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The nucleotide sequences encoding the [NiFe] hydrogenase from Desulfovibrio gigas and the [NiFeSe]
hydrogenase from Desulfovibrio baculatus (N. K. Menon, H. D. Peck, Jr., J. LeGall, and A. E. Przybyla, J.
Bacteriol. 169:5401-5407, 1987; C. Li, H. D. Peck, Jr., J. LeGall, and A. E. Przybyla, DNA 6:539-551, 1987)
were analyzed by the codon usage method of Staden and McLachlan. The reported reading frames were found
to contain regions of low codon probability which are matched by more probable sequences in other frames.
Renewed nucleotide sequencing showed the probable frames to be correct. The corrected sequences of the two
small and large subunits share a significant degree of sequence homology. The small subunit, which contains
10 conserved cysteine residues, is likely to coordinate at least 2 iron-suifur clusters, while the finding of a
selenocysteine codon (TGA) near the 3’ end of the [NiFeSe] large-subunit gene matched by a regular cysteine
codon (TGC) in the [NiFe] large-subunit gene indicates the presence of some of the ligands to the active-site

nickel in the large subunit.

Our knowledge of the structure and function of hydroge-
nases is increasing rapidly because of work on the molecular
biology of the genes encoding these proteins. These investi-
gations have provided the primary structure of the [Fe]
hydrogenase from Desulfovibrio vulgaris subsp. vulgaris
Hildenborough (12, 23, 24) and more recently the primary
structures of the [NiFeSe] hydrogenase (9) and the [NiFe]
hydrogenase (7) from Desulfovibrio baculatus and Des-
ulfovibrio gigas, respectively. It has become evident from
these reports that these three hydrogenases are representa-
tives of three distinct classes encoded by separate genes. All
three types of hydrogenase can be present in the same
organism, as in the case of D. vulgaris (8).

The genetic organization of the hydrogenase operon was
found to be the same for the [NiFe] and [NiFeSe] hydrog-
enases, with the gene for the small subunit (molecular
masses, 26 and 29 kilodaltons, respectively) preceding that
for the large subunit (molecular masses, 62 and 56 kilodal-
tons). In contrast, the gene for the large subunit (46 kilodal-
tons) precedes that for the small subunit (13.5 kilodaltons) in
the [Fe] hydrogenase operon. While a very limited sequence
homology has been reported between the [NiFe] and
[NiFeSe] hydrogenases (7), there is no significant homology
between either of these and [Fe] hydrogenase. A more
elaborate analysis of the sequence data presented below
indicates that the [NiF‘e] and [NiFeSe] hydrogenases are
much more homologous than was previously thought.

Homology compatisons were carried out with the program
DIAGON, as described by Staden (16). In addition, the
published nucleotide sequences (7, 9, 23) were analyzed by
the codon usage method of Staden and McLachlan (17) in
order to define the most probable coding regions (e.g., see
Fig. 1). Areas in the nucleotide sequences for the [NiFeSe]
and [NiFe] hydrogenases where these most probable regions
shifted frame were subjected to renewed dideoxy sequencing

* Corresponding author.

2894

or gel reading on both strands by methods described before
(9). The amino acid sequences of the small and large subunits
derived from the revised nucleotide sequences are reported
and compared below.

No homology could be detected when the nucleotide
sequence of the [Fe] hydrogenase genes (23) was compared
with that of either the [NiFe] hydrogenase genes (7) or the
[NiFeSe] hydrogenase genes (9) by the DIAGON program.
However, a faint but distinct diagonal could be observed if
the gene sequences for the latter two hydrogenases were
compared (not shown), suggesting a more extensive homol-
ogy between [NiFeSe] and [NiFe] hydrogenases than ex-
pected (7). Analysis of the published nucleotide sequences
by the codon usage method was undertaken next. The codon
usage table of the gene for the large subunit of [Fe] hydrog-
enase from D. vulgaris (63% G+C) was used as the standard
in initial calculations, which indicated that the gene for the
large subunit of D. baculatus (57% G+C) and both genes for
the small and large subunits of D. gigas (63% G+C) con-
tained regions of low coding probability. These were
matched by regions of high coding probability in other
frames, indicating the possibility of frameshifts due to errors
in the original nucleotide sequence data. Comparable results
were obtained when the codon usage table for the small-
subunit gene of the [NiFeSe] hydrogenase from D. bacula-
tus, which displayed a high coding probability throughout its
reading frame in these initial calculations, was used as the
standard. Use of this table is preferred for calculations on
the D. baculatus genes in view of the different G+C contents
indicated above, and the results of the calculations on the
previously published sequences (7, 9) are shown in Fig. 1A
through F.

