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ABSTRACT An indispensable part of the hydrogen-
recycling system in Bradyrhizobium japonicum is the uptake
hydrogenase, which is composed of 34.5- and 65.9-kDa subunits.
The gene encoding the large subunit is located on a 5.9-kilobase
fragment of the H,-uptake-complementing cosmid pHUS2
[Zuber, M., Harker, A. R., Sultana, M. A. & Evans, H. ]J.
(1986) Proc. Natl. Acad. Sci. USA 83, 7668-7672]. We have now
determined that the structural genes for both subunits are
present on this fragment. Two open reading frames are present
that correspond in size and deduced amino acid sequence to the
hydrogenase subunits, except that the small-subunit coding
region contains a leader peptide of 46 amino acids. The two genes
are separated by a 32-nucleotide intergenic region and likely
constitute an operon. Comparison of the deduced amino acid
sequences of the B. japonicum genes with those from Desulfo-
vibrio gigas, Desulfovibrio baculatus, and Rhodobacter capsulatus
indicates significant sequence identity.

The H, evolution that accompanies biological N, fixation
represents a large energy expenditure. At least 25% of the
available electron flux is utilized in H, production, thus
diminishing the potential for N, fixation (1). However, some
strains of rhizobia possess an active H,-uptake (Hup) system
that catalyzes H, oxidation, which results in increased ATP
production and decreased levels of dissolved O,, thus pro-
viding benefits for the nitrogenase system (1).

Lambert et al. (2) isolated a cosmid, pHUS2, from an
EcoRlI library of Bradyrhizobium japonicum DNA prepared
in pLAFR1 (3). It encoded all determinants for H, recycling
in B. japonicum and conferred Hup activity and autotrophic
growth capability to Hup~ strains of rhizobia. Zuber et al. (4)
cloned a 5.9-kilobase (kb) HindIII fragment of pHUS52 in a
plasmid, pMZ550, and determined by immunological meth-
ods that the gene encoding the large subunit of the hydro-
genase was located on this fragment. The gene for the small
subunit originally was thought to reside on a separate 2.9-kb
fragment of pHUS2 but was found subsequently to be present
on the same 5.9-kb insert in pMZ550 (4).

We now report the nucleotide sequence of the relevant
region of this insert. It encodes structural genes for both the
large and small subunits of the B. japonicum hydrogenase.
The deduced amino acid sequence of this hydrogenase from
B. japonicum is compared to the sequences of hydrogenases
from Rhodobacter capsulatus (5), Desulfovibrio gigas (6),
Desulfovibrio baculatus (7), and Desulfovibrio vulgaris (8).

MATERIALS AND METHODS
Bacterial Strains. B. japonicum 122DES (9) was used to
nodulate soybean [Glycine max (L.) Merr., cultivar Wilkin]
for bacteroid RNA preparation. Escherichia coli strains
DC646 (4), MV1304 (10), HB101 (11), and JM103 (12) were
grown as described.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

8395

Plasmids and Cloning. The plasmid vectors utilized were
pTZ19U (10) and M13mp18 and M13mp19 (13). The source of
the hydrogenase genes was the cosmid pHUS2, which was
maintained in HB101. The 5.9-kb HindIII fragment from
pHUS2 was recloned from pMZ550 (4) into the plasmid
pTZ19U to give the plasmid pLAS]. Fragments were gener-
ated from the 5.9-kb insert by use of HindIlI, Pst I, Sst 1, or
Sph I and were subcloned into M13mp18 and M13mp19 for
sequencing (14).

Enzymes and Chemical Reagents. Restriction and modifi-
cation enzymes were purchased from Bethesda Research
Laboratories or from United States Biochemical (Cleveland)
and used according to the supplier’s directions. Reagents for
DNA sequencing were purchased from Pharmacia or as a kit
from United States Biochemical. 2'-Deoxyadenosine 5'-[a-
[**S]thioltriphosphate (1400 Ci/mmol; 1 Ci = 37 GBq) for
sequencing and adenosine 5'-[y->?Pltriphosphate tetra-
(triethylammonium) salt (6000 Ci/mmol) for 5’-end labeling
were purchased from NEN.

