. Nickel, in porphyrin
complexes, favors a four- or six-coordinate structure (58). In nickel-
substituted human hemoglobin, one type of binding site takes up four-
coordinate geometry (with a y band at 406 nm), and the other type of site,
like the heme-binding site in myoglobin, is forced into five-coordination
(59). After laser excitation, the four-coordinate sites undergo photoas-
sociation with a fifth ligand, as occurs in protoporphyrin complexes. By
contrast, the five-coordinate sites undergo photodissociation (60).
Unlike Fe porphyrins, the recombination of the displaced ligand with
the nickel site is very rapid (20 p sec).

Hydrides of Ni(I) and Ni(II) are known (37). A Ni(IT) hydride appears
to be an intermediate in the catalysis of olefin isomerization by
phosphine complexes of nickel (61). Dilworth (62) has pointed out that
stable hydride species are not obtained in model complexes with sulfur
ligands. However, they may be possible within the confines of a protein
chelate.

2. Reactions with Carbon Monoxide

Carbon monoxide is an inhibitor of most nickel-containing hydroge-
nases, an exception being the soluble hydrogenases of hydrogen bac-
teria (63). Kinetically, inhibition is competitive with hydrogen, which
indicates that the two molecules bind to the same site. EPR spec-
troscopy indicates that oxidized hydrogenase, giving the Ni(III) Ni-A
signal, is unreactive toward carbon monoxide. Probably it is Ni(II) or
Ni(I) that binds CO. Reaction of reduced hydrogenase with CO
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produces both EPR-silent and EPR-detectable (Fig. 5d) states, which
may represent different carbonyl species (64, 65).

The EPR-detectable CO derivative in C. vinosum hydrogenase was
shown by Van der Zwaan et al. (64) to be photolysed at low temperatures,
yielding a product having the same spectrum as the photolyzed
hydrogen-treated enzyme (Fig. 5c). Unlike the hydrogen-reduced
species however, the rate of photolysis was unaffected by deuterium
isotope substitution.

3. Interactions with Oxygen

Oxygen is inhibitory toward some hydrogenases and completely
destructive toward others, particularly some Fe hydrogenases (66). In
those hydrogenases which can survive exposure to oxygen, the hydrog-
enase active site is unreactive toward H, and CO under oxidizing
conditions (not necessarily the presence of oxygen). In D. gigas
hydrogenase, DerVartanian et al. (53) have noted an increase in the
spin-lattice relaxation rate of the Ni-A EPR signal under oxygen,
consistent with an interaction with the triplet state of O, . This has been
interpreted (74) as the binding of oxygen to the nickel site, but, at
present, the evidence for this is not conclusive, since the lineshape of
the Ni-A signal did not change. If oxygen is associated with the Ni-A
site, it must be extremely tenaciously bound, since the enzyme is
unaffected by stringent removal of dissolved oxygen (49). It seems more
likely that there is a protective mechanism for those organisms which
may encounter oxygen in vivo, whereby the hydrogenase active site
becomes inaccessible to all gases. A similar type of oxidative stabiliza-
tion and reductive reactivation is observed in the Fe hydrogenase of
Desulfovibrio vulgaris (Hildenborough strain) (67). It is therefore
possible that the ability to form such a state depends upon some specific
structure within the enzyme molecule which is distinct from the
hydrogen-binding site.

