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Abstract. Nickel enzymes are a relatively new class of
metalloenzymes. The seven known nickel enzymes are
urease, hydrogenase, CO-dehydrogenase, methyl-coen-
zyme M reductase, Ni-superoxide dismutase, glyox-
alase I and cis-trans isomerase. The requirement for
nickel implies the presence of a nickel-processing sys-
tem, since free transition metals are harmful to the
cell. A nickel-processing system involves the recogni-
tion and transport of nickel into the cell and the han-
dling of the nickel once it enters the cell until it is

inserted into the nickel enzyme. Several mechanisms
for nickel transport have been identified and will be
reviewed here. Accessory proteins required for the
biosynthesis of the nickel active site have been iden-
tified. Accessory proteins bind the nickel when it en-
ters the cell and are proposed to assist with the
insertion of nickel into the enzyme. The function of
the characterized nickel-processing proteins is de-
scribed, and models for nickel insertion into the nickel
enzymes are presented.
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Introduction

Nature has harnessed the rich and varied chemistry of
the transition metals to catalyze a variety of biological
reactions essential to sustain life. The reactivity of the
transition metals depends on the ligands, coordination
geometry and oxidation state of the metal. Biological
systems have taken advantage of the transition metals’
reactivity by coordinating the metal(s) in the framework
of a protein structure that controls the reactivity and
oxidation states of the metal(s). Although the transition
metals catalyze life-sustaining metabolic reactions, they
also catalyze reactions that are harmful to the cell.
Redox reactions catalyzed by metal ions in the cytosol
damage proteins, lipids and DNA. Metal ions can bind
to enzymes, causing inhibition or inactivation of the
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enzymatic activity. Transition metals also bind very
efficiently to DNA, causing damage to vital genetic
material. To avoid harmful side reactions, biological
systems have developed mechanisms to transport, escort
and insert transition metals into the appropriate metal-
loenzyme. Metal transport and chaperone systems keep
the metal sequestered in such a manner that the metal is
‘inert’ until the metal is inserted into the active site of
the proper enzyme.

The discovery of nickel in the active site of the enzymes
urease, hydrogenase, CO-dehydrogenase (CODH),
methyl-coenzyme M reductase and the recently discov-
ered Ni-superoxide dismutase and glyoxalase I enzymes
has created a very active field exploring the biochem-
istry of nickel (for reviews see [1-7]). Molecular biology
and biochemistry and spectroscopy have been used to
identify and characterize nickel transport systems,
nickel-binding proteins and chaperonin-like proteins
that are required for the insertion of nickel into the
nickel enzymes.
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For the purpose of this review we define nickel-binding
proteins as (i) proteins involved in the recognition,
binding and transport of nickel into the cell; (ii)
proteins involved in binding and sequestering the nickel
once it enters the cell; (iii) proteins required for the
insertion of nickel into the nickel enzyme; (iv) the nickel
enzyme. This review will begin with a brief discussion of
the nickel enzymes and the reactions performed by these
enzymes. The discussion of the nickel enzymes is not
meant as an extensive review of each of the nickel
enzymes, because detailed reviews are found elsewhere
(see [1-7]). Rather, the discussion of the nickel enzymes
provides the biochemical and structural information
necessary to understand the requirements for the nickel-
binding proteins and chaperonin/insertion proteins that
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participate in assembling the nickel active sites. After
describing the nickel enzymes, discussion will focus on
the metabolism of nickel from its transport into the cell
until its insertion into the nickel enzyme. The review
will conclude by comparing the common requirements
among the nickel-processing systems.

Nickel-containing enzymes

Nickel enzymes are a relatively new class of enzymes
with only six enzymes currently identified. The nickel
active site structures of the characterized nickel enzymes
are shown in figure 1. These structures have been deter-
mined by X-ray crystallography or proposed from spec-
troscopic analyses of the enzymes.

CODH/ACS A cluster

COOH
Methyl-CoM Reductase

Figure 1. Active sites of Nickel-Containing Enzymes. The proposed active site structures of the C-cluster of CODH and CODH/ACS
and the A-cluster of CODH/ACS have been proposed from spectroscopic studies [62, 82]. The structure of the hydrogenase active site
has been proposed from X-ray crystallographic studies and infrared studies [35, 41-43]. Recent crystallographic studies show a bridging
ligand (O or S) between the Fe atom and the Ni atom in hydrogenase, but the assignment of the ligand is controversial [6, 37]. The
structures of the active sites of urease and methyl-CoM reductase were determined by X-ray crystallography [17, 93]. The structure of
urease from Bacillus pasteurii shows a bridging hydroxide between the Ni atoms and the remaining coordination sites to nickel

completed with water [11].
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Urease

Urease has the historical distinction of being the first
enzyme crystallized [8] and the first demonstrated to
contain nickel [9], although 50 years separated the first
event from the second. Urease is found in bacteria,
fungi and plants, and catalyzes the hydrolysis of urea
yielding ammonia and carbamate as shown in equation
L.

NH,CONH, + H,0 <> NH,COOH + NH;

l
NH,COOH +H,0 «> NH; + H,CO;

The carbamate product is unstable and spontaneously
degrades to ammonia and carbonic acid.

Urea is metabolized by bacteria and plants as a source
of nitrogen [10], and this reaction is a source of concern
for agricultural and medical reasons. Agriculturally, the
efficiency of nitrogen fertilizers applied to the soil for
agricultural purposes is severely decreased by urease
activity [11]. Medically, the presence of urease activity
has been correlated as a virulence factor in several
bacteria. The most significant medical problems are the
development of urinary stones [12], acute pyelonephritis
[13], urinary catheter obstructions [14] and the develop-
ment of peptic ulcers [15, 16].

The subunit compositions and quaternary structures of
urease enzymes from plants and bacteria differ signifi-
cantly. The plant enzyme is a homohexamer ( ~ 550,000
kDa) [9], and the bacterial enzyme is a trimer of trimers
[(@fy)s]) (~ 100,000 kDa) [17]. Despite the different
quaternary structures and sizes of the enzymes from
plants and bacteria, the urease protein sequence con-
tains conserved regions of greater than 50% identity.
The difference between the plant and bacterial protein
structure appears to result from a gene fusion or disrup-
tion of events that occurred during the evolution of the
enzyme [18]. The nickel active site appears to have been
conserved in plants and bacteria, as two nickel atoms
are associated with each active site of the respective
enzymes.

The structure of the urease active site has been deter-
mined by X-ray crystallography using protein purified
from Klebsiella aerogenes [17, 19] and Bacillus pasteurii
[11, 20]. Both structures show a carbamylated lysine
residue as a bridging ligand to the two nickel atoms in
the active site. The carbamylation is required for cata-
lytic activity as shown by chemical rescue of mutants
lacking the lysine residue [21]. The active site is opened
and closed by a mobile «-helical flap. The structures
differ in the number of nonprotein ligands to the two
nickel atoms, and this discrepancy has led to two differ-
ent proposals for the mechanism of catalysis.

The K. aerogenes native enzyme as well as apourease
and several active site mutants have also been crystal-
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lized and the structures determined [17, 19, 22]. The
structures of the K. aerogenes urease show a tricoordi-
nate nickel and a pentacoordinate nickel. These data
conflict with spectroscopic data indicating the presence
of slightly distorted octahedral nickel ions with hexa- or
penta-coordination [23]. This structure shows two
nickel atoms 3.5 A apart that are bridged by the car-
bamylated lysine residue (fig. 1). The proposed catalytic
mechanism involves the binding of the oxygen of urea
to the tricoordinate nickel atom. His-219 is proposed to
stabilize the binding of substrate to the enzyme. The
water ion coordinated to the six-coordinate nickel atom
is activated by a general base and attacks the substrate
urea, forming a tetrahedral intermediate. Ammonia is
eliminated with assistance of a general acid, completing
the reaction [17]. This model is in conflict with two
aspects of the accepted mechanism: first, His-320 is
proposed to function as a catalytic base but is located
on the wrong side of the active site; and second, there is
no base with the appropriate pK, to deprotonate the
water bound to the second nickel atom. The authors
have proposed a reverse protonation scheme to ratio-
nalize this mechanism [24].

