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The sequence pattern CxxCx ,GxCxoxGx,,GCPP, thus far found in the small subunits from 21 different nickel hydrogenases,
appears also to be present in the PSST polypeptide from NADH:ubiquinone oxidoreductase (Complex I) of beef-heart
mitochondria. There is only one difference: the first cysteine residue is a leucine in the PSST subunit. The large nickel-binding
subunit of nickel hydrogenases shows a surprising homology with the 49 kDa subunit of mitochondrial Complex 1.

All but one of the nickel hydrogenases described so
far are believed to consist of at least two subunits. At
the time of writing, the structural genes coding for
these subunits have been sequenced for at least 24
different enzymes (. Azotobacter chroococcum [1]; Al-
caligenes eutrophus H16 (membrane-bound) [2]; A. eu-
trophus H16 (soluble) [3);, Azotobacter vinelandii [4];
Bradyrhizobium japonicum [5]; Desulfovibrio baculatus
[6,7]; Desulfovibrio fructovorans [8); Desulfovibrio gigas
[7.9]; Desulfovibrio vulgaris Miyazaki F [10]; D. vulgaris
(selenium enzyme) [11]; hydrogenase-1 [12], hydroge-
nase-2 [11] and hydrogenase-3 (formate-hydrogen-lyase)
[13] from Escherichia coli; Methanothermus fervidus
(E,,o-nonreducing) [14); the F,,,-reducing hydrogenase
[15] and the F,,;-nonreducing hydrogenase [16] from
Methanobacterium thermoautotrophicum ‘gr — delta —
uc’H; M. thermoautotrophicum, strain Winter [16]; the
four hydrogenases from Methanococcus voltae (Fy;-re-
ducing, selenium enzyme; F,,;-reducing; F,,,-nonreduc-
ing, selenium enzyme; F,,,-reducing) [17]; Rhodobacter
capsulatus [18]; Rhodocyclus gelatinosus [19]; Rhizo-
bium leguminosarum [20] and Wolinella succinogenes
[21]). Predicted sequences of many of them have been
compared in recent reviews [11,22,23]. The sequences
that became known after these reviews had appeared
did not present any surprises.

As indicated already by the first reviewers [16,22],
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the large subunit shows a number of conservative amino
acids. In the N-terminal region there is a strictly con-
served pattern RGxEx ;¢ RxCGxCxxxH in all but two of
the 22 sequences that 1 could find: in the E. coli
hydrogenase-3, which is part of the formate-hydrogen-
lyase complex, the 16-amino-acid spacing is 17 amino
acids long and for the A. chroococcum enzyme a
threonine was reported at the histidine position. This
conservative pattern is called here pattern 1L. Roughly
in the middle of the polypeptide chain there is an
Hx L pattern (2L) in all but one of the sequences: the
E. coli hydrogenase-3 has an alanine instead of the
leucine residue. Towards the carboxy-terminus, two
further conserved sequences were reported: GxoxPR-
GxxxH (3L) and DPCxxCxxH (4L). It is now quite
certain that the latter pattern is involved in the direct
coordination of nickel in these enzymes. The first cys-
teine residue in pattern 4L was predicted to be seleno-
cysteine in a number of enzymes [6,17,24]. Indeed, Se
has been proven to be a ligand to nickel in the hydro-
genase from D. baculatus [25,26], whereas the presence
of selenocysteine in an unusually short polypeptide of
the selenium-containing hydrogenase from M. voltae
has recently been verified by mass spectrometry [27].
The small subunits in nickel hydrogenases are gen-
erally considered to host most, if not all, of the Fe-S
clusters [11,23]. Also here, some definite conservative
patterns can be observed. In my inspection I have
included 21 different sequences. In the N-terminus
there is a virtually completely conserved pattern Cx-
xCx,,GxCxxxGx,,GCPP, here called pattern 1S, in all
published sequence predictions, where # is between 66
and 106 and m is between 25 and 61. In most, but not
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all, sequences there are three additional conserved
groups of residues, a rather conserved pattern around
a single conserved cysteine, a pattern CxxooxxCxG-
PxooxC, and a CxxC pattern. In at least four published
sequences, these last three groups are absent. The
small subunit, called subunit §, of the soluble NAD *-
reducing nickel hydrogenase from A. eutrophus simply
lacks the peptide piece, hosting these patterns in other
hydrogenases. In the F,,,-reducing hydrogenase from
M. thermoautotrophicum, strain ‘gr — delta — u¢’H and
in both the F,,,-reducing hydrogenases (normal one
and the selenium-containing one) from M. voltae, two
classical cysteine patterns CxxCxxCx, CP, characteristic
for the coordination of two normal [4Fe-4SPPG+:1+)
clusters, are found instead.