Nucleotide Sequencing. Overlapping subclones were gen-
erated by exonuclease IIl/nuclease S1 digests (14) and
sequenced by the dideoxy chain-termination method (15).
The large fragment of DNA polymerase I or the modified T7
DNA polymerase (Sequenase; United States Biochemical)
was used.

Oligonucleotide Probes and Hybridization. Probes were
synthesized by Agrigenetics (Madison, WI) or by the Gene
Research Center at Oregon State University. Fragments of
pHUS2 or the 5.9-kb DNA insert from pLLAS1 were separated
by electrophoresis in 0.75% agarose gels and transferred to
GeneScreenPlus (NEN) (16). Prehybridization (7 hr) and
hybridization (16 hr) were at 42°C (17). Probes were 5'-end-
labeled with 32P by polynucleotide kinase and used at 2.0
pmol (1.5 x 10° cpm) per reaction. Tetramethylammonium
chloride washes were performed at 42°C and autoradiographs
were prepared by exposure to Kodak X-Omat film for 24 hr
at —80°C. HindIlI-digested A phage DNA fragments, 5'-end
labeled with 3P, served as size markers.

Transcript Mapping. Total RNA was isolated from 3 g of
30-day-old soybean nodule bacteroids or 0.5 g of autotrophi-
cally grown B. japonicum cells (18). Two probes were
employed: the first extended from the Mlu I sit: (nucleotide
position 69; Fig. 2) to the left HindIII site of pLAS1. The
second probe extended from the Not I site (position 304; Fig.
2) to the same HindIII site. Both probes were 5'-end-labeled
by using [*?PJATP and polynucleotide kinase. Transcript
mapping was performed as described by Corbin et al. (19).

Abbreviation: ORF, open reading frame.
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RESULTS

Hydrogenasé Gene Location. Hybridization (data not
shown) using two oligonucleotide probes whose sequences
were based on N-terminal peptides from both subunits (L.
Seefeldt and D. Arp, personal communication) indicated that
the hydrogenase genes were located on pHUS2. Both probes
hybridized to the 5.9-kb HindIII fragment of pHUS52. To
precisely locate the large-subunit structural gene, the 5.9-kb
HindIlI fragment of pHUS2 was recloned in pLAS1 (Fig. 1a).
After digestion of pLAS1 with Sst I, Sst I/HindIIl, BamHI,
or BamHI/HindIll (Fig. 1b), fragments were separated and
hybridized with a labeled probe whose sequence was derived
from an internal peptide (Met-Asp-Tyr-Phe-Gln-Asp-Lys-
Leu) fragment of the large subunit (H. Paaren, personal
communication). The pattern of hybridization to the Sst I and
BamHI fragments of pLLAS1 indicated that the probe was
homologous to part of the internal 450-nucleotide BamHI-Sst
I fragment (Fig. 1 b—d).

Nucleotide Sequencing. A restriction map of the 5.9-kb
HindIIl insert of pLAS1 was generated by use of BamHI, Bgl
II, Pst I, Sph I, and Sst I (Fig. 1b) and used as a guide for
preparation of subclones in M13mpl8 and M13mpl9 for
sequencing. The data (Fig. 2) revealed that structural genes
for the two hydrogenase subunits were located between the
left BamHI site and the Bgl II site of the pLAS1 insert. Two

a)

/T

Proc. Natl. Acad. Sci. USA 85 (1988)

open reading frames were present in this region. The left-
most, ORF1 (1089 nucleotides), was capable of encoding a
protein of 39.5 kDa (363 amino acids). This was somewhat
larger than expected, since the hydrogenase small subunit has
an experimentally determined molecular mass of 35 kDa (20).
However, the small-subunit N-terminal peptide (Leu-Glu-
Thr-Lys-Pro-Arg-Val-Pro-Val; L. Seefeldt and D. Arp, per-
sonal communication) was specified within ORF1 at nucle-
otides 152-178. Thus, ORF1 encodes the small subunit and a
leader peptide of 46 amirio acids. The calculated size of the
OREF1 peptide excluding the leader was 34.5 kDa, in excellent
agreement with the experimentally determined value of the
small subunit (20). A consensus Shine-Dalgarno sequence
(GGAGG) was present 4 bases upstream from the leader
peptide start codon. No such sequence was present in the 75
nucleotides upstream from the start of the mature peptide. It
appears that a leader peptide of 46 amino acids is present in
the primary translation product of this gene and is removed
during subunit maturation.