The crystal structure of the B. pasteurii urease (2.0 A
resolution) shows the resting state of the active site with
the coordination sphere of each nickel atom completed
with water molecules and a bridging hydroxide. A
fourth water molecule was identified that completed a
tetrahedral cluster of water molecules [11]. A structure
of urease crystallized in the presence of phenylphospho-
rodiamidate contains a transition-state analogue, diami-
dophosphoric acid (DAP), that is bound to the two
nickel atoms. A mobile «-helical flap protects the active
site and is shown in the ‘flap open’ configuration in the
native structure and ‘flap closed’ conformation when
crystallized with the inhibitor. Benini et al. proposed a
mechanism that includes a role for His-323 (equivalent
to K. aerogenes His-320) and identifies the general base.
From the DAP bound to the nickel atoms the authors
suggest that the active site binds substrate in an orienta-
tion-specific mode and DAP is a transition state analog.
Urea is proposed to enter in the ‘flap open’ conforma-
tion and displace the tetrahedral cluster of water
molecules. Urea binds to the electropositive 5 coordi-
nate Ni(1) with the carbonyl oxygen, and one of the
amino groups binds to Ni(2). The flap closes when urea
binds and allows for the carbonyl oxygens of Ala-170
and Ala-366 to hydrogen-bond to the protons of the
amino group bound to Ni(2), stabilizing the coordina-
tion of nitrogen to Ni. His-323 and His-222 stabilize the
transition state. The hydroxide that bridges the two
nickel atoms attacks the carbon of urea, causing the
hydrolysis. This model is consistent with the spectro-
scopic data for the coordination sphere of the nickel
atoms and uses the biochemical evidence for a general
base and His-323.
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This mechanism provides rationale for the presence of a
bimetallic active site that requires nickel. Although zinc
ions are more commonly found in hydrolytic enzymes,
nickel is required in urease because nickel has a higher
affinity for nitrogen ligands than zinc. The affinity of
nickel for nitrogen ligands permits the NH, group of
urea to bind. Coordination of the nitrogen to nickel
permits hydrogen bonds to form with the protons on
the amide group, which further stabilizes the binding of
the nitrogen to the nickel. Additionally, the bimetallic
center with multiple binding sites for water favors nickel
over zinc because nickel favors octahedral coordination
versus the tetrahedral coordination favored by zinc. The
water that bridges the two nickel atoms would be acidic
and is proposed to exist in the form of hydroxide (pK,
of Ni bridging hydroxide ~ 9-10) that is required for
the nucleophilic attack for hydrolysis to occur.

The structure of urease shows two elements of the
urease active site that are significant when considering
the assembly of the nickel binuclear cluster. The first
element is a lysine residue that must be carbamylated to
properly coordinate the two nickel atoms. The second
element in the active site is buried by a flap that protects
the active site. Evidence will be presented later in this
review to show that accessory proteins may be involved
in the carbamylation of the lysine and that chaperonin-
like proteins function to hold the protein open so that
nickel can bind to the urease active site.

Hydrogenase
Hydrogenase enzymes catalyze the reversible reaction
shown in equation 2.

H,—2H™* +2e~ (eq. 2)

The direction of the reaction is used to classify the
hydrogenase enzyme. If the in vivo function of the
hydrogenase is to consume hydrogen, then the enzyme
is classified as an H,-consuming or uptake hydrogenase.
If the enzyme produces H,, then it is classified as a
hydrogen-evolving hydrogenase. Another classification
of hydrogenases is made by the metal content and
subunit composition of the enzymes. Three classes have
been identified: (i) the iron-containing hydrogenase (for
review see [25]); (ii) the nickel-iron hydrogenase and the
nickel-iron-selenium hydrogenase [26, 27]; and (iii) hy-
drogenases that contain neither iron nor nickel [28]. The
present discussion will focus on the nickel-iron hydroge-
nases and the incorporation of nickel into the enzyme.

Ni-hydrogenase enzymes with two differing quaternary
structures have been identified. One class is composed
of two subunits. The large subunit ranges from 45 to 65
kDa and contains the nickel metallocluster active site.
There is a high degree of sequence similarity among the
large subunits of the NiFe-hydrogenases from various
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sources, and there is immunological cross-reactivity
among the large subunits, indicating that they are struc-
turally similar [29]. The role of the small subunit ap-
pears to be in electron transfer from the large subunit,
and the small subunits are well conserved but less so
than the large subunits [30]. Other nickel-containing
hydrogenases are tetramers and are integral membrane
proteins [31].

Two motifs have been identified that are involved in the
ligation of the nickel. A motif in the N-terminal region
is RxCGxC, and a second motif in the C-terminus is
DPCxxC. Mutational analysis in hydrogenase 1 of Es-
cherichia coli showed that replacement of the conserved
amino acids of this protein resulted in complete loss of
hydrogenase activity [32]. The role of these motifs in
binding nickel was bolstered by comparison to [NiFeSe]
hydrogenases. Similar motifs are found in the primary
structures with the cysteine in motif 2 replaced by
selenocysteine (DPUxxC). The selenocysteine was
shown by extended X-ray absorption fine structure
(EXAFS) and electron paramagnetic resonance (EPR)
to be in close proximity to the nickel in Desulfovibrio
baculatus [33, 34].

The crystal structure of the ‘as purified’ (aerobically
purified) nickel-iron hydrogenase from Desulfovibrio
gigas has been solved to 2.85 A [35]. The hydrogenase
from Desulfovibrio vulgaris Miyazaki F was purified
under strictly anaerobic conditions, and the structure of
this protein was determined by X-ray diffraction to 1.8
A resolution. Very recently, an H, reduced form of this
hydrogenase was characterized to 1.4 A resolution. The
method of purification affects the active state of hydro-
genase because aerobic purification yields an inactive
form that can later be activated by reduction of the
enzyme [36]. The crystal structures show the active site
resides in the 60-kDa large subunit with a Ni atom
bridged to a second metal that has been identified as Fe.
The Ni and Fe atoms are bridged by two thiolate
ligands, and a third bridge is from a monotomic atom
which has been suggested to be either oxygen [6, 36] or
sulfur [37, 38]. The small subunit (26 kDa) contains two
Fe,S, clusters and one Fe,S, cluster. The linear arrange-
ment of the iron-sulfur clusters was proposed to chan-
nel electrons away from the active site. The nickel site is
deep inside the protein, and in order to place the nickel
atom deep within the protein, scaffold proteins may be
required to hold the large subunit open. Alternatively,
the hydrolysis of a nucleotide triphosphate is proposed
to open up the protein to insert the nickel into the
active site [39, 40].

The structure of the active site of the nickel hydroge-
nase (fig. 1) was further defined by studying the infrared
spectral region of the Chromatium vinosum hydrogenase
[41, 42]. This work was essential for determining that
iron was the metal bridged to nickel and that the iron
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Figure 2. The CO oxidation system of R. rubrum. CODH oxidizes CO at the active site, C-cluster. The electrons are passed through
the B-cluster to the CooF protein. The electrons then pass through an unknown path proposed to conserve energy. This path may
involve the CooM, CooK, CooX and CooU proteins. The electrons are passed to the CO-tolerant hydrogenase (CooL and CooH)
where H, is produced. The CooC, CooT and Cool proteins are proposed to insert Ni>* into CODH. This figure was modified from

Ludden et al. [192].

atom was coordinated by two CN~ molecules and a
CO molecule [43, 44]. The presence of the three di-
atomic, nonexchangeable ligands as well as an atom
bridging the Fe and Ni atoms was observed in a 2.54-A
structure, by isotopic labeling using >N and '*C, and by
chemical analysis [36, 44]. Similar ligands have been
detected in Fe-only hydrogenases [45, 46]. The active-
site iron was definitively confirmed by comparing differ-
ence maps of data collected on both sides of the Fe
absorption edge using X-rays from a synchrotron
source tuned near the Fe absorption edge [36]. This was
also confirmed for the Fe and Ni atoms in D. vulgaris
Miyazaki F hydrogenase [38]. Furthermore, studies
with the D. vulgaris Miyazaki F hydrogenase showed (i)
the unusual ligands bound to the Fe atom are CO,
CN - and SO [37]; (ii) a Mg atom is bound 13 A from
the NiFe active site [37]; and (iii) reduction of the
enzyme with H, releases H,S, and the structure of the
H,-reduced enzyme no longer has the inorganic sulfur
bridge [38]. The presence of SO as a ligand to Fe is
currently disputed by several groups [6, 44].

Proposals for the mechanism of hydrogenase have been
made from analysis of the structural data [7]. The Ni
atom is 5 coordinate with square pyramidal geometry,
and the Fe atom is 6 coordinate with distorted octahe-
dral symmetry. No EPR signal is observed for the Fe
atom, suggesting a low-spin Fe?* state that is consis-
tent with the proposed ligation of CN ~ and CO ligands
[7] and Mossbauer data [47]. It is proposed that the
redox state of Ni does not change during catalysis [7].
Infrared studies of the high-frequency ligands shifted in
different redox states, indicating redox state changes in

the Fe atom [36]. Gas accessibility studies have shown a
channel that leads directly to the vacant coordination
site [6]. These data can be used to propose a model
where H, binds to a vacant site on the Ni atom.
Base-assisted heterolytic cleavage of H, occurs with
binding of hydride to the Ni atom, with no formal
redox change. Electrons are then shuttled through the
Fe atom, returning the enzyme to the starting state.

Rhodospirillum rubrum CO-dehydrogenase

When R. rubrum is exposed to CO, a metabolic system
is induced that oxidizes CO to CO, by the reaction
shown in equation 3. A model of the CO-oxidation
system of R. rubrum is shown in figure 1. This system is
composed of two enzymes: a CO dehydrogenase that
performs the half reaction (eq. 4) and a nickel-contain-
ing CO-tolerant hydrogenase that uses the electrons
liberated in the first half of the reaction to reduce
protons to hydrogen gas (eq. 5).