F. INTERACTIONS OF NICKEL WITH IRON-SULFUR CENTERS

All the hydrogenases which have been isolated are iron-sulfur
proteins. In particular, hydrogenase activity seems to be associated
with at least one [4Fe-4S] cluster in addition to nickel. In some
hydrogenases, including the catalytic dimer of N. opaca hydrogenase,
both the iron—-sulfur cluster and the nickel are undetectable by EPR,
and it is possible that in these cases there is strong antiferromagnetic
coupling. The two groups might act together to transfer two electrons to
hydrogen.
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Many of the Ni hydrogenases contain an iron-sulfur cluster
presumed to be of the [3Fe—xS] type, which is paramagnetic with S =
1/2 in the oxidized state and S = 2 in the reduced state (68, 69). Th
function of these clusters is unknown. In some hydrogenases, typifie:
by C. vinosum hydrogenase and the membrane-bound hydrogenase o
Alcaligenes eutrophus (70), the EPR spectra of the iron-sulfur cluster
and the oxidized nickel center show complex lineshapes (Fig. 8). In C
vinosum the nickel is also EPR detectable and its spectrum also shows:
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Fic. 8. EPR spectra of [3Fe-xS] clusters in oxidized hydrogenases, showing th
influences of weak Ni—Fe-S electron-spin interactions. (a) Desulfovibrio desulfurican
(strain Norway 4) hydrogenase, showing the spectrum of an isolated [3Fe—xS] cluster; (k
Chromatium vinosum hydrogenase; the outer lines (Signal 2) correspond to interactio:
with Ni(III); (c) Paracoccus denitrificans hydrogenase; (d) Alcaligenes eutrophu
membrane-bound hydrogenase. Spectra were recorded at approximately 20 K. Sample
were provided by K. K. Rao, J. Serra, and K. Schneider.
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splitting at temperatures where the iron-sulfur cluster is detectable
(71). Spectra recorded at S-band and @-band frequencies confirmed that
these effects were due to spin—spin interaction presumably between the
nickel and iron-sulfur clusters (71).

In D. gigas hydrogenase, splittings are not observed in the Ni-A and
Ni-B signals from oxidized nickel centers (Fig. 4a), but are seen in the
reduced Ni-C species at low temperatures (Fig. 5b) (41, 72). The splitting
of Ni-C correlates with the reduced state of a [4Fe—4S] cluster (72). The
spin—spin interactions observed in EPR are consistent with a distance
between the nickel and iron-sulfur cluster of less than 1.2 nm (73).

G. CATALYTIC PROPERTIES
1. Activity States of Nickel-Containing Hydrogenases

The characteristic EPR signal due to Ni(IIl) (Fig. 4a) is observed in a
number of hydrogenases, but not all (14, 15). This is consistent with the
view that the signal reflects an oxidized form of the enzyme which is not
directly involved in catalysis. This is supported by studies of the enzyme
activity in response to oxidizing and reducing agents. A well-studied
case is that of hydrogenase from D. gigas (41, 49). Even when extensive
precautions are taken to remove oxygen, a reductant is still necessary
to reduce the oxidized hydrogenase to a state which is capable of
reacting with hydrogen (69).

The enzymatic activity of hydrogenases, whether measured by
hydrogen production, hydrogen consumption, or hydrogen isotope
exchange, is often variable, depending on the history of the sample. The
hydrogenases may not manifest their full activity until they have been
subjected to reactivating treatments, which vary from one hydrogenase
to another. For instance, D. gigas hydrogenase shows a phenomenon of
slow activation by hydrogen or other strong reductants (74, 75). A study
of the conditions required for the slow activation of D. gigas hydroge-
nase showed that it was not induced by addition of chelating agents,
or nickel ions, or reagents which in other systems have caused the
conversion of [3Fe—xS] clusters to [4Fe—4S] (49). The thiol-reducing
agent dithiothreitol (DTT) did not cause activation when added alone
[although in certain circumstances it can have an activating effect on
C. vinosum hydrogenase (76)}. The changes in activity of D. gigas
hydrogenase when incubated under hydrogen are illustrated in Fig. 9a,
and EPR spectra of the nickel in the enzyme are shown in Fig. 9b. The
fact that the enzyme can be obtained in forms with different activity,
which can all be fully reactivated, indicates that there must be more
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Fi1c. 9. (a) Activity of D. gigas hydrogenase (hydrogen- methy! viologen reductase)
during activation under hydrogen, flushing with nitrogen, and reoxidation with di-
chloroindophenol (DCIP). (b) EPR spectra of samples taken at points A- E, as indicated in
a, recorded at 80 K. See text for details. Adapted from Refs. 40 and 49.
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than one type of inactive oxidized enzyme. The simplest hypothesis is
that there are two: one which is activated rapidly by reduction during
the assay, and one which is only activated slowly by strong reductants.
We have termed these forms the ready and unready states, respectively,
of the enzyme. The catalytic and spectroscopic properties of the enzyme
in these states are described in TableIII. In the interpretation of Berlier
et al. (74), the unready state is associated with a tightly bound oxygen
molecule. Alternatively, the ready and unready states might repre-
sent different protein conformations (49).