ORF2 (1788 nucleotldes) was capable of encoding a peptide
of 65.9 kDa (596 amino acids), a value in agreement with the
experimentally determined value of 65 kDa (20). In addition,
ORF2 encoded an N-terminal peptide, Met-Gly-Ile-GIn-Thr-
Pro-Asn-Gly-Phe, identical to that present in the hydrogen-
ase large subunit (L. Seefeldt and D. Arp, personal commu-
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Fic.1. Cloning of the B. japonicum hydrogenase genes and localization of the large-subunit gene. (a and b) Construction of pLASI1. Starting
material was the cosmid pHUS52 (a), which confers H,-uptake activity and autotrophic growth on Hup~ strains of Rhizobium (4). The physical
map of the 35-kb EcoRI DNA insert in pHUS2 is illustrated. The 5.9-kb HindIII subfragment containing the hydrogenase genes was subcloned
into pTZ19U to give pLAS1 and mapped. To localize the large-subunit gene, fragments from pLAS1 (b) were hybridized with a 24-base-pair
(bp) oligonucleotide probe whose sequence was derived from an intérnal peptide of the hydrogenase large subunit. B, Bg! 1I; Bm, BamHI; E,
EcoRI; H, Hindlll; P, Pst1; S, Smal; Sp, Sph1; Ss, Sst L. (c) Endonuclease digest of pLAS1. Lanes: 1, size markers; 2, Sst l; 3, Sst I-HindIII;
4, BamHI; S, BamHI-HindIII. Faint bands at 4.4 kb in lane 4 and 1 kb in lane 5 are due to BamHI *‘star’’ activity. Fragments were visualized
with ethidium bromide. (d) Autoradiograph of the fragments that hybridized to the probe. Hybridization to the 2.2-kb Sst I fragment (lane 2)
and the 3.0-kb BamHI-HindlIII fragment (lane 5) indicated that a region homologous to the probe (solid bar in b) was located on the rightmost

450-bp BamHI-Sst I fragment.
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CGGCCCACGTGLGGTCGCGATCCAGCACATCGTGCGCTCGT TCGATCCCTGCATGGTGTGACCGCGCACTGACCGGAAACTTCGT TGCCGGCTGCAMTCGAATTGTTT - 146
CCGCTTCTCGATCTCCAGCATCCTCGTGTACCGCTCCTGCGAGCAAT TCAAACACCCAACGTTCTGGAATCTCTCCACT TTTGAATCGCTCCAGGCTGTTGGCCTGCTTCTTGCTGTCCT TGGCGTCATCGAAAAGTCAAAGCGANGG CGGGAGGATAC *13

ncwcsccmwsmmmtumcmncmmwmucmurcccmmcumm TGC AGC CTG ACG GCG ACG AGC CTC GGG CTC GGG CCG CTG GCG GCG 133
Y

s n r_Ar Ph r 40
AGC CGC ATC GCG AAC GCG ETC GAG ACC AAG CCG CGC GTG CCC GTQ ATC TGG ATG CAC GGC CTC GAA TGC ACC TGC TGC TCC GAG AGC TTC ATC CGG TCC GCG CAC CCG CTG GTC AAG GAT 253
Ser Arg [le Alg Agn Ale Lgu Glu Thr Lys Pro Arg Vel Pro Val Ile Trp MET Mis Gly Leu Glu Cys Thr Cys Cys Ser Glu Ser Phe Ile Arg Ser Ala Nis Pro Leu Val Lys Asp 80