CO +H,0-CO, +H, (eq. 3)
CO+H,0-CO,+2H* + 2e~ (eq. 4)
2H* 4+ 2e~ < H,(g) (eq. 5)

The ability of photosynthetic anaerobic bacteria
(Rhodospeudomonas spp.) to tolerate CO was first noted
by Hirsch [48], whereas Uffen observed CO utilization
for growth in Rhodospeudomonas gelatinosa [49] and R.
rubrum [50]. The stoichiometric production of H, with
CO oxidation indicated the presence of a CO-tolerant
hydrogenase functioning in the CO oxidation system
[49, 51].
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The CO-oxidation system from R. rubrum has been
characterized, and several of the individual components
have been purified and characterized. A model of the R.
rubrum CO-oxidation system is shown in figure 2.

The CODH from R. rubrum has been purified and
characterized [52, 53]. CODH was shown to be a heat-
stabile and O,-labile 66.9-kDa monomer that contains
one Ni atom and eight to nine iron atoms. Data from
ultraviolet/visible and EPR spectroscopies are consis-
tent with the iron atoms being arranged in two Fe,S,
clusters [53].

When R. rubrum is grown on CO in nickel-depleted
medium, the CODH protein accumulates in an inactive,
nickel-deficient form in the cell [54]. The addition of 2
UM NiCl, to the medium caused the activity of CODH
and hydrogenase to increase several hundredfold, indi-
cating that in vivo activation of both of these enzymes
is dependent on nickel [54]. Nickel-deficient CODH
(apo-CODH) was purified and contained 0-0.2 Ni
atoms per monomer and eight to nine iron atoms per
monomer. The addition of nickel and reductant to
purified apo-CODH activated the enzyme to specific
activities similar to CODH purified from cells grown on
nickel [54, 55]. Nickel was the only divalent metal able
to activate apo-CODH [54], whereas Cd*>*, Zn’",
Co** and Fe?* all competitively inhibited activation of
apo-CODH by Ni?* [55]. In fact, the competing diva-
lent metals all bound to CODH with greater affinity
than Ni** [55].

Ensign showed that nickel was required for the transfer
of electrons from CO to the Fe,S, clusters in CODH
[56]. The Fe,S, clusters of apo-CODH were not reduced
when the enzyme was incubated with CO. When nickel-
containing (holo) CODH was incubated with CO, the
Fe,S, clusters were rapidly reduced. Cobalt-substituted
CODH was the only metal-substituted form of CODH
that allowed transfer of electrons from CO to the Fe,S,
clusters, and this transfer occurred at a much slower
rate. Recently an altered form of CODH in which
His-265 replaces valine, H265V, has been characterized
and has a 1000-fold lower enzyme activity than wild-
type CODH. Both Ni-containing and Co-containing
H265V CODH exhibit low activity [57]. These results
indicated that nickel or an appropriate analog is re-
quired to mediate the transfer of electrons from CO to
the Fe,S, clusters.

CODH has been extensively characterized by inhibitors
and spectroscopic methods, but this work will not be
reviewed here [54-56, 58-63].

CODH/acetyl-CoA synthase

The CO-dehydrogenases from acetogenic and metha-
nogenic bacteria are bifunctional enzymes that perform
the reversible CO-oxidation reaction and also function
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to synthesize or degrade acetyl-coenzyme A (CoA) [64].
The bifunctional characteristics of this enzyme lead to
changing the name of the enzyme to CO-dehydroge-
nase/acetyl-CoA synthase (CODH/ACS) [64]. Both cat-
alytic sites for the individual reactions require nickel for
catalysis. However, the active sites of the two enzymatic
activities are at different sites [65]. The properties of the
enzymes studied from acetogenic and methanogenic
bacteria are reviewed below.

Acetogenic bacteria are anaerobes that produce acetate
as a product of autotrophic growth on CO, and H, or
as a product of sugar fermentation. CO, is reduced to
CO for use in the Wood-Ljungdahl pathway for au-
totrophic growth. The hydrolysis of acetyl-CoA is cou-
pled to the synthesis of adenosine triphosphate (ATP)
[66]. The role of CODH in metabolism is extensive and
beyond the scope of this review, but detailed reviews of
acetogenic metabolism and the role of CODH/ACS
have been written [1, 2, 67, 68]. The CODH/ACS has
been purified from Clostridium thermoaceticum and
Acetobacter woodii and characterized for enzyme size,
subunits and metal content [69—71]. The enzyme is a
tetramer with o,f, structure and contains 2 nickel
atoms and ~ 10 iron atoms per «ff dimer [69]. One
nickel atom can be removed by chelation with 1,10-
phenanthroline [72]. The nickel-chelated form of the
enzyme maintains the CO-oxidation activity but loses
the ACS synthase activity [73]. ACS catalytic activity
can be partially reconstituted with the addition of nickel
[72, 73]. Therefore, the two nickel sites and enzymatic
activities are distinct.

Methanogenic bacteria convert acetate to methane and
CO, and couple acetate degradation to ATP synthesis.
This metabolic process uses the CODH/ACS enzyme
(for reviews see [74, 75]). The CODH/ACS has been
purified and has an «,f, structure with a large (80-90
kDa) subunit and a small (18—21 kDa) subunit [64]. All
characterized methanogenic CODH/ACS enzymes con-
tain nickel [64, 74]. Methane and CO, are formed by the
ensuing process [64, 74]: (i) acetate is converted into
acetyl-CoA by another enzymatic process [76—78]; (ii)
acetyl-CoA binds to CODH/ACS and is cleaved into
CoA, a bound CO and a methyl group [79, 80]; (iii)
CoA is dissociated from the enzyme after cleavage; (iv)
the methyl group 1is transferred to a tetrahy-
dromethanopterin and then transferred to CoM [81]; (v)
CoM reacts with methyl-CoM reductase, and methane
is released (see following section); (vi) finally, the CO
group is oxidized to CO,, completing the reaction [74].
The structures of the nickel-iron-containing active sites
of CODH/ACS have not been determined by X-ray
crystallography. Spectroscopic analysis of the nickel-
iron-containing active site has been extensive and will
not be described here (for reviews see [1, 2, 64, 75]). A
model for the two active sites has been proposed from
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analysis of the spectroscopic data [62, 82]. Three metal
clusters have been identified and are named the A-clus-
ter, the B-cluster and the C-cluster. The A-cluster per-
forms the acetyl-CoA synthesis reaction, the B-cluster is
a typical Fe,S, cluster involved in electron transfer and
the C-cluster performs the CO-oxidation reaction. The
A-cluster and the C-cluster both contain nickel and
iron, and both clusters are proposed to comprise a
nickel atom linked to an Fe,S, cluster by a bridging
ligand. The C-cluster is proposed to be very similar to
the monofunctional CODH from R. rubrum [62]. The
clusters have distinct properties that permit the different
reactions to be performed.

Methyl-CoM reductase

As described in the previous section, the methanogenic
Archaea grow anaerobically using an energy-conserving
process called methanogenesis. The Archaea oxidize H,
with a nickel-containing hydrogenase and use the elec-
trons to reduce one to two carbon molecules (i.e. CO,,
formate, methanol, methylamine, CO and acetate) to
methane [1, 3, 4, 83, 84].

Several pathways are used to reduce the various carbon
substrates, including CODH/ACS, but all pathways
converge to the common intermediate methyl-S-CoM
(CoM is 2-mercaptoethane-sulfonate) [83, 84]. Methyl-
CoM reductase is an enzyme that is common to all
methanogenic pathways and is the final step in the
reduction of the methyl group to methane. Methyl-S-
CoM is a coenzyme involved in methanogenesis, as is a
second unique methanogen coenzyme that is involved in
the evolution of methane and is referred to as 7-mercap-
toheptanoylthreonine phosphate (HS-HTP). A CoM-S-
S-HTP disulfide forms as a product during the
reduction of methyl-S-CoM. This CoM-S-S-HTP
product is recycled by reduction by a separate enzyme,
F,,0H, dehydrogenase [85-87]. Methyl-CoM reductase
contains nickel in a tetrapyrrolic structure called coen-
zyme F,;,. All methanogens have F,;,, and this cofactor
is found exclusively in methanogens [83, 84].
Methyl-CoM reductase accounts for 10% of the cell
protein, but two genetically distinct forms of the protein
exist in the cell [§8—91]. One form predominates during
growth under limiting CO, and H,, whereas the other
form predominates during exponential growth. The two
forms of methyl-CoM reductase possess distinct specific
activities, amino terminal sequences, subunit sizes and
charge properties. However, they contain identical F,;,
and subunit composition [83].