The enzyme, which had been prepared in the presence of air (marked
point A in Fig. 9a), is mostly in a state which has been described as
unready (49). It has an activity, which corresponds to about 129, of the
active state, in hydrogen uptake with methyl viologen, but is completely
inactive in hydrogen isotope exchange (74, 77) or hydrogen uptake with
a high-potential acceptor dye such as 2,6-dichloroindophenol (DCIP).
We proposed that the enzyme at this stage consists of about 889, of the
unready and 129, of the ready state.

After complete activation under hydrogen, a process which requires
about 4 hours at 20°C (point B), the hydrogenase is fully active in all
assays (49, 74). If hydrogen is then removed and the enzyme reoxidized
with the dye dichloroindophenol at pH 7.8, the enzyme is principally in
the ready state (point C), which is fully active in the hydrogen—methyl
viologen reductase assay, but completely inactive in hydrogen isotope
exchange (77), and is stable in air for several hours. This observation
particularly indicates that the appearance or loss of activity of the
enzyme is not entirely due to the removal or addition of oxygen. The

TABLE III

AcTIVITY STATES OF D. gigas HYDROGENASE®

State
Activity Active Ready Unready
H,-methyl viologen Active Active after lag Inactive
H,-DCIP Active Inactive Inactive
H,-isotope exchange Active Inactive Inactive
Hydrogen production Active Active Inactive
EPR signals
Ni-C Ni-B Ni-A
Broad [4Fe-48],., [3Fe—-x8S],, [3Fe-xS],,

¢ Conditions of formation: active state incubation under H,, ready state anaerobic
oxidation, unready state oxygen or strong reductants by DCIP, pH 8.0.
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EPR signal at this stage corresponds mainly with the Ni-B signal
(Figs. 4d and 5a), which was therefore proposed to represent the ready
state (40). After prolonged exposure to oxygen, the enzyme reverts to
the unready state and the Ni-A signal reappears (point E).

Hydrogenases differ greatly in the rate and extent of reductive
activation (14); D. gigas appears to represent a slow extreme. In other
hydrogenases, such as the soluble enzymes from hydrogen bacteria, the
reductive activation is always too rapid to be measurable. These
hydrogenases also differ from D. gigas hydrogenase in that they give no
Ni(III) signal in their oxidized states, and give different HD/H, ratios in
the isotope-exchange reaction (78). It is not not known if these factors
are correlated.

Another pattern of reductive activation has been observed in the Ni
hydrogenase of Methanobacterium formicicum (79). In this enzyme,
reductive activation is irreversible, requires a strong reductant, and is
inhibited by the chelating agent 2,2'-bipyridyl. The conversion of a
[3Fe—xS] cluster to a [4Fe—4S] has been suggested.

2. Mechanism of Catalysis

The behavior of the EPR-detectable nickel and iron—sulfur species in
hydrogenase during redox-poising experiments suggests several possi-
ble reaction sequences. The Ni-C species is particularly significant
since the potentials for its appearance and subsequent disappearance
during reduction are comparable with the H*/H, potential, at the low
partial pressures of hydrogen likely to be encountered by these
organisms; the potentials are also pH dependent, consistent with
hydrogen production. Moreover, the low-temperature photochemical
reaction of the Ni-C species shows a strong kinetic isotope effect
with 2H.