GCC GTG CTG TCG ATG ATC TCG CTC GAC TAT GAC GAC ACC ATC ATG GCG GCC GCG GGT CAC CAG GCG GAG GCC ATC CTC GAG GAG ACC CGC GCC AAG CAC AAA GGC CAG TAC ATC CTC GCG b1¢3
Ala Val Leu Ser MET Ile Ser Leu Asp Tyr Asp Asp Thr 1le MET Ala Ala Als Gly Wis Gln Ala Glu Als Ile Leu Glu Glu Thr Arg Ala Lys Nis Lys Gly Gln Tyr 1le Leu Ale 120

GTG GAA GGC AAT CCG CCG CTG AAC GAA GGC GGC ATG TTC TGC ATC GAC GGC GGC AAG CCG TTC GTC GAG AAG CTC AAG ATG ATG GCC GAG GAC GCG ATG GCG ATC ATC GCC TGG GGC GCC 493
val Glu Gly Asn Pro Pro Leu Asn Glu Gly Gly MET Phe Cys Ile Asp Gly Gly Lys Pro Phe Val Glu Lys Leu Lys MET MET Als Glu Asp Ale MET Ala lle 1le Als Trp Gly Ala 160

7GC GCG TCC TGG GGC TGC GTG CAG GCG GCA AAG CCC AAT CCG ACC CAG GCG ACG CCG ATC GAC AAG GTC ATC ACC AAC AAG CCC ATC ATC AAG GTG CCG GGA TGC CCC CCG ATC GCC GAA 613
Cys Ala Ser Trp Gly Cys Val Gln Ale Als Lys Pro Asn Pro Thr Gln Ala Thr Pro 1le Asp Lys Vel [le Thr Asn Lys Pro Ile lle Lys Val Pro Gly Cys Pro Pro lle Ala Glu 200

GTG ATG ACC GGC GTC GTC ACC TTC ATC ACC ACC TTC GGC AAA TTG CCC GAG CTC GAC CGC CAG GGC CGG CCG AAG ATG TTC TAC TCG CAG CGC ATT CAC GAC AAA TGC TAC CGC CGT CCG n3
val MET Thr Gly Val Val Thr Phe Ile Thr Thr Phe Gly Lys Leu Pro Glu Leu Asp Arg GLn Gly Arg Pro Lys MET Phe Tyr Ser Gln Arg 1le Nis Asp Lys Cys Tyr Arg Arg Pro 240

CAT TTC GAC €CC GGC CAG TTC GTC GAG GAG TGG GAC GAC GAG GCC GCC CGC AAG GGC TAC TGC CTC TAC AAG ATG GGC TGC AAG GGC CCG ACC ACT TAC AAC GCC TGT TCG ACC GTG CGC 53
Nis Phe Asp Ale Gly Gln Phe Val Glu Glu Trp Asp Asp Glu Ale Als Arg Lys Gly Tyr Cys Leu Tyr Lys MET Gly Cys Lys Gly Pro Thr Thr Tyr Asn Ale Cys Ser Thr Vel Arg 280

7GG AAC GGC GGC GTG TCC TTC CCA ATC CAG TCG GGC CAC GGC TGC ATC GGC TGC TCC GAG GAC GGC TTC TGG GAC AAG GGC TCG TTC TAC GAC CGT CTC ACC AAC ATC AAG CAG TTC GGC [ 2¢]
Trp Asn Gly Gly Val Ser Phe Pro Ile Gln Ser Gly Ris Gly Cys lle Gly Cys Ser Glu Asp Gly Phe Trp Asp Lys Gly Ser Phe Tyr Asp Arg Leu Thr Asn [le Lys Gln Phe Gly 320

ATC GAG AAG AAC GCC GAT CAG ATC GGC ATG GTG GCG GCG GGC GCC GTC GGC GCC GCG GTG GCC GCG CAT GCG GCC GYG ACC GCA GTG AAG CGG CTC GCG ACC AAG CGC GAA GAC GCC GAC 1093
Ile Glu Lys Asn Ale Asp Gin Ile Gly MET Val Als Ala Gly Als Val Gly Ala Ala Val Ala Ala Nis Ale Als Val Thr Ala Val Lys Arg Leu Als Thr Lys Arg Glu Asp Ala isp 360