Methyl-CoM reductase and the F,;, cofactor have been
studied extensively by spectroscopic, analytical and bio-
chemical methods (for reviews see [l, 4, 84, 92] and
references therein). These works have had a major im-
pact on the understanding of the enzyme. The X-ray
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crystal structure has confirmed many of the proposed
models for methyl-CoM reductase. The three-dimen-
sional structure of methyl-CoM reductase confirmed the
o, f1,7, structure predicted from previous work [4, 93].
The enzyme possesses two identical active sites, each
containing an F,;, cofactor and a nearby binding site
for methyl-CoM and HS-HTP. When the coenzymes
are bound, the active site pocket is very hydrophobic
and would be ideal for radical-based enzyme catalysis.
On this basis a radical-based mechanism was proposed
for the reaction. The enzyme is activated when reduced
to the Ni(I) oxidation state [94], which is consistent with
the proposed mechanism [84].

Superoxide dismutase

In 1996 a nickel-containing superoxide dismutase
(SOD) was identified in Streptomyces spp. IMSNU-1
and Streptomyces coelicolor ATCC 10147 [95]. The en-
zyme is a tetramer with 0.75 Ni atoms per subunit. The
nickel-containing SOD differed from other known
SODS (Fe, Mn and CuZn) by amino acid composition,
N-terminal amino acid sequence and immunological
response. EPR spectroscopy identified a Ni(III) species
in the enzyme with a tetragonal geometry [95].

S. coelicolor contains two distinct SOD enzymes [96].
SOD1 contains nickel, and SOD?2 is an FeZn-contain-
ing enzyme. SODI is induced by nickel, whereas SOD2
is repressed by nickel [96]. The gene for the nickel-SOD
has been cloned from S. coelicolor Muller and named
sodN [97]. SodN has no apparent sequence similarity to
other known proteins. Nickel was shown to regulate
transcription of SodN [97].

Glyoxalase 1

Glyoxalase I from E. coli was overexpressed in E. coli
and purified [98]. This purified glyoxalase I protein was
not activated by zinc, the native metal in humans and
yeast. Activation was achieved using Ni** with 1 mol
of Ni* causing maximal activation of the enzyme. This
is the first glyoxalase that functions with maximal activ-
ity with a metal other than zinc.

Isomerase
A putative Ni-binding cis-trans isomerase has been iso-
lated by metal affinity chromatography [98a].

Mechanisms of nickel transport

Ni2+ transport by Mg?+ transport systems
Early reports that Ni** was transported into E. coli
and Enterobacter aerogenes came from studies testing



CMLS, Cell. Mol. Life Sci. Vol. 56, 1999

the toxic effects of divalent metals [99]. The toxicity of
the divalent metals was diminished when higher concen-
trations of Mg?* were used, suggesting that the divalent
metals were entering the cells through the Mg?* trans-
port system. Later work demonstrated that Ni>*+, Co?*
and Zn>* were transported into the cells [100]. Mutants
resistant to Co?* were also resistant to Ni** [101].
These mutants required higher concentrations of Mg?+
to grow, and revertants that lost the requirement for
higher Mg?* concentrations also lost resistance to
Co** and Ni**. The Mg?™* transport system was con-
cluded to be the means of entry for Ni**. The organ-
isms Escherichia coli and Salmonella typhimurium have
been studied extensively for Mg>+ transport. In gen-
eral, a constitutive system is expressed that will trans-
port Mg?+. Alternate systems with higher affinity for
Mg?+ are expressed under low Mg?+ conditions. The
biochemical and genetic characterization of Mg?*
transport systems that also transport Ni?* will be
briefly discussed.

CorA

In E. coli, mutant strains have been identified that are
resistant to Co?>* (CorA and CorB). The resistance is
attained by losing the ability to transport Co**+ [102].
Transport of Mg?>* in CorA and CorB mutants occurs
by an alternate Mg>*+ transporter that is expressed at
low Mg?* concentrations. Therefore, E. coli has at least
two transport systems that transport Mg>*+ and other
divalent metals with different affinities.

Three Mg>* transport systems (MgtA, MgtB and
CorA) have been identified in S. zyphimurium [103].
Mutant strains have been constructed that inactivate
either each individual Mg?* transport system, multiple
systems or all three systems in order to characterize the
properties of each system [104]. Each system transports
Ni?*, and due to the difficulty of obtaining the short-
lived radioisotope ®Mg?+, ®Ni** was used as an
analog for Mg?* to study transport [105].

The CorA Mg?>* transporter is a constitutively ex-
pressed 40-kDa protein that has a K, for Mg?* of 20
puM and transports Mg?* at high capacity [106]. The
CorA protein has been identified in S. typhimurium and
in E. coli, and the sequence is 98% identical [103]. CorA
is not similar to any other sequenced protein and is a
unique class of metal ion transporter. The CorA system
performs both Mg?>* influx and efflux. CorA alone is
sufficient to perform Mg?* influx, but CorB, CorC, and
CorD are required for efflux of Mg>*+ at high Mg?+
concentrations [107]. The CorA system also mediates
the influx of Co?* and Ni** [103]. The CorA gene is
widely distributed in gram-negative bacteria and func-
tions as the constitutive Mg?* transporter for many
organisms [108].
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The MgtA and MgtB systems

The MgtA and MgtB systems are P-type ATPase en-
zymes [109]. P-type ATPase transporters are phospho-
rylated on an aspartyl residue, and hydrolysis of the
phosphate from the aspartyl residue completes trans-
port [110]. P-type transport systems transport the bio-
logically relevant cations Na*, K+, H*, Mg>* and
Ca?* in mammalian and bacterial organisms [110]. In
S. typhimurium, MgtA and MgtB are induced by low
Mg?* concentrations and have slightly higher affinity
for Mg?* than CorA, with a K., of 5 uM [105]. MgtA
and MgtB both transport Ni’>* but do not transport
Co?*, and neither mediates Mg?* efflux [111]. In gen-
eral, eukaryotic and prokaryotic P-type ATPases differ
in amino acid sequence and length and by hydropathy
plots. The discovery that the P-type ATPase MgtB from
S. typhimurium shows greater similarity to the eukary-
otic genes allows it to be used as a model for eukaryotic
P-type ATPases [109].

MgtE

A new Mg?* transport system was identified in Bacillus
firmus and Providencia stuartii [112]. This transport
system confers sensitivity to Co?* and also transports
Ni?*. The gene encodes a protein 34 kDa in size. The
sequence of the gene showed no similarity to CorA or
to other known transport proteins. Comparison be-
tween the genes from B. firmus and P. stuartii shows
75% identity, indicating the presence of a new class of
Mg?* transporter.

It is unclear if these systems play a functional role in
delivering Ni** to the nickel-containing enzymes under
natural growth conditions, because the affinity for Ni?+
by these systems is ~ 50 uM, whereas high-affinity
Ni?* transport systems have affinities of 17 nM -5 pM.
An exception to this is Clostridium pasteurianum, which
appears to transport Ni** under physiological condi-
tions both by the nickel-specific transporter and by the
Mg?* transport system. The importance of understand-
ing the Mg>* transport systems occurs in the labora-
tory when studies are performed under high
Ni?*concentrations or when mutants lacking a high-
affinity nickel transport system are studied. It is vital to
understand the effect of the Mg?* transport system
under these conditions.

Ni?+ transport by Ni2+-specific transport systems

Ni2 * -specific transport has been identified in a number
of bacteria (for review see [113]). Some transport sys-
tems have been characterized genetically, and the
proteins responsible for transport have been purified
and characterized. In many of these organisms, only the
Ni** accumulation data and kinetic data associated
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with transport have been obtained: the proteins have
not been purified, and the genes have not been
identified. Below is a brief review of organisms that
transport Ni?* followed by a section describing
the Ni** systems that have been characterized geneti-
cally.

Several acetogenic bacteria possessing the nickel-con-
taining CODH have been studied for Ni>* transport by
Drake and co-workers. Ni?* transport was energy-de-
pendent and specific for Ni?* in Clostridium ther-
moaceticum and Acetogenium kivui [114]. Kinetic
analysis showed C. thermoaceticum and A. kivui have
high affinity for Ni>+, with K, values for Ni**+ at 2.3
and 3.2 pM, respectively. Similar specificity for NiZ+
transport was also observed, as divalent metals did not
inhibit transport.

Several other systems have been identified that have
very unique characteristics for Ni** transport. C. pas-
teurianum exhibited (i) lower affinity for Ni** with a
K, of 85 uM; (ii) inhibition of nickel transport by
divalent metals; (iii) energy-dependent transport of
Ni?* [115]. Transport of Ni** was concluded to occur
by the magnesium transport system and by another
system that was not inhibited by Mg?*. The cyanobac-
terium Anabaena cylindrica possesses an energy-depen-
dent high-affinity Ni*>* transport system that transports
Ni2* with a K, of 17 nM [116]. Other organisms
appear to have Ni’* transport systems that are not
as dependent on energy. Azotobacter chroococcum ap-
pears to transport Ni’T in an energy-independent
fashion [117]. An energy-independent adsorption of
Ni?* to the cell surface and cell sheath is responsible
for Ni** accumulation in Methanothrix concilii [118].
Ni?* transport by Methanobacterium bryantii is
done with high-affinity (K, of 3.1 uM), selectivity
and requires energy, but not from ATP. The energy
requirement appears to come from a proton gradient
[119]. Finally, Ni** transport in Bradyrhizobium
Jjaponicum was Ni*+-selective but lower affinity than
most Ni?* specific transport systems (K, 25 and
50 uM for two systems reported). The transport of
Ni2* was not inhibited very significantly by any
metabolic inhibitor, leaving the energy requirement un-
clear [120].