The large-subunit gene of D. baculatus hydrogenase,
which contained three regions of codon improbability (Fig.
1C, I through III), was next resequenced, and this confirmed
the correctness of the codon probability analysis. An erra-
tum with the complete, corrected sequence has been pub-
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FIG. 1. Codon probability profiles for the nucleotide sequences encoding the [NiFeSe] hydrogenase of D. baculatus and the [NiFe]
hydrogenase of D. gigas. The probability that a stretch of sequence (25 bases) is coding is plotted for the three reading frames of every
sequence. Methionine (ATG) codons are indicated on the base line of each frame, while stop (TAA, TAG, and TGA) codons are indicated
at half level in each frame. The proposed positions of the small-subunit (SS) and large-subunit (LS) genes and a scale (in base pairs) are shown
for every sequence. (A through C) Nucleotide sequences of [NiFeSe] hydrogenase genes as published by Menon et al. (9). The published
coding regions for both small-subunit and large-subunit genes (with three improbable regions, I through III) are in frame C. A TGA stop
codon, now thought to encode selenocysteine, is indicated (N\) in frame A. (D through F) Nucleotide sequences of [NiFe] hydrogenase genes
as published by Li et al. (7). The published coding regions for both small-subunit genes (with improbable region I) and large-subunit genes
(with improbable regions II through V) are in frame F. (G through I) Corrected nucleotide sequence of the [NiFeSe] hydrogenase genes (9).
The coding regions for small-subunit and large-subunit genes are in frame 1. The selenocysteine codon near the 3’ end of the large subunit
gene is indicated (N\). (J through L) Corrected nucleotide sequence of the [NiFe] hydrogenase genes (Fig. 2). The coding regions for

small-subunit and large-subunit genes translated in Fig. 2 are present in frames K and L, respectively.

lished (9). The new sequence has a high coding probability
throughout the large subunit gene (Fig. 1I). An unusual
feature of the revised sequence is a TGA stop codon in the
large subunit gene which was uncovered by codon probabil-
ity calculations of the originally published sequence (Fig.
1A, III), as will be discussed in more detail below.
Because of sequencing errors in the published nucleotide
sequence of the [NiFe] hydrogenase from D. gigas, the
codon usage method indicated a large number of frameshifts.
These have been labeled I through V in Fig. 1F. A single
region of low coding probability (region I) was found in the
published sequence for the small subunit gene and was
matched by a region of high coding probability in frame E.
Even before resequencing of the gene was started, it could
be concluded that frame E contained the correct sequence of
this region of the small subunit, since it was 40% identical to
the corresponding sequence of the small subunit of the
[NiFeSe] hydrogenase which was found to be devoid of
errors (Fig. 1C). The large subunit gene contains several
regions of low coding probability (II through V), and it was
clear that the amino acid sequence derived from this gene
had to be largely wrong. The entire [NiFe] hydrogenase
operon of D. gigas was resequenced, and the corrected

sequence is shown in Fig. 2. The small- and large-subunit
genes have been translated into protein, and regions I
through V, corresponding to new protein sequences, found
to be correctly predicted by the codon probability method,
have been indicated by overlining. These regions amount to
35% of the small-subunit and 42% of the large-subunit amino
acid sequences. The following criteria indicate the correct-
ness of the nucleotide sequence in Fig. 2. (i) Both the small
and large subunits are encoded by highly probable frames
(Fig. 1K and L, respectively). (ii) The amino acid composi-
tions of the separate small and large subunits and of the
hydrogenase (which is a 1:1 complex of these two subunits)
derived from the revised nucleotide sequence are in good
agreement with data (5, 11) determined for the protein (not
shown). (iii) The amino acid sequences derived for the small
and large subunits of the [NiFe] hydrogenase from D. gigas
show 70% identity with those obtained from the sequence of
the gene for [NiFe] hydrogenase from D. vulgaris (A. E.
Przybyla et al., unpublished data). (iv) These sequences
show lower but still significant and very interesting homol-
ogy to the sequences of the corresponding subunits from the
[NiFeSe] hydrogenase from D. baculatus.