The series of steps of reduction have been variously interpreted:

Ni(II) = Ni(I) = Ni(0) 43) 1)
EPR silent Ni-C signal EPR silent

Ni(IIl)-[4Fe—4S]~ = Ni(III)'H~ = Ni(II) 41) 2)
Ni(II) = Ni(I) = Ni(Il)-H~ (72) 3)

It is difficult to distinguish these possibilities on the basis of the EPR
spectra since the spectra of low-spin d” Ni(IlI) and d® Ni(I) are similar.
A disadvantage of Scheme (1) is that it requires the nickel to take up
oxidation states from Ni(III) to Ni(O) over a potential range of about
240 mV, whereas in inorganic complexes they span several volts (80). In
Scheme (2) (41), the nickel is coupled to an iron-sulfur cluster. On
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reduction of the oxidized hydrogenase, the disappearance of the Ni-A
Ni(III) signal is due to reduction of the iron—sulfur cluster, which
becomes paramagnetic on reduction, giving net zero spin; however,
optical absorption changes on reduction of D. gigas hydrogenase do
not support this view (40). Scheme (3) was proposed to explain why
only a very small 'H hyperfine splitting is seen in the Ni-C species,
whereas a stronger coupling would be expected for a paramagnetic
nickel hydride (72).

The hypothetical reaction mechanism shown in Fig. 10 is a variation
of Scheme (3), and is consistent with the redox and pH dependence of
the EPR-detectable nickel species (65). Hydrogen is known to undergo
heterolytic cleavage (81); it is proposed that this is an intramolecular
reaction, leading to the formation of a nickel (II) hydride and a
protonated base in the enzyme (Step 1 in Fig. 10). The Ni-C species is
postulated to be a protonated Ni(I) species. An alternative formulation
for this state would be a dihydrogen complex, Ni(III)-H,, as suggested
by Crabtree (104). Ultimately the exact mechanism can only be de-
termined by kinetic measurements.

Step 1

REACTION

Step 4

o eH\ cveLe /

Step 3 step 2

Split Ni-C
Active State

Broad signal

FiG. 10. Hypothetical reaction cycle for D. gigas hydrogenase, based on the EPR and
redox properties of the nickel (Table II). Only the nickel center and one [4Fe-48S] cluster
are shown. Step 1. enzyme, in the activated conformation and Ni(II) oxidation state,
causes heterolytic cleavage of H, to produce a Ni(II) hydride and a proton which might be
associated with a ligand to the nickel or another base in the vicinity of the metal site.
Step 2: intramolecular electron transfer to the iron-sulfur cluster produces a protonated
Ni(I) site (giving the Ni-C signal). An alternative formulation of this species would be
Ni(III)- H,. Step 3: reoxidation of the iron-sulfur cluster and release of a proton. Step 4:
reoxidation of Ni and release of the other proton.
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H. OtHER FuncTIONS OF NICKEL IN HYDROGENASES

The soluble hydrogenase from the hydrogen-oxidizing bacterium N.
opaca 1is one of a class of hydrogenases that contain flavin and use
nicotinamide adenine dinucleotide (NAD) as electron acceptor. The
protein consists of four dissimilar subunits and contains approximately
four atoms of nickel, one FMN, three [Fe-4S] clusters, one [2Fe—2S]
cluster, and up to one [3Fe—xS] cluster (82). Two of the nickel atoms
were readily removed by dialysis, in contrast to the nickel in most
hydrogenases. The enzyme would only catalyze electron transfer from
hydrogen to NAD if cations, of which Ni2* is the most effective, were
added. In the absence of the cations, the enzyme could be separated as

NATIVE ENZYME

64,000 56,000

+NiCl, ‘ -NiCl,

LARGE DIMER SMALL DIMER
64,000 56,000

CONSTITUENTS CONSTITUENTS

1 FMN 2 Ni

+

1 [2Fe-25]° 1 [4Fe -45]>" [ [3Fe-x5]°"