Genetically characterized Ni** transport systems

Two classes of high-affinity nickel transport systems
have been genetically identified. The first class is the
single-component transport system such as HoxN,
HupN, UreH and NixA. The second class is the multi-
component ATP-dependent class of transporters repre-
sented by NikABCDE and the ABC transporter of
Helicobacter pylori.

Nickel-binding proteins

HoxN

The HoxN gene was found in the hydrogenase gene
cluster of Alcaligenes eutrophus [121]. HoxN is a 33-kDa
protein with eight predicted membrane-spanning re-
gions and functions as a single-component ion carrier of
Ni*+ [122, 123]. HoxN permits growth on 100 nM
Ni2* concentrations and is not affected by Mg>~*.
HoxN-type transporters are specific and have K, ~
10-20 nM with low capacity for transport [123].

HupN

The gene for HupN is found in Bradyrhizobium
Jjaponicum on an operon with the genes for HupO and
HupP [124]. HupN is a 40-kDa protein that shows
56% identity to HoxN from A. eutrophus. The hypN
gene alone partially complements mutants in nickel
transport. Combined with HupO and HupP, it com-
pletely complements nickel transport for hydrogenase
activity.

UreH

Sequencing of the urease operon in Bacillus sp. strain
TB90 identified the typical urease operon of ure-
ABCDEFG but also included two more genes, ureH and
urel. UreH showed 23% amino acid identity to HoxN
of A. eutrophus. The similarity of UreH to HoxN
prompted the authors to speculate that UreH has a role
in Ni?* transport [125].

NixA

H. pylori urease, expressed in E. coli, required supple-
mental Ni>* for urease activity [126]. In vivo, H. py-
lori does not require exogenously added Ni>* for ure-
ase activity. It was assumed that a nickel transport
system was responsible for making Ni?* available for
urease in native H. pylori. Screening of a library of H.
pylori in E. coli containing the urease structural genes
identified a clone that contained DNA exhibiting ure-
ase-enhancing activity [126]. The gene was sequenced
and identified as nixA, which encodes a 34-kDa inte-
gral membrane protein. Insertion mutations into nixA4
abolished the urease activity, indicating that the NixA
protein functions as a Ni>* permease. NixA is a high-
affinity Ni®?* transporter with a ¥V, . of 1750 pmol
Ni?* /min/10-8 cells and a K, =11.3 nM. Although
Ni?* transport is considered to be Ni**-specific,
NixA is inhibited by Co>*, Cu?* and Zn?>* [127].
NixA is predicted to have eight transmembrane-span-
ning regions. Three homologs of NixA have been
identified and are HoxN of A. eutrophus, HupN from
B. japonicum and UreH from thermophilic Bacillus
TB90. Other putative nickel transport proteins are
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HupE from Rhizobium leguminosarum bv. viciae [128]
and Urel from Bordetella bronchiseptica [129].

ABC transport of H. pylori

NixA deletion mutants still retained urease activity,
indicating the presence of an alternate nickel transport
system. Nucleotide sequence analysis of H. pylori re-
vealed a homolog of NikD that is a component of the
ATP-dependent nickel transport system in E. coli (see
below). Further work identified the abcABCD genes,
and abcC was similar to the ATP-binding protein of an
ABC transport system. The other genes do not have
significant sequence similarity to other database
proteins. Further analysis is required to confirm a role in
nickel transport, but mutations in abcCD decreased
urease activity [130].

NikABCDE

E. coli contains a nickel transport system composed of
five gene products that show similarity to other bacterial
periplasmic transport systems [131]. The nikABCDE
genes have been shown to be regulated by a nickel-re-
sponsive regulator, NikR [132]. The ATP-binding cas-
sette family of transporters transports sugars, amino
acids, peptides and inorganic ions [133]. These systems
are made up of a periplasmic substrate-binding protein,
integral membrane proteins that form the permease, and
multiple cytoplasmic proteins that bind and hydrolyze
ATP, providing energy for the transport process. NikA
is the periplasmic binding protein, NikB and NikC are
integral membrane proteins, and NikD and NikE pos-
sess typical ATP binding domains to couple transport to
ATP hydrolysis. NikA has been purified and character-
ized and binds 1 Ni** atom per molecule with a K, of
0.1 uM [134].

Table 1. Properties of nickel processing proteins.
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Other divalent metal transporters

Several other divalent metal transport systems have been
reported. A Co?*-specific transport system has been
identified in Rhodococcus rhodochrous and is similar to
the HoxN family of Ni** transporters [135]. Mn? " -spe-
cific transport systems have also been reported [136].

Nickel-processing systems

The nickel enzymes, urease, hydrogenase and CODH
from Rhodospirillum rubrum have all been purified in a
nickel-deficient, inactive form. Attempts to reconstitute
enzyme activity by the addition of nickel have shown
these enzymes are very difficult to activate. Purified
apo-hydrogenase has not been activated, apo-urease has
been activated to low levels of activity after long incuba-
tions with Ni*>*+ and apo-CODH from R. rubrum can
only be activated to full activity with a powerful reduc-
tant and nonphysiological concentrations of Ni>+. All
of these observations suggest that an in vivo mechanism
exists for assembly of the nickel active site.
Nickel-processing systems have been identified by study-
ing mutants that produced nickel-deficient forms of the
studied nickel enzyme or by mutationally inactivating
genes encoding accessory proteins in operons coding for
nickel enzymes. The mutations in genes for accessory
proteins have resulted in the production of inactive
nickel-deficient enzymes. Two common motifs have
been identified from sequence comparisons among
nickel accessory proteins involved in nickel insertion
into nickel-containing enzymes: a nucleotide binding
motif (P-loop), and a histidine-rich region (nickel bind-
ing domain). The current knowledge of accessory
proteins involved in nickel insertion to nickel enzymes
will be reviewed below. The nickel-processing proteins
from the characterized systems are summarized in table
1.

Characteried functions and motifs

Proteins with the indicated motif or required for indicated function

hydrogenase urease CODH
Nucleotide binding motif HypB, HypF UreG CooC
Nucleotide binding demonstrated HypB UreD, UreF, UreG ND*
Histidine-rich motif HypB¥ UreEt Cool
Nickel binding demonstrated HypB UreE CoolJ
Proteins that bind to the Ni enzyme HypC UreD, UreF, UreG ND
Regulation of Ni enzyme expression HypA, HypB, HypF ND CooA
Iron sulfur or zinc-finger motif HypA, HypF ND CooC?
Nickel transport systems NikABCDCi NixA§ ND

* Not determined.

T Not all hypB and ureE genes encode a histidine-rich region for HypB and UreE.i The NikABCDE transport system is in E. coli.

§ The NixA protein is found in Helicobacter pylori.
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Figure 3. Model for Nickel Insertion into Apo-urease. UreD and
UreF bind to the apo-urease and hold it in a conformation that
binds CO, and Ni?>*, producing enzymatically competent urease.
UreG forms a complex with UreD and UreF and may assist in the
binding of these proteins to the apo-urease. A complex with
UreD-UreF-UreG-apo-urease has been identified and is proposed
to be the in vivo complex that inserts Ni>* into apo-urease. UreE
is a nickel-binding protein and is proposed to bind and deliver
Ni* to the UreD-UreF-UreG-apo-urease complex for Ni?*
insertion. A nucleotide triphosphate (ATP or GTP) is proposed to
be hydrolyzed to insert Ni®>* into apo-urease, or to dissociate the
protein complex after Ni®>* has been inserted. Adapted from the
model of Hausinger [18].

Urease

The majority of the work characterizing urease genes
and proteins involved in nickel processing has been
conducted in K. aerogenes, Proteus mirabilis and H.
pylori [137-141]. An excellent review of nickel process-
ing systems has been written by Hausinger [5]. The
urease operon contains the following genes, wureD-
ABCEFG [141]. The structural genes encoding the ure-
ase enzyme are ureABC. The other genes, ure DEFG, are
proposed to function in nickel insertion into apo-urease
[141]. Lee and Hausinger demonstrated that knockout
mutations in ureD, ureF and ureG produce nickel-defi-
cient urease, although urease expression is not affected
[142]. Strains with knockout mutations of ureE produce
urease with lowered activity and diminished nickel con-
tent [142]. The ureDEF genes are poorly conserved
among various urease gene clusters and show limited or
no similarity to other genes in database searches [18,
143]. The work characterizing the roles of ure DEFG is
described below. A model developed by Hausinger and
co-workers for the actions of these proteins is shown in
figure 3.