The amino acid sequence for the small subunit of the
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FIG. 2. Corrected nucleotide sequence for the [NiFe] hydrogenase operon from D. gigas. The coding regions for the small subunit
(nucleotides 200 through 1141) and the large subunit (nucleotides 1207 through 2859) have been translated into protein with the one-letter
amino acid code. All cysteine residues have been circled. The mature small subunit (NH,-terminal sequence LTAK, etc.) is preceded by a
complex signal sequence of 50 amino acid residues. Both genes are preceded by a purine-rich sequence that could function in translation
initiation (rbs). Those parts of the amino acid sequence that differ from a previously published sequence (7) are overlined. The new sequences,
designated I through V, were correctly predicted by the codon probability analysis and correspond to low-codon-probability areas I through

V in Fig. 1F.

2896



VoL. 171, 1989

A
HKC!IGRGKDQVBERLBRRGVSRRDMETAVAVAMGHG 1
* Rk * % k &
1 H s LSRR BFVKLCSAGVAGLGIS 1

i

41 PAFAPKVABALTA mPSVVYLﬂNAECTGEQESLLRWD 55
Ahkhkkk Rkk *

23 mec campvxwococc-rccsvsx.mwn 61
80 PWD!LILDVISHDYHBMGAGH AVEE ALHEAIKG 115
* Rk kK x R Rk * * * *

63 PRIKBILLDVISI.BFHP‘NHASEGEHALAKMYEIABKFNG 121
117 nrvcvmscxpnsocc Y WGKV GRRN  MYDIE 175

xk KAk * & ] * . "

103 mLLVEGAI?TmGRYCIVGETLDAKGmeLI 162
147 wmxmvnwrcxnccvmmmrcrvcwn A 235
EE 2] x AR E: 2] 2] *x Rk * *

143 RDWKSLAMVGTCSAYGGIPNGMGSKSVRDFFA 204
185 mmm:m&rupm VGTVV HLL TK G 291

Ahkhk * Ak * * * *
183 osxzmx.vaccppnp DWMVGTLVAAWSHVLNPTEHP 260
217 MP!LDKQGRPMFGETVHDNCPRLKRF}:AGEFATSFGSP 348
Ahkk AR E 2 2 ] * ARR & xkk * .

222 I.PBLDDDGRPLLPFGDNIC? YLDKYDNSEFAETFTKP 314

257 amcrcx.nm&cro-rm&mmo VNWEVOAGHE 402
* * ARRRARE Kk *

262 G CKAELGCKGPSTYADCAKRR'NNGIWEVENA v 371
v /'Y o A

296 CIACSEPNFWDLYSPFY SA 461

AR R KRR * & ik k

296 gxcgmnhocxsprm 424

520

483

NOTES 2897

GN KIWDPITRIBGHLRIEVEVEGGKIKNAWSMSTLFRGLEMILKGRDP

* * Ak KRRk KRk AAkkk *xx Ahkk Kk Rk Rhkkk

VSQAATPMDGKVKISIDPLTRVEGHLKIEVEVKDGKVVDAKCSGGMFRGFEQILRGRDP

MSE MQ
*

RDAQHFTQRACGVCTYVHALASVRAVDNCVGVK IPENATMNLTMGAQYHHDHLVHFYH

Rk hkkh * khkk k * *hkk ok k *k * * *hkk

RDSSQIVQRICGVCPTAHCTASVHAQDDAFGVKVTTNGRITRNL IFGANYLQSHILHFYH

LHALDHVNVANALNADPAKAARLANDLSPRKTTTESLKAVQAKVKALVESGQLGIFTNAY
* ARk % * *x x
LAALDYVK GPDVS P F \4 PRYANAD L LTDRIKD GAKAD A TNTY