CAC AAC AGC TGA GCG AAG AGA AAC ACT AGG GTA GGA ACA CA EVQ GGY ATC CAG ACT CCC AAC GGC nﬂ AAT CTC GAC AAT TCC GGC AAG CGC ATC GTC GTC GAT CCG GTG ACC CGT ATC 1212
Nis Asn SgC BEL Gly Ile Gin Thr Pro Asn Gly Phe Asn Leu Asp Asn Ser Gly Lys Arg Ile Val Val Asp Pro Vel Thr Arg lle 26

GAA GGT CAC ATG CGG GTC GAG GTC AAT GTC GAC GCC GAC AAC GTG ATC CGC AAT GCG GTC TCG ACC GGC ACG ATG TGG CGT GGG ATC GAA GTG ATC CTG AAG AAC CGC GAT CCC CGC GAC 1332
Glu Gly Nis MET Arg val Glu Vel Asn Vel Asp Ala Asp Asn Val 1le Arg Asn Ala Vel Ser Thr Gly Thr MET Trp Arg Gly Ile Glu Val lle Leu Lys Asn Arg Asp Pro Arg Asp 66

GCC TGG GCG TTC ACC GAG CGG ATC TGC GGC GTC TGC ACC GGC ACC CAC GCA CTG ACG TCG GTG CGC GCG GTC GAG AAC GCG CTC GGG ATC ACC ATT CCG GAG AAC GCC AAT TCG ATC CGC 1452
Als Trp Ala Phe Thr Glu Arg Ile Cys Gly Val Cys Thr Gly Thr His Ala Leu Thr Ser Val Arg Ala Val Glu Asn Ala Leu Gly Ile Thr Ile Pro Glu Asn Als Asn Ser Ile Arg 106

AAT CTG ATG CAG CTT GCA TTG CAG GTG CAC GAC CAC GTC GTG CAT TTC TAT CAC CTT CAC GCG CTG GAC TGG GTC GAC GTC GTC TCC GCG CTC TCG GCC GAT CCG CGG GCG ACC TCG ACG 1572
Asn Leu MET Gin Leu Ale Leu Gln Val Nis Asp Nis Val Val Nis Phe Tyr Kis Leu Nis Ala Leu Asp Trp Val Asp Val Val Ser Ale Leu Ser Ala Asp Pro Arg Ale Thr Ser Thr 146

CTG GCG CAG TCG ATC TCG AAC TGG CCG CTG TCG TCG CCC GGC TAT TTC AAG GAT CTG CAG ACA AGG CTG AAG AAG TTC GTC GAA TCC GGG CAG CTC GGT CCG TTC AAG AAC GGT TAT 166G 1692
Leu Als Gin Ser Ile Ser Asn Trp Pro Leu Ser Ser Pro Gly Tyr Phe Lys Asp Leu GLn Thr Arg Leu Lys Lys Phe Val Glu Ser Gly Gln Leu Gly Pro Phe Lys Asn Gly Tyr Trp 186

GGC AGC AAG GCC TAC AAG CTG CCG CCC GAG GCC AAT CTG ATG GCC GTG GCG CAT TAT CTG GAG GCG CTC GAC TTC CAG AAG GAG ATC GTC AAG ATC CAC ACC ATC TTC GGC GGC AAG AAC 1812
Gly Ser Lys Als Tyr Lys Leu Pro Pro Glu Ale Asn Leu MET Ala Vel Als Nis Tyr Leu Glu Ala Leu Asp Phe Gln Lys Glu Ile Val Lys Ile His Thr Ile Phe Gly Gly Lys Asn 226