2 [4Fe-45]2’
REACTIVITY REACTIVITY
Digphorase activity Hydrogenase activity

Fig. 11. Dissociation and reassociation of soluble, NAD-linked hydrogenase from
Nocardia opaca. ‘“Diaphorase” refers to NADH : acceptor reductase activity. Repro-
duced, with permission, from Ref. 82.
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two dimers (Fig. 11). One of these contained two tightly bound nickel
atoms and one [4Fe—48S] cluster, and had hydrogen:acceptor reductase
activity. The other contained flavin and iron-sulfur clusters and had
NADH:acceptor reductase activity. Hence in N. opace hydrogenase,
which so far is a unique case, the nickel has two functions, in catalysis
and in maintaining protein structure.

IV. Methyl-Coenzyme M Reductase

A. Facror 430

F,30, a yellow, water-soluble compound, was first extracted from
boiled cells of methanogenic bacteria, a discovery which Wolfe (19) has
credited to J. LeGall. Its isolation was first reported by Gunsalus and
Wolfe (83). The cofactor has a Soret band in the visible region at 430 nm.
Functionally F,,, is a prosthetic group of the methylreductase system
(24, 84). 1t is also found in the free state in cell extracts (85).

The presence of nickel in F,,, was demonstrated by Diekert et al. (86)
and Whitman and Wolfe (87). Biosynthetic incorporation of §-
aminolevulinic acid indicated that the compound has a tetrapyrrole
structure. The structure of the methanolysis product of F,;, was
determined by Pfaltz et al. (88) using NMR spectroscopy. The structure
of the cofactor in the cell is probably the penta acid (Fig. 12). It is a
tetrahydro derivative of a porphinoid which is related to the corrins, for
which Pfaltz et al. (88) have coined the term “corphin.” Specificity of
this macrocycle for nickel is afforded by the six-membered ring, which
introduces a slight pucker into the planar structure. EXAFS measure-
ment of the nickel environment of isolated F,;, indicated two nitro-
gens at 0.191--0.192 and 0.210-0.214 nm (89a, 89b). This is consistent
with nickel in a square—planar coordination to a puckered corphin
structure. In the intact protein, protein component C of methyl-CoM
reductase, the absorption-edge spectra are indicative of nickel with a
coordination number greater than four, probably octahedral (89c).

B. EPR SpPECTRA

Albracht et al. (90) have observed an EPR spectrum from whole cells
of M. thermoautotrophicum (Fig. 13) which appears to arise from
protein-bound F,;,. The same type of spectrum was also observed in
purified methyl-CoM reductase. The paramagnetic species on whole
cells was only partially reduced by treatment with hydrogen and was
unaffected by carbon monoxide. Gel filtration showed it to be part of a
soluble protein. The spectrum was somewhat broadened by substitution
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F1G. 12. (a) Structure of F,,,, deduced from the structure of the methanolysis product
(88). (b) UV/visible absorption spectrum of F,,, in water, concentration 10”5M.

with ! Ni and showed hyperfine splitting which could be simulated as
interaction with four equivalent nitrogen atoms, corresponding to the
four nitrogens of a tetrapyrrole. The lineshape of the spectrum is
consistent with nickel in a tetragonally distorted octahedral ligand
field. This confirms the assignment as a nickel species bound in a planar
tetrapyrrole structure. It was not possible to determine the oxidation
state of the nickel, although the observation that it was observed in
isolated factor F,;, treated with dithionite suggests that it is Ni(I).
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2.3 2.2 2.1
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F1G. 13. (A) EPR spectrum, recorded at 70 K, of reduced F,;,, in a hydrogen-reduced
cell extract from M. thermoautotrophicumm (Marburg strain). (B and C) Computer
simulations, assuming equal interaction with four (B) or three (C) equivalent !“N nuclei.
The arrows indicate places where B gives a better fit. Reproduced, with permission, from
Ref. 90.