Activation of Apo-urease

Nickel-deficient (apo-urease) can be obtained when K.
aerogenes cells are grown on nickel-depleted medium
[144]. Apo-urease is activated in vivo by addition of

Nickel-binding proteins

Ni* to the growth medium. Cultures of K. aerogenes
containing apo-urease were activated when nickel was
added to the culture, even when inhibitors of protein
synthesis were present. This indicates that nickel inser-
tion does not occur during protein folding but is a
posttranslational event. When cultures containing apo-
urease were treated with dinitrophenol (a pro-
tonophore) or dicyclohexylcarbodiimide (ATPase
inhibitor), no activation occurred upon addition of
nickel to the culture [144]. This observation indicates
the requirement for energy in the nickel insertion pro-
cess. Deletion mutants of accessory proteins in the
urease operon produced apo-urease in vivo, indicating
the role of these genes in nickel insertion into urease
[141].

Purified apo-urease is activated very poorly by the addi-
tion of Ni?* to the purified protein [144]. In vitro
activation of apo-urease was first observed by adding
Ni*+ to extracts of E. coli grown in nickel-depleted
medium that overexpressed the urease genes from K.
aerogenes [145]. The addition of Ni** to these extracts
activated urease 10% after 1 day. Incubation of carbon
dioxide with apo-urease prior to the addition of Ni*+
permitted a greater extent of activation [146]. The ob-
served activation with carbon dioxide was complete in 3
h, and 30% of the enzyme present was activated.
Increased activation has been achieved in the presence
of some of the nickel-processing proteins for urease.
The current understanding of the function of the urease
nickel insertion proteins is discussed below and repre-
sented in figure 3.

UreD

The ureD gene is required for Ni** insertion into ure-
ase, but analysis of the UreD sequence reveals no recog-
nizable motifs [142]. When the K. aerogenes urease gene
cluster is overexpressed in E. coli, UreD copurifies with
the apo-urease enzyme (UreABC) on native gels [145].
Several complexes were observed on native gels that
were identified as apo-urease (UreABC) complexed with
one, two, or three UreD molecules. The addition of
nickel to UreD-apo-urease complexes resulted in rapid
activation of the enzyme in 1 h. The activation corre-
lated with the number of UreD molecules present, with
maximal activation occurring with three UreD
molecules bound per apo-urease trimer. Activation un-
der these conditions activated urease to a specific activ-
ity of 30% compared with fully active urease. The
activation process was accompanied with the dissocia-
tion of the UreD protein from the urease enzyme. UreD
is proposed to be a chaperonin protein that holds ure-
ase in a conformation that allows Ni*>* to enter [145].
Further study showed that Ni?* binds to the apo-ure-
ase in an inactive form [147]. The presence of UreD and
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CO, increases the likelihood that Ni*>* binds in an
active conformation. Other divalent metals were shown
to bind to apo-urease and UreD:apo-urease proteins
with higher affinity than Ni**. This observation sug-
gests that the role of the accessory proteins may be to
convey specificity for Ni>* or to reverse the inappropri-
ate binding of competing metals or nonproductively
bound Ni*+ [147].

UreE

The UreE protein is proposed to bind Ni** and to
facilitate the insertion of nickel into urease [141]. UreE
has been purified and characterized from several organ-
isms. Sriwanthana et al. demonstrated that Ni
coeluted with a heterologously expressed UreE protein
from P. mirabilis, suggesting that UreE binds nickel in
vivo [148]. The K. aerogenes UreE, which contains 10
His residues in the final 15 amino acids, binds six Ni*+
per dimer with a K; of 9.6 pM. Spectroscopic analysis
of UreE by EXAFS and variable temperature magnetic
circular dichroism showed a pseudo-octahedral coordi-
nation of the nickel ions [149]. The location of UreE is
cytoplasmic as judged by immunogold electron mi-
croscopy. Brayman and Hausinger observed that ureE
genes from several organisms lack the histidine-rich
region. To study the role of the histidine-rich region, the
ureE gene was truncated immediately before the start of
the histidine-rich region (final 15 amino acids). The
truncated protein was called H144*UreE [150]. The K.
aerogenes urease operon, containing either the wild-type
UreE, the H144*UreE or UreE deletions, was het-
erologously expressed in E. coli and was tested for
urease activity. Cells containing H144*UreE showed
73% of the urease activity of wild type but were 10—
13% more active than cells containing UreE deletions.
The histidine-rich region of UreE was not required for
protection against nickel toxicity, as the strain with
H144*UreE showed growth identical to the strain with
the wild-type UreE in medium containing 3 mM NiCl,.
The H144*UreE was purified by immobilized metal
affinity chromatography (IMAC) chromatography and
was shown to cooperatively bind 1.9 nickel ions per
dimer. The authors note that organisms possessing
high-affinity nickel-uptake systems do not have nickel-
binding motifs in UreE, but organisms that have no
uptake systems have histidine-rich regions. The authors
proposed that the histidine-rich region may be used for
nickel storage [150]. This work was extended by identi-
fying several of the residues that are involved in this
internal Ni** binding site. The two internal binding
sites are proposed to be at the interface of the UreE
dimer; His-96 and Asp-11 are two residues required for
binding of the first equivalent of Ni**. These two
residues are highly conserved among UreE proteins
from various organisms [151].
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UreF

The UreF protein is the least-characterized accessory
protein. UreF is predicted to be a cytoplasmic protein.
Limited activation of urease was observed in extracts
from ureF mutants [145]. UreF may assist the formation
of the UreD-apo-urease complex [152]. A complex
made up of UreD-UreF and apo-urease was observed
[153] and demonstrated activation properties very dif-
ferent from the UreD-urease complex previously char-
acterized [147]. The UreD-UreF-urease complex was
resistant to forming inactive Ni*>* complexes and had a
significantly decreased dependence on bicarbonate
[153]. The activity was approximately 30% of the spe-
cific activity of wild-type enzyme. Immunoblots of the
UreD-UreF-apo-urease complex from a native gel did
not cross-react with UreD. The authors concluded that
UreF binds on top of UreD and covers the antigenic
regions that react with the antibodies. UreF was pro-
posed to bind and modulate the UreD-urease complex
activation properties, including the exclusion of Ni*+
from the active site until the carbamylated lysine
formed properly [153]. Recently, the urease gene cluster
from Bordetella bronchiseptica was characterized, and
the genes encoding UreE and UreF were fused, produc-
ing a UreEF protein [129]. It was proposed that this
fusion conferred tighter coordination on the nickel do-
nation, requiring that the lysine be carbamylated prior
to nickel binding.

UreG

The UreG protein is the most highly conserved acces-
sory protein among the urease gene clusters character-
ized [143]. UreG contains a nucleotide binding motif or
P-loop. The P. mirabilis UreG protein has limited se-
quence similarity to a 60-kDa chaperonin of ther-
mopholic bacterium ps-3 [154]. UreG also has similarity
to the HypB protein involved in nickel insertion into
nickel-containing hydrogenases [143].

Knockout mutations of the ureG gene produce a nickel-
deficient form of urease [141]. However, extracts of
ureG mutants can be partially activated by the addition
of Ni** in vitro [143]. The UreG protein has been
isolated and characterized as a monomer of 21.9 kDa
[155]. Purified UreG did not bind or hydrolyze ATP or
guanosine triphosphate (GTP) and had no affinity for
ATP or GTP chromatography resins. Mutations to the
P-loop produced an inactive form of urease in vivo,
indicating the essential requirement for a functional
P-loop in vivo. A complex made up of UreD-UreF-
UreG-apo-urease has been previously identified [152],
and mutations to the P-loop abolish the formation of
this complex [155]. In cells containing mutations in the
urease structural genes and the ureE gene, an insoluble
complex containing UreD, UreF and UreG (named the
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DFG complex) was identified. This complex can be
solubilized in 0.5% Triton and binds to ATP-linked
agarose resins. Mutations to the P-loop form the DFG
complex, but this complex does not bind to ATP-linked
agarose resins. This indicates that UreG requires UreD
and UreF in order to bind and to hydrolyze nucleotides
for the insertion of Ni>* into urease [155].

UreH

The ureH gene is unique to the urease operon from
Bacillus TB-90. The ureH gene encodes a protein that is
similar to the HoxN protein from A. eutrophus. The
HoxN protein is a high-affinity nickel transport protein
that was discussed in the Ni** transport section.
Figure 3 represents a model of current knowledge about
urease metallocenter assembly. UreD is known to hold
the apo-urease in an open conformation to aid in Ni?+
binding. UreF binds on top of UreD and appears to
protect the enzyme from incorrect binding of the Ni?*
atoms to the carbamylated lysine residue. UreG con-
tains the nucleotide binding domain and binds nucle-
otides when in a complex with UreD and UreF. It is not
clear whether UreDFG form a complex and then bind
to apo-urease or whether UreD binds apo-urease fol-
lowed by the binding of UreF and UreG. UreE is the
nickel binding and delivery protein that supplies the
complex with Ni?*. Hydrolysis of nucleotide is postu-
lated to insert Ni?* into urease or to be required to
dissociate UreDFG after Ni** has been properly
inserted.