CCG CAT CCG AAC TGG CTG GTC GGC GGC GTG CCC TGT CCG ATC AAC GTC GAC GGC M‘.GA GGT GCC GTC GGC GCC ATC AAC ATG GAG CGG TTG AAC CTG ATC TCC TCG ATC ATC GAC CGG CTG 1932
Pro His Pro Asn Trp Leu Vel Gly Gly Val Pro Cys Pro 1le Asn Val Asp Gly Thr Gly Ala Val Gly Als Ile Asn MET Glu Arg Leu Asn Leu Ile Ser Ser Ile Ile Asp Arg Leu 266

ATC GAG TTC AAC GAA ATG GTC TAT CTG CCC GAC GTG GCG GCG ATC GGG TCG TTC TAC AAG GAC TGG CTC TAT GGC GGC GGC CTC TCG GGC CAG AGC GTG CTC GCC TAT GGC GAC GTG ccC 2052
1le Glu Phe Asn Glu MET Val Tyr Leu Pro Asp Val Aws Ale Ile Gly Ser Phe Tyr Lys Asp Trp Leu Tyr Gly Gly Gly Leu Ser Gly Gin Ser Vel Leu Ala Tyr Gly Asp Val Pro 306

GAA CAT GCC AAC GAC TAT TCC GCC AAG AGC CTG AAG CTG CCG CGG GGC GCC ATC ATC AAC GGC AAT CTG TCC GAA GTG TTT ucorcutmmmmmwncwwnc 27
Glu Nis Ale Asn Asp Tyr Ser Ala Lys Ser Leu Lys Leu Pro Arg Gly Als Ile I1le Asn Gly Asn Leu Ser Glu Val Phe Pro Val Asp Nis Als Asn Pro Asp Glu Ile Gln Glu Phe

GTG GTC CAC TCC TGG VTAC AAA TAC CCT GAC GAG ACC AAG GGC CTG CAT CCC TGG GAC GGC GTC ACC GAG CCG AAC TAC GTG CTG GGG CCC AAT GCG AAG GGC ACC AAG ACC GCG ATC GAG 2292
Vel Val His Ser Trp Tyr Lys Tyr Pro Asp Glu Thr Lys Gly Leu Nis Pro Trp Asp Gly Val Thr Glu Pro Asn Tyr Val Leu Gly Pro Asn Ala Lys Gly Thr Lys Thr Ala Ile Glu 386

CAG CTC GAC GAG GGC GGC AAG TAT TCG TGG ATC AAG GCA CCT CGC TGG AAG GGC CAC GCC ATG GAG GTC GGC CCG CTG GCG CGC TGG GTG GTC GGC TAC GCG CAG AAC AAA TCC GAG TTC 2412
Gln Leu Asp Glu Gly Gly Lys Tyr Ser Trp Ile Lys Ala Pro Arg Trp Lys Gly Nis Ale MET Glu Val Gly Pro Leu Als Arg Trp Val Val Gly Tyr Ale Gln Asn Lys Ser Glu Phe 426

AAG GAT CCC GTC GAC AAG TTC CTG AGG GAT TTG AAC CTG CCG ACG TCG GCG CTG TTC mmcvcmmmmmcae«mmtaelcvammmwﬁ 532
Lys Asp Pro Val Asp Lys Phe Leu Arg Asp Leu Asn Leu Pro Thr Ser Ala Leu Phe Ser Thr Leu Gly Arg Thr Ale Ala Arg Ala Leu Glu Ser Val Trp Ala Gly Arg Gln MET Arg 466

TAC TIC CAG GAC AAG CTC GTQ GCC AAC ATC AAG GCC GGG GAC AGC TCG ACC GCC AAT GTC GAC AAG TGG AAG CCG GAG AGC TGG CCG AAG GAA GOT AAG GGC GTC GGC TTC ACC GAG GG 2652
Tyr Phe Gln Asp Lys Leu Val Als Asn Ile Lys Als Gly Asp Ser Ser Thr Als Asn Val Asp Lys Trp Lys Pro Glu Ser Trp Pro Lys Glu Ala Lys Gly Vel Gly Phe Thr Glu Ala S06