C. FuncTioN

F 430 is required for the activity of the methylreductase system, which
catalyzes the reduction of the methyl group of methyl-CoM, i.e., 2-
(methylthio)ethanesulfonate, to methane:

CH,—S—CH,—CH,—S0,” + H, —— CH, + HS—CH,—CH,—S0," (4)

This is a complex process, involving the deazaflavin-reducing hydrog-
enase and other proteins, provisionally named factors A-2,-A-3, and C
(19). The system requires initial activation by ATP before the reaction
can proceed (87). Component C consists of two each of three protein
subunits of 68, 45, and 38.5 kDa and contains two molecules of F,;, per
molecule, as well as stoichiometric amounts of coenzyme M (91). F,,
appears to be tightly but noncovalently bound to the enzyme.

The exact role of the nickel of F,;, in methane formation is not clear
at present. Analogy with the cobalamins, and the observation of an
EPR-detectable reduced state, might suggest that it is involved in either
methyl group transfer, reduction, or both.
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V. Carbon Monoxide Oxidoreductase

A. CaTaLyTIiC PROPERTIES

Carbon monoxide oxidoreductase (carbon monoxide dehydrogenase)
catalyzes the interconversion of CO and CO, with suitable electron
acceptors and donors. The reaction takes place via an enzyme-bound
one-carbon intermediate:

(010) {Ci] CO, + 2¢~ + 2H* 5)

The enzyme was first isolated from C. thermoaceticum, Clostridium
formicoaceticum, and Clostridium pasteurianum by Diekert and Thauer
(92), who demonstrated that synthesis of the enzyme requires nickel
(93). The enzyme is present in large amounts in acetogenic bacteria,
where it is involved in an unusual pathway for fixation of CO, with the
formation of acetate (25, 26). In acetogens this reaction is involved both
in production of energy, with acetate as a waste product, and in
biosynthesis of cell constituents starting from acetate. CO oxidore-
ductase is also present in methanogenic bacteria, where it is used in
biosynthetic metabolism (25, 27).

Other reactions catalyzed by CO oxidoreductase, which may be more
relevant to its physiological function, are the exchange between CO and
the carbonyl group of acetyl-CoA (94)

CH,—*CO—CoA + CO —— CH,—CO—CoA + *CO (6)
and the exchange between CoA and the CoA moiety of acetyl-CoA.
CH,—CO—S*CoA + CoASH ——> CH,—CO—CoA + *CoASH 7N

The reaction [Eq. (7)] requires a disulfide-reducing system such as
dithiothreitol or disulfide reductase and a reducing agent such as
NADPH or reduced ferredoxin. It is proposed [Eq. (5)] that carbon
monoxide oxidoreductase binds CO as a one-carbon intermediate [C,],
which can be either oxidized to CO, or condensed with the methyl group
of a methylated corrinoid protein and CoA in the final step of acetyl-
CoA synthesis.

Carbon monoxide oxidoreductase has a high molecular weight;
values between 150,000 and 460,000 have been reported (25). Analysis of
the enzyme from C. thermoaceticum indicated a composition of 2 atoms
of Ni, 1 Zn, 11 Fe, and 14 inorganic sulfide per dimeric enzyme, with a
relative molecular mass of approximately 150,000 Da (23).



NICKEL IN METALLOPROTEINS 327

B. SPECTROSCOPY

Low-temperature EPR spectroscopy of carbon monoxide oxidore-
ductase in the reduced state gave a complex spectrum with g values
2.04, 1.94, and 1.90, and 2.01, 1.86, and 1.75, which probably repre-
sent two [4Fe—48] clusters (95). The clusters are oxidized by CO, and
reduced by CO.