While carrying out this inspection of the hydroge-
nase sequences, [ found it curious to note that for all

but one of the nickel hydrogenases the gene coding for
the small subunit has always been recognized, usually
close to the gene coding for the large subunit. BShm et
al. [13], when sequencing part of the operon for the
formate-hydrogen-lyase complex of E. coli, did recog-
nize the structural gene, called ORFS5, coding for the
large subunit of the hydrogenase activity in this com-
plex, but failed to find a candidate for a possible small
subunit (in retrospect presumably due to the limited
number of known reference sequences at that time).
When I inspected the published sequences by Bohm et
al. [13], and having the highly conservative pattern 1S
in the small subunit of other nickel hydrogenases at
hand, it was not difficult to find that a gene called
ORF7 in fact must be coding for the small subunit of
hydrogenase-3 in E. coli. Bohm et al. [13] mentioned
that their ORF7 showed some structural homology
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Fig. 1. Comparison of the conservative pattern 1S of the small subunits of 21 different nickel hydrogenases with the sequence of the PSST

subunit of mitochondrial Complex 1. The dots in the middle line of the motifs 1-3, that make up the pattern 1S, indicate non-conservative amino

acids in the small subunits of hydrogenase. The rows below this line show how frequently a residue occurs at that position. An asterisk (*) or a

dollar ($) sign points to possible sequence errors encountered in published sequences of two different enzymes. The upper line shows the
relevant sequence stretches of the PSST polypeptide.



with the predicted sequence of protein G from chloro-
plasts of Zea mais and Marchantia polymorpha. They
had already noted, however, that according to Nixon et
al. {28] the psbG gene is rather a ndh gene (the name
ndh stems from NADH dehydrogenase) for a putative
enzyme in chloroplasts similar to the mitochondrial
Complex 1. Further evidence for this has been recently
provided by Arizmendi et al. [29], who sequenced a 20
kDa polypeptide, named PSST after the first four
amino acids. They clearly showed the homology to the
product of the former psbG gene. They renamed the
latter gene accordingly as ndhK. A summary of further
homologies of the PSST gene can be found in a recent
review [30]. Not surprisingly, Fearnley and Walker [30]
could confirm the sequence relationships with the
ORF7 gene of the E. coli formate-hydrogen-lyase sys-
tem. Once I realized the possible implications of these
links, it was only logical to compare the sequence of
the PSST gene [29] with those of the small subunits of
nickel hydrogenases. The result is summarized in Fig. 1.

The PSST polypeptide contains nearly all of the
motifs of the highly conservative pattern 1S of the
small subunit of nickel hydrogenases: LxxCx,GxCxx-
xGx,sGCPP. The only difference is that the first con-
servative cysteine residue in the 1S pattern of nickel
hydrogenases is replaced by a leucine residue in the
PSST subunit. The polypeptide chain of PSST stops
some distance after the described pattern, just as is the
case in the small subunits of the soluble hydrogenase
of A. eutrophus and the E. coli hydrogenase-3. For me,
working on Complex I since the early 1970’s and ex-
ploring nickel hydrogenases since the late 1970’s, this
was a most amazing and also an amusing result. It
indicates that one of the subunits of mitochondrial
Complex I owes its structural information to the strictly
conservative part present in the small subunit of all
nickel hydrogenases.

As discovered by Pilkington et al. [31], the se-
quences of the subunits responsible for the diaphorase
activity of the soluble NAD *-reducing nickel hydroge-
nase of A. eutrophus [3] have much in common with
some subunits of mitochondrial Complex I. The «
subunit appeared to be a fusion product of the 24 kDa
subunit and the 51 kDa subunit of Complex I. The
‘gr — gamma — I¢’ subunit contains the sequence of the
first 200 amino acids of the 75 kDa subunit of Complex
I. It can now be added that the & subunit of the
hydrogenase part of the Alcaligenes enzyme is in fact
very homologous to the PSST subunit of Complex 1.
Hence, four of the subunits of Complex I carry a
considerable amount of structural information also
found in three of the four subunits of this hydrogenase.
For the NAD*-reducing hydrogenase from Alcali-
genes, this means that in fact only the 8 subunit ap-
pears unique for this enzyme.

Even in the large subunit of nickel hydrogenases,

223

however, there appear to be some surprising correla-
tions with Complex L. In an alignment of the sequence
of the 49 kDa subunit of mitochondrial Complex I,
Fearnley and Walker [30} noted the relationship with
the ORF5 gene of the E. coli formate-hydrogen-lyase
system. Bock and coworkers had already indicated in
1990 [13] that this gene most likely is the structural
gene for the large subunit of the nickel hydrogenase of
this complex, and comparison with the sequences of
other nickel hydrogenases [11,23] firmly establishes this
prediction. Also, the finding reported here about the
strong relationship of ORF7 with the small subunit of
nickel hydrogenases is completely in line with this
proposal. It thus appears that the 49 kDa subunit of
mitochondrial complex 1 shows quite some homology
with the large subunit of nickel hydrogenases. Upon
inspecting the sequence of the 49 kDa subunit, one can
see that the subunit contains the sequence RGxEx (R
from the pattern 1L, but the following CGxCxxxH
residues from pattern 1L are not present. To my sur-
prise, pattern 2L, Hx L, is also present in the 49 kDa
subunit, but this is probably a coincidence, as it does
not line up with the conservative histidine residue in
the sequence of the large subunit of E. coli hydroge-
nase-3 (concluded from the sequence alignment pub-
lished in Ref. 30). Patterns 3L and 4L are absent.

All the sequence comparisons in this report were
carried out by hand. Submitochondrial particles did
not show any trace of activity in our standard hydroge-
nase assays.

The findings reported here can be of help in the
further elucidation of the function of the relevant
subunits both in Complex I and in nickel hydrogenases.

I am indebted to Mrs. M. van Veenhuizen for the
hydrogenase activity measurements, to Mr. O. Sorgen-
frei for the print-out of the M. voltae sequences and to
Prof. A. Bock for critically reading the manuscript.
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