€CG CGC GGC GCG CTC GCG CAC TGG ATC AAG ATC AAG GAC ACC AAG ATC GAC AAC TAC CAG TGC GTC GTG CCG ACC ACC TGG AAC GGC TCG CCG CGC GAT CCC AAG GGC AAC ATC GGC GCC 2772
Pro Arg Gly Ala Leu Ala Nis Trp Ile Lys Ile Lys Asp Thr Lys Ile Asp Asn Tyr GLn Cys Val Val Pro Thr Thr Trp Asn Gly Ser Pro Arg Asp Pro Lys Gly Asn Ile Gly Ala  S46

TTC GAG GCG TCG CTG ATG AAC ACG CCG ATG GTC AAT CCC GAG CAG CCG CTC GAG ATT CTG CGC ACG ATC CAT TCC TTC GAT CCG TGC CTG GCC TGT TCG ACG CAC GTC ATG AGC CCG GAT 2892
Phe Glu Alas Ser Leu MET Asn Thr Pro MET Val Asn Pro Glu Gln Pro Leu Glu Ile Leu Arg Thr 1le His Ser Phe Asp Pro Cys Leu Ala Cys Ser Thr Nis Val MET Ser Pro Asp 586

GGC CAG GAG CTC GCC AAG GTC AAG GTC AGG TAG amccu!urwtwmvacrccccccrccmccmccmtcwrcacccuccc1tccwmccrecemmcccccuccclcmmtm 3039
Gly Gln Glu Leu Ala Lys Val Lys Vel lﬂ ----------------------------- > Qeeccccceceaces 96

CGCCGGTGCGGATCTGCCACTGGGTGAACGCGT TCTCGATCATCGTGCTGATGGT GACCGGE TATCTGATCGGAACGCCGCTGCCAACGG TCGCGGCAGECGTCCGACAACT TCGTGATGGGCTACAT TCGETTCGCCCATTTCGCTGCGGGACAGE 3198
TGCTCGELGTGTTCTTICCTCACGCGTATCCTGTGGGCCT TCGTCGGCAACCATCACTCCCGGCAGATCT 3267

Fi1G. 2. Restriction map, sequencing strategy, and nucleotide sequence of the B. japonicum uptake hydrogenase genes. (a) Restriction map
of pLAS1. Sequencing strategy is illustrated by horizontal arrows showing the orientation and extent of sequences obtained from overlapping
fragments cloned in M13mp18 and M13mp19. Hydrogenase subunit open reading frames ORF1 and ORF2 are represented by shaded boxes.
The point of hybridization of probe used in Fig. 1 is indicated by a vertical bar in ORF2. Transcription is from left to right. (b) Nucleotide
sequence. Deduced amino acid sequences of ORF1 and ORF?2 are indicated. Wavy underlining (nucleotides 5-9 and 1126-1130) indicates putative
ribosome binding sites. First and last amino acids of the mature proteins are doubly underlined. Putative leader peptide is underlined.
Transcription start site (position 1) is circled. Horizontal arrows located after the stop codon of the large subunit (positions 2955-2991 and 2999-
3031) show inverted repeats that may be transcription termination signals. Sites of hybridization of the oligonucleotide probes are boxed.
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nication). It also contained the internal peptide Met-Arg-Tyr-
Phe-Gln-Asp-Lys-Leu, which was identical in all but one
amino acid (arginine instead of asparagine) to that isolated
from the large subunit and on which the original probe was
based. A ribosome binding site (AGGAA) was present 4
bases before the start codon. The two ORFs were separated
by a 32-nucleotide intergenic region. Inverted repeats were
located after ORF2 (nucleotides 2955-2991 and 2999-3031),
but no such potential transcription terminators were present
in the intergenic region. No other ORFs of any significant size
were present in either orientation.

The calculated isoelectric points of 6.1 for the small and
6.09 for the large subunit may be compared to the experi-
mentally determined value of 6.30 for the holoenzyme (20).
Similarly, the deduced amino acid composition of the two
subunits agreed closely with that of the purified hydrogenase
(20). One cysteine residue was present in the leader peptide
sequence, 13 in the small subunit, and 6 in the large subunit.