EPR spectra of CO oxidoreductase under non reducing conditions
showed a spectrum at g = 2.21, 2.11, and 2.02, which, by analogy with
spectra observed in nickel-containing hydrogenases, was attributed
to Ni(IIl) (96). The spectrum was of low intensity and it was not
established whether it represents an active state of the enzyme.

unenriched Ni

" n " " 1 n a 1
3100 GAUSS 3200 3300

FiG. 14. EPR spectra of carbon monoxide oxidoreductase from C. thermoaceticum,
treated with CO plus coenzyme A. Solid lines are experimental spectra, dashed lines are
computer simulations, with g, = g, = 2.074, g. = 2.028. Substitutions with ®'Ni and *'Fe
were made by growth of the organism on the appropriate isotopes. (a) Effect of
substitution with ¢'Ni. Simulation assumes A, = 3 MHz, A, = 20 MHz. (b, p. 328) Effects
of substitution with *’Fe and '*C. The simulation of the *’Fe spectrum assumes one iron
atom with A, =40 MHz, A, = 60 MHz, and two iron atoms with A =20 MHz, A, =
30 MHz. The simulation of the '3C spectrum assumes A; =26 MHz, A, = 13 MHz.
Spectra provided by courtesy of Dr. S. G. Ragsdale.
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Fi1G. 14b. See legend on p. 327.

Two spectra which are more clearly relevant to the enzyme-catalyzed
reaction were observed in the reduced enzyme after treatment with CQ
(Fig. 14). A rhombic spectrum, Signal 2, with g values of 2.062, 2.047, and
2.028, was observed upon reaction of carbon monoxide oxidoreductase
with CO (97). Addition of coenzyme A or acetyl-CoA induced an axially
symmetric spectrum, Signal 1, at g = 2.074 and 2.028. Spectra of the CO-
treated carbon monoxide oxidoreductase were typically a mixture of
the two species. It was assumed that these spectra represent different
enzyme—C, intermediates. The spectrum showed hyperfine broadening
after reaction with '*CO instead of '2CO and in enzyme from cells
grown on °'Ni (96). Subsequently it was shown (97) that the spectrum
was broadened by substitution of 3"Fe (Fig. 14). These results demon-
strated that the radical species is a complex containing nickel, carbon
monoxide, and iron. Recent simulations (103) show that the spectra are
consistent with a complex of one nickel and three iron atoms, analogous
to a [4Fe-4S] cluster in which one iron atom is substituted by nickel.
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This represents a new and fascinating type of mixed-metal cluster in
biochemistry.

VI. Concluding Remarks

The four types of nickel-containing enzymes are quite distinct in the
coordination sites and catalytic function of the nickel centers. In
urease, the nickel appears to be bound to oxygen and nitrogen ligands
and appears to remain as Ni(II), a state which favors octahedral or
square—planar coordination. The function of nickel in this unigue
case may be analogous to that of zinc in other hydrolases such as
carboxypeptidase.

In all the other nickel enzymes, there is scope for redox reactions at
the nickel site, though it has not been demonstrated in all cases. The
nickel in hydrogenase shows indications of at least one sulfur ligand,
the others probably being oxygen; the ease with which oxidation states
Ni(III) and, possibly, Ni(I) can be achieved indicates that the geometry
might be distorted toward tetrahedral. In methyl-CoM reductase the
nickel is held by a novel type of porphinoid macrocycle which is almost
planar. In the protein, the geometry is presumably octahedral. The
nickel may be capable of achieving the oxidation states Ni(1I) and
Ni(I). Finally, in CO oxidoreductase, hyperfine interactions suggest a
mixed Ni—Fe cluster which is capable of binding a one-carbon group.
The chemistry of the latter is probably the most fascinating and the
least understood at present.

VIl. Abbreviations

CoA, Coenzyme A
CoM, Coenzyme M

DCIP, 2,6-Dichloroindophenol

EPR, Electron paramagnetic resonance

ESEEM, Electron spin-echo envelope modulation
EXAFS, Extended X-ray absorption fine structure
FAD, Flavin adenine dinucleotide

MCD, Magnetic circular dichroism

NAD, Nicotinamide adenine dinucleotide
NADP, Nicotinamide adenine dinucleotide phosphate
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