Hydrogenase

The identification of a nickel-processing system for hy-
drogenase was aided by the isolation of mutant strains
with defects in the maturation of all three E. coli hydro-
genases [156]. The mutations map to the 58—59 min
region of the E. coli chromosome [157, 158]. The region
has been sequenced and contains five genes designated
as hypABCDE with another gene, hypF, found sepa-
rately. Operons similar to the E. coli hyp operon have
been identified in other organisms [159]. Strains with
mutations in the /Ayp operon accumulate immature
forms of the large and small subunits of hydrogenase,
and therefore the role of these gene products is pro-
posed to be in maturation of the enzyme into an active
form [159].

The genes encoding the structural proteins of the hydro-
genase enzymes have been identified and sequenced
from many organisms (for review see [159]). The oper-
ons encoding the structural genes have other genes that
encode accessory proteins (hupC, hydC, hoxZ, hyaC
and hybB), but these proteins are not related to nickel
insertion (for review see [159]). They are proposed to
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function in anchoring the hydrogenase proteins to the
membrane and to serve as electron transport carriers to
the membrane-bound hydrogenase (for review see
[159)).

A proposed model for nickel incorporation into hydro-
genase is shown in figure 4. Both the large and small
subunits are synthesized in precursor forms that are
proteolytically cleaved as the maturation of the active
hydrogenase proceeds [160]. The proteolytic cleavage of
the E. coli large subunit of hydrogenase 3 is performed
by the specific protease Hycl. Mutations in hyp genes
produce a nickel-deficient form of the noncleaved large
subunit, indicating that nickel insertion into hydroge-
nase is required before proteolytic cleavage [161]. Muta-
tions in the hycl gene produced a precursor of the
hydrogenase subunit that contained stoichiometric
amounts of ®*Ni [161]. Therefore, it is proposed that
nickel insertion precedes proteolytic processing.

The hyp operon

The hypB gene products are known to play a role in
processing nickel for the Ni-Fe hydrogenases of E. coli,
Azotobacter vinelandii, the Rhizobia spp. and related
organisms [159]. Deletions in the hypB gene result in a
nickel-deficient hydrogenase [156], but AypB mutations
can be overcome by high nickel concentrations (500
uM) [158]. The hypB genes have sequence similarity to
portions of both the cooC and UreG genes (P-loop) and
to the cooJ and ureE genes (nickel binding motif). The

Ni2+
GTP-HypB
HypA, HypD, HypE GDP +P; HyCI/
~— —~ | HycE

S
-

C-term.

Figure 4. Nickel Insertion Model for Hydrogenase. The HypC
protein has been shown to bind to the large subunit of the
hydrogenase enzyme (HycE) and to hold HycE in a conformation
able to accept Ni?*. The HypB protein has been shown to bind
and hydrolyze GTP. HypB is proposed to couple the energy
released from the hydrolysis of GTP to insert Ni’>* into the
apo-HycE protein. HypC does not bind to the nickel-containing
form of the pre-HycE protein and is shown dissociating from
HycE after Ni** is inserted. The C-terminus of HycE is cleaved
by Hycl, and this cleavage is proposed to make the insertion of
Ni?* irreversible.

&
mature Hpase
HycE
\ +

C-term.

o
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E. coli hypB gene does not encode a histidine-rich
region [157]. HypB shares 23% sequence identity to
UreG [159]. HypB proteins have been purified and
characterized from E. coli [39], Rhizobium legumi-
nosarum [162] and B. japonicum [163]. HypB from E.
coli is a homodimer that binds guanosine diphosphate
(GDP) and catalyzes the hydrolysis of GTP but does
not bind nickel [39]. HypB from R. leguminosarum was
found to bind 3.9 Ni** atoms per HypB monomer with
a K, of 2.5 uM, but no GDP binding or GTP hydrolysis
was observed [162]. The B. japonicum HypB binds 9.0
Ni** atoms per monomer with a Ky of 2.3 uM and
catalyzes the hydrolysis of GTP [163]. Maier and Bock
proposed that HypB interacts with the hydrogenase
apo-protein in the presence of other components re-
quired for nickel insertion into hydrogenase, and that
GTP hydrolysis would release the HypB protein from
the complex after nickel was inserted [39]. HypB was
shown not to be required for nickel transport into the
cell, as a HypB mutant strain was able to incorporate
nickel into E. coli containing the K. aerogenes urease
operon [156].

The roles of other hyp genes are not well defined.
Mutational analysis has demonstrated that 4ypB, hypD,
hypE and hypF appear to function in the activation of
all three hydrogenases in E. coli, signifying a general
role in hydrogenase maturation [159]. The hypA and
hypC genes are required only for correct maturation of
hydrogenase 3 [156]. HypA has a regulatory function
for both the /hyp operon and the /yc operon and acts as
a repressor for the Ayb operon [160]. HypC is essential
for the generation of hydrogenase 3 activity and en-
hances the activity level of hydrogenase 1 [160]. HypA
and HypF have typical motifs reminiscent of iron-sulfur
proteins and zinc-finger proteins [159]. HypF has a
histidine-rich region [HHH(A/D)H] that may assist in
nickel binding during the insertion process [159]. HypF
has been shown to regulate the synthesis of HupL
protein in Rhodobacter capsulatus [164] and the inser-
tion of nickel into HycE in E. coli [165]. HypC was
demonstrated to bind to the unprocessed large hydroge-
nase subunit (HycE) in E. coli, but not to the processed
form of HycE. This observation is consistent with a role
in binding to the HycE protein and holding it into a
conformation accessible for metal incorporation [166].

Figure 4 summarizes the known data for Ni** insertion
into apo-hydrogenase. Apo-hydrogenase (HycE) is held
in an open conformation by HypC. HypA, D and E are
all required; their functions are not yet defined, but may
play roles in iron insertion or in the assembly of the CO
or CN ~ ligands at the active site [167]. HypB appears
to function as a Ni** binding and delivery protein and
also couples the hydrolysis of nucleotide (GTP) to insert
the Ni** atoms or to dissociate the protein complex
from the enzyme.
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In vitro activation of hydrogenase

Activation of hydrogenase 3 from E. coli has been
obtained, and the activation accounts for approximately
12% of the total hydrogenase present [168]. The activa-
tion was achieved by adding Ni** (400 uM) to an
extract from a strain containing mutations in the nik
operon. Mutation in the nik operon led to the forma-
tion of a nickel-deficient precursor form of HycE. The
in vitro reaction occurred only under anaerobic condi-
tions and in the presence of HypB, HypC, HypD,
HypE, HypF and Hycl, which are hyp accessory
proteins. The HycE protein, which is a specific protease
required for cleavage of the C-terminal tail of HcyE,
was also required for hydrogenase activity.

Other hydrogenase accessory proteins

HupK from R. leguminosarum is similar to the large
subunit of the hydrogenase and has conserved nickel
binding motifs that are altered slightly [169]. This
protein is proposed to act similarly to the NifNE
proteins from nitrogenase that function as scaffolds for
the assembly of the metallocluster [170].

HupUYV and HoxBC

Hydrogenase-like sensor proteins have been discovered
in R. capsulatus and A. eutrophus. These proteins, which
have significant sequence similarity to hydrogenases,
exhibit very low hydrogenase activity. Genetic and
physiological analyses indicate that these proteins serve
as sensors involved in the control of hydrogenase ex-
pression. HupUV from R. capsulatus has been charac-
terized by Vignais et al. [170a]. The hoxbc genes have
been characterized in the Friedrich laboratory and char-
acterized spectrally [170b].

CODH of R. rubrum

The genes encoding CODH, the CO-tolerant hydroge-
nase and the ferredoxin-like protein (CooF) have been
cloned and sequenced [171-174]. By sequencing the
DNA adjacent to the gene encoding CODH (c00S), two
complete operons (cooFSCTJ and cooMKLXUH) as
well as the gene encoding the activator protein (CooA),
which induces expression of the CO-oxidation system,
have been identified. A model of the gene arrangement
for the sequenced region of DNA encoding the CO-oxi-
dation system is shown in figure 5. The present under-
standing of the coo gene products is discussed below.

CooA
The cooA gene encodes a protein, CooA, which regu-
lates the expression of the CO-oxidation system [174].
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CooA

Figure 5. The coo operons encoding the CO-oxidation system of
R. rubrum. The first operon encodes the hydrogenase genes
cooMKLXU [173]. The second operon, cooFSCTJ, encodes
CODH, the ferredoxin-like protein CooF, and the nickel process-
ing proteins CooC, CooT and Cool [171, 172]. CooA binds
upstream of each operon and initiates expression of the gene [173,
177].

The cooA gene is adjacent to the operon encoding the
cooFSCTJ genes. A deletion of coo4 produces a mutant
that fails to express the CO-oxidation system in the
presence of CO. The coo4 mutation can be overcome
when a plasmid carrying cooA is introduced into the
mutant strain. CooA is similar to members of the cyclic
AMP receptor protein (CRP) family and to FNR of E.
coli [174].