FLGGHPAYVLPAEVDLIATAHYLEALRVQVKMRAHAIPGAKNPHTQFTVVGGCTNYDSL

x x * kK *k K Ahkkk *

GLNQ Y L KALE I R RI CHE M VAMFGGRMPHVQGMVVGGATEIPT

RPERIAEFRKL YKEVREF IBQVYITDLLAVAGFYKNW AGIGKT SNFLTCGEFPTDE
TR T *k *

ADKVABY mFKEVOKE‘VIEEYLPLIYTLGQVYTDLFETGIGWKNVIAFGV FPEDD
YDLNSRYTPQGVIWGNDLSKVDDFNPDLIEEHVKYSWYE GADAH HPYK GVTKPKWTE

* * * % %k & * * * * * &

DYKT FLLKPGVY ID GKDEEFDSKLVKEYVGHSFFDHSAPGGLH YSVGETNPN PD

FHGEDRYSWMKAPRYKGEAFEVGPLASVLVAYAKKHEPTV KAV DL VL KTL GVGP
Kk RREARR KRRRRR * * * x  *

KPGA YSFVKAPRY!GDKPCEVGPLARMHVQ NPELSPVGQKLLKELYGIEAKKFRDDGD
BALE‘STLGRTMRGIQC LTMQBVEVHLDKLEANVKAGKDDLYTD‘QYPTESQGVGFVN

* k% * % tt *kk *kk hk * * kk

KA E‘SI!ﬁRﬂVARAEEMTAV AVEKWL K Q VQPGAET YVKSEIPDMEGTGFTE
APRGMLSHHIWRGGKIBNFQHWPSTWNLGPRCA ERKLSAVEQALIGTPIADPKRPVE

khkkk Kk * hhkkk & *k *%k * RAkkk * * Kk k%

APRGALLHYLKIKDKKIENYQIVSATLHNANPRDDMGQR GPIEEALIGVPVPDIKNPVN

v
ACGVHVIDPESNQVHKFRIL

* Akk * * *

< VHVLHAETGEEHVVN1D

ILRTVHSYD!

R
VGRLVRSYD!

FIG. 3. Comparison of the amino acid sequences of the small (A) and large (B) subunits of the D. gigas [NiFe] hydrogenase (top line) and
the D. baculatus [NiFeSe] hydrogenase (bottom line). The comparison was made with the Beckman Microgenie program. The signal peptide
processing site is indicated in both small subunits (1, | ). The locations of cysteine residues (A, ¥) and conserved cysteine residues ( I ) are
shown in both subunits. The cysteine-selenocysteine (U) homology at the COOH-terminal end of the large subunit sequence is highlighted

by a box.

[NiFeSe] hydrogenase from D. baculatus is compared with
that of the [NiFe] hydrogenase from D. gigas in.Fig. 3A,
while the two large-subunit sequences are compared in Fig.
3B. Both mature small-subunit sequences are preceded by
an NH,-terminal signal sequence of 32 or 50 residues,
respectively. These complex sequences must function in the
export of these hydrogenases or in their binding to the
membrane. The [NiFe] hydrogenase of D. gigas has been
firmly established as a periplasmic enzyme. Both large
subunits lack an NH,-terminal signal sequence and do not
appear to be processed beyond the removal of the N-formyl
methionine. The sequences for the mature small subunits
share approximately 38% of sequence identity. Both contain
12 cysteine residues, of which 10 are found to be conserved.
The amino acid residues flanking these cysteines are also
conserved (Fig. 3A). Contrary to expectations, the se-
quences of the large subunits, which are 34% identical,
contain fewer cysteines (seven and nine residues, respec-
tively), of which only three are conserved. In addition, a
fourth cysteine codon (TGC) near the 3’ end of the large-
subunit gene for [NiFe] hydrogenase is replaced by a TGA
codon, thought to encode selenocysteine, in the homologous
region of the large-subunit gene for [NiFeSe] hydrogenase
(Fig. 4).

The [NiFe] and [NiFeSe] hydrogenases are thus related,
and the modest degree of homology between the two se-
quences allows a number of potentially essential residues to
be defined. Both are very different from [Fe] hydrogenase.
The mature small subunit of [Fe] hydrogenase lacks cysteine
residues, while an arrangement of eight cysteines as in

8Fe-8S ferredoxin has been found at the NH, terminus of the
large subunit. It has been proposed that these eight cysteine
residues coordinate two of the three iron sulfur clusters that
are present in [Fe] hydrogenase (23). In contrast, 10 con-
served cysteines are found in the small subunit of [NiFe] and
[NiFeSe] hydrogenases and are sufficient for the coordina-
tion of two 4Fe-4S clusters. The spacing of these cysteines is
very different from that found at the NH, terminus of the
large subunit of [Fe] hydrogenase and is not homologous to
8Fe-8S ferredoxin.