CooA has been purified and shown to be a dimeric,
heme-containing protein that binds to DNA after
binding CO [175, 176]. CooA regulates the transcrip-
tional start sites for the cooFSCTJ and for cooMK-
LUXH genes. CooA binding to the DNA was
demonstrated by DNase I footprinting for cooFSCTJ
[177] and cooMKLUXH [173]. The CooA binding site
had twofold symmetry (5-TGTCA-N,-CGACA) that is
similar to the motif recognized by the CRP/FNR family
[177].

When R. rubrum is exposed to CO, CooA binds CO and
is presumed to undergo a conformational change allow-
ing binding to DNA. CooA binding upstream of the
cooFSCTJ and cooMKLUXH operons induces expres-
sion of CODH (co0S) and the CO-tolerant hydrogenase
(cooLH) along with the other required components of
the CO-oxidation system.

The operon encoding the CO-tolerant hydrogenase
shows no gene similarity to the nickel-binding proteins
but has proteins similar to the small and large subunits
of nickel-containing hydrogenases. Other proteins simi-
lar to the NADH ubiquinone oxido reductase of E. coli
oxido reductase were found, and Fox et al. speculate
that these gene products are involved in translocation of
protons to produce energy [173].

Nickel-binding proteins

The operon encoding CODH

The operon encoding CODH contains five genes, cooF-
SCT and J. The cooF gene product (CooF) encodes the
ferredoxin-like protein that transfers electrons from
CODH to the CO-tolerant hydrogenase. The cooS gene
encodes CODH. The cooCTJ genes encode proteins
required for the insertion of nickel into CODH [178].
The cooCTJ genes are similar to some of the nickel-pro-
cessing genes from the nickel-containing enzymes hy-
drogenase and urease. Deletion of cooCTJ genes results
in the production of a nickel-deficient CODH, confirm-
ing a role in nickel processing. The nickel-deficient
CODH purified from a cooCTJ mutant can be com-
pletely activated in vitro by the addition of reductant
and Ni**. The ability to activate CODH from a
cooCTJ mutant indicated that the mutation affected
only the in vivo insertion of nickel into CODH.

The cooC gene encodes a 27.8-kDa protein predicted to
contain a P-loop, or nucleotide binding domain [172].
CooC shows similarity to the HypB and UreG proteins
involved in nickel insertion into hydrogenase and ure-
ase, respectively. NifH, involved in assembly of FeMo-
co for nitrogenase, also shows similarity to CooC.
Mutant strains lacking a functional cooC gene require
550 uM NiCl, supplementation to grow on CO [172].
The presence of the P-loop in HypB, UreG and CooC
indicates that nucleotide hydrolysis is required for
nickel insertion in vivo [39].

The cooT gene encodes a 7.1-kDa protein that shows
marginal overall similarity to the HypC protein family
[172]. The hyp operon encodes a series of genes in E.
coli that are required for the production of all three
nickel-containing hydrogenases [179]. The hypC gene is
essential for hydrogenase formation in E. coli and A.
eutrophus [159]. Insertion mutations disrupting the read-
ing frame of CooT showed a weak phenotype exhibiting
slightly better growth on CO than wild-type cells [172].
The cooJ gene encodes a soluble, 12.6-kDa protein that
contains a C-terminal region containing 16 histidine
residues in the final 34 amino acids [172]. The histidine-
rich region is a nickel-binding motif. CooJ has been
purified and characterized and binds 4.0 Ni** per
monomer with a K; of 4 pM. Cool selectively discrimi-
nates for Ni2* vs. all divalent metals tested except for
Zn>* that bound with equal affinity to Ni** [180].
Most UreE and HypB proteins contain nickel-binding
motifs [150] and have been shown to bind nickel in vitro
[149, 162, 163]. This class of proteins has been proposed
to function as nickel-binding and delivery proteins.

At present the model for Ni** insertion into apo-
CODH is based on the proposals for analogous systems
for hydrogenase and urease. In this model, CooC acts
as a nucleotide-hydrolyzing enzyme to couple energy to
insert the Ni** and CooJ functions to bind and deliver
Ni2* to apo-CODH. The observation that CODH can
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be activated in vitro suggests that the Ni** site may be
more easily accessed and does not require a chaperonin-
like protein such as UreD or HypC to hold it in an
open conformation to bind nickel. This may explain the
lack of a UreD or HypC analog in the R. rubrum coo
operon.

The proposed functions for the nickel-processing
proteins are heavily based on the intermediate com-
plexes that have been observed for apo-urease in K.
aerogenes. An alternate model may be considered where
the Ni?* that enters the cell is bound in an inaccessible
form for the apo-enzymes. B. japonicum has a protein
that binds Ni** in a form that does not exchange with
free Ni?* [181]. Ni** has also been observed in
polyphosphate bodies [182] that may be inaccessible to
the apo-enzymes of urease, hydrogenase and CODH.
Such tight binding of Ni** may protect the cell from
the toxic effects of Ni?* but may also make it inaccessi-
ble for apo-nickel enzymes. The nickel-processing
proteins may function to liberate the Ni** from the
inaccessible storage locations for use in nickel enzymes.

Other nickel-processing systems

Analogs of CooC from organisms containing
CODH/ACS enzymes

Sequence alignment programs have been used to iden-
tify several putative CooC analogs from organisms con-
taining CODH/ACS enzymes. ORF1 from Methano-
sarcina thermophila is 57% similar to CooC and is found
in the cdh operon encoding other CODH/ACS proteins
[183]. Another protein (MJ0823) from Methanococcus
Jjannaschii is 63% similar to CooC [184].

SOD and methyl-CoM reductase

No genes for nickel processing have been reported for
nickel-containing SOD. Since nickel regulates the ex-
pression of sodN [97], the presence of a nickel transport
system and sensor of nickel is likely. Similarly, no
processing genes have been reported for methyl-CoM
reductase, but related systems for transport and sensing
of nickel are probable [185].

GroEL and GroES

The GroEL and GroES proteins appear to function in
the activation and stability of urease from H. pylori.
The GroEL and GroES proteins function as chaper-
onins that stabilize proteins during folding and during
stresses to the cell. The urease from H. pylori is a
prominent extracellular cell-bound enzyme that is
tightly associated with a 58—62 kDa protein [139, 186].
The 58-62 kDa protein was identified as a GroEL
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protein (HspB). The GroEL protein is postulated to
stabilize the urease complex in the acidic environment
of the stomach [187]. Urease enzyme activity has been
postulated to be the cause of the virulence by H. pylori
[139, 187]. GroEL has been cloned, and the gene encod-
ing GroEL (hspB) has been identified [188]. The regulon
was shown to be bicistronic and also encoded the AspA
gene that in turn encodes a protein similar to GroES.
HspA contained a nickel binding motif in the C-termi-
nus. A second HspA protein was found in H. pylori,
indicating that this HspA protein may be specific for
urease interaction. It is interesting to observe that the
UreE protein in H. pylori does not contain a nickel
binding motif [188]. HspA was purified and shown to
bind two Ni?* atoms per monomer with a K; of 1.8 uM
[189]. Coexpression of ispA and the urease operon in E.
coli showed increased urease activity [188]. Although a
role for Ni?>* binding or delivery to urease is speculated
for HspA, no interaction between HspA and urease has
been demonstrated [190].

A role for GroE proteins in metal insertion into hydro-
genase has also been proposed [191]. Hydrogenase was
decreased 60% in GroEL and GroES heat-sensitive
strains of E. coli. These mutations caused a complete
loss of HYDI activity, had very little effect on HYD2
activity and resulted in an increased accumulation of
the precursor form of the large subunit of HYD3.
Increasing the concentration of Ni*?* did not suppress
the mutations, indicating that Ni®>* insertion was af-
fected by the mutations. GroEL was also demonstrated
to bind to the precursor form of the large subunit of
HYD3 in vitro. It was concluded that the GroE
proteins assisted in the insertion of Ni** into the hy-
drogenase proteins [191].

Conclusions

In summary, Ni>* is transported into the cell, generally
by high-affinity Ni** transport systems; however some
Ni?*may enter through the Mg?* transport systems of
the cell. Once Ni*>* enters the cell, the Ni2+ is bound by
a Ni*>*-binding protein that is proposed to protect the
cell from free Ni>*. This protein is proposed to deliver
the Ni?* to the appropriate apo-enzyme. A common
requirement for a protein containing a nucleotide bind-
ing domain (P-loop) and a histidine-rich region (nickel
binding domain) exists among the characterized nickel-
processing systems of hydrogenase, urease and CODH.
The number of accessory proteins required for nickel
insertion into urease and hydrogenase is larger than
required for the R. rubrum CODH. This may be due to
the complicated nickel active sites of these proteins.
Extra accessory proteins may be required for the car-
bamylation of lysine in the urease system and for CN
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and CO ligation to iron in hydrogenase. Therefore,
extra gene products are required for nickel insertion
into urease and hydrogenase that are not required for
CODH. The chaperonins GroEL and GroES may also
be involved in holding the Ni enzymes in a conforma-
tion that allows Ni to be inserted.
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