The [NiFe] and [NiFeSe] hydrogenases are different with
respect to the metal content and composition of their non-
heme iron centers (7, 13). The 35% sequence homology is

(a) Formate Dohjdroq.nu:c CAC TGT GCA CGA CTC [TGC| CAC GGC CCA ACT
(M.Lozmicicum)

(b) Formate Dehydrogenase TGC TGC GCT CGT GTC [TGA| CAC GGC CCA TCG
E.cold)

[¢

(c) [NiFeSe]Hydrogenase CGC TCC TAC GAC CCG [TGA| CTG GGC TGT GCC
(R.baculatus)

(d) [NiFe)Bydrogenase CAC TCC TAC GAC CCC [TGC| ATC GCC TGC GGC
(D.gigas)

(e) [NiFe)Hydrogenase CAC ‘x'cc TTC GAC CCG [TGC| ATA GCC TGT GGC
(.vulgazis)

FIG. 4. Comparison of homologous nucleotide sequences coding
for cysteine-selenocysteine in (a) the formate dehydrogenase from
M. formicicum (14), (b) the formate dehydrogenase of E. coli (26),
(c) the [NiFeSe] hydrogenase of D. baculatus (9), and (d and e) the
[NiFe] hydrogenases of D. vulgdtis (unpublished data) and D. gigas
(Fig. 2, nucleotides 2779 through 2808).
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insufficient for cross-hybridization on genomic Southern
blots (N. Menon, unpublished data), while in Western blots,
antibodies directed against the purified proteins fail to cross-
react (13). The homology within the [NiFe] class of hydro-
genases is much higher and allowed the rapid cloning of the
[NiFe] hydrogenase gene from D. vulgaris with a probe from
D. gigas. It appears that the two enzymes are 70% homolo-
gous at the amino acid sequence level.

The biochemical role of selenium in the [NiFeSe] hydro-
genases is under active investigation. Selenium has been
reported to be incorporated into polypeptide chains by a
nonspecific mechanism as selenomethionine (15) and by a
specific mechanism (18) which involves the modification of a
seryl tRNA to a selenocysteinyl tRNA (6) followed by
cotranslational insertion of a selenocysteine. Inorganic sele-
nium has been reported in carbon monoxide oxidase (10).
Selenium has been shown to serve as a replacement for
sulfur in some nonheme iron proteins (1, 22).

It is most relevant that selenium, present as selenocys-
teine in formate dehydrogenase from Escherichia coli, is
encoded by a TGA codon (26). Moreover, this TGA codon is
replaced by a TGC (cysteine) codon in the formate dehydro-
genase from Methanobacterium formicicum, which lacks
selenium (14). This is analogous to the results of the present
study, and the relevant nucleic acid sequences are compared
in Fig. 4. The occurrence of selenocysteine in Methanococ-
cus vannielii hydrogenase has been demonstrated elsewhere
(25), and the presence of a TGA codon for selenocysteine
has also been reported in mammalian glutathione peroxi-
dases (3, 19).

Nickel is thought to be involved in the activation of
hydrogen by the nickel-containing hydrogenases (4, 20,
21). The higher H,/HD ratios observed with the [NiFeSe]
hydrogenases suggest that selenium modifies the reactivity
of this active-site nickel (2). The possible explanation that
selenium as selenocysteine serves as a ligand to the nickel
has been recently substantiated by the observed broadening
of the nickel electron paramagnetic resonance signals of
[NiFeSe] hydrogenase enriched with selenium-77 (6a) and by
extended X-ray absorption fine-structure spectroscopy stud-
ies which indicate that selenium is adjacent (0.246 nm) to the
nickel (3a). Together these spectroscopic data demonstrate
that selenium, as selenocysteine, serves as a ligand to nickel
in [NiFeSe] hydrogenase, while the data presented in Fig. 3B
point to the cysteine in the large subunit that is likely to have
an equivalent function in [NiFe] hydrogenases.
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