Transcript Mapping. The position of transcription initia-
tion was determined by S1 nuclease mapping (data not
shown). The protected fragments were 69 and 304 nucleotides
long, respectively, indicating that transcription initiation is at
the guanine located 13 nucleotides prior to the start codon of
the small-subunit leader sequence. The nucleotide sequences
at —10 and —35 resembled neither the prokaryotic consensus
promoter sequence (21) nor the sequences involved in initi-
ation of nod gene transcription (22). The position of tran-
scription initiation was the same with mRNA from autotro-
phic or bacteroid cells.

Sequence Comparison. The Needleman—Wunsch algorithm
(23) was used to compare the amino acid sequence homology
of the small and large subunits of B. japonicum, R. capsu-
latus, D. gigas, and D. baculatus. The coding regions for the
small subunits of B. japonicum and R. capsulatus exhibited
striking similarity (Fig. 3). Overall identity was 70%, with
major areas of complete identity. Significant divergence was
present only at residues 280-286. In R. capsulatus this region
was very basic, whereas in B. japonicum it was not. The
degree of similarity between the B. japonicum and R. cap-
sulatus large subunits was even greater (i.e., 75%).

Alignment of the small subunits of D. baculatus and D.
gigas indicated that these two proteins were similar neither
to each other nor to the small subunits of B. japonicum or R.
capsulatus. Overall identity was only 23% and the two
sequences were characterized by isolated islands of similar-
ity, for example at D. baculatus positions 50-56 and 262-274.
All four subunits exhibited strong conservation of a few
amino acid clusters in relation to their overall sequence. All
mature small subunits contained 12-14 cysteine residues of

Proc. Natl. Acad. Sci. USA 85 (1988)

which 8 were strongly conserved, and all contained the
consensus sequence GXCX,GCKGPXTYXXCX,¢_,,CIXC
(B. japonicum positions 259-298). The positions of proline
and arginine were also strongly conserved. In the large
subunits there was little conservation of cysteine number or
position. The cysteine content ranged from 6 to 18 residues
and, of these, 2 were aligned.

Sequence similarity between small-subunit pairs extended
to the leader peptides. R. capsulatus and B. japonicum are
membrane-bound and their leader peptides were almost
identical. Both were fairly hydrophobic and contained two
separate arginine-rich clusters. The hydrogenases of D. gigas
and D. baculatus are periplasmic enzymes (6, 7). Their leader
peptides were much shorter than those of B. japonicum and
were characterized primarily by a single extremely hydro-
phobic cluster.

The conservation of cysteine position and regions of
hydrophobicity in the small subunits can be seen in Fig. 4.
This figure displays hydrophobic regions (24) and cysteine
positions for all four small subunits. Nine cysteine residues
(at B. japonicum positions 63, 66, 134, 195, 261, 267, 276, 295,
and 298) aligned well in all subunits (Fig. 3). The cysteine
residues between 260 and 299 were contained in the consen-
sus sequence GXCX,GCKGPXTYXXCX,¢ ;,CIXC identi-
fied above. In addition, B. japonicum, R. capsulatus, and D.
baculatus had hydrophobic regions at 158-170 and 190-205,
which were well conserved. These regions were not present
in D. gigas. Interestingly, B. japonicum and R. capsulatus
small subunits contained at their C termini very hydrophobic
regions that may contribute to their location in the bacterial
membrane. The sequences were absent from D. baculatus
and D. gigas enzymes, which are located in the periplasmic
space.

DISCUSSION

The arrangement of the structural genes in B. japonicum is
similar to that in R. capsulatus, D. baculatus, and D. gigas.
The small-subunit gene is followed by that encoding the large
subunit. The structural gene for the small subunit encodes not
only the mature monomer but also a leader peptide of 46
amino acids. The same is true in R. capsulatus, D. baculatus,
and D. gigas. The opposite situation prevails for the hydro-
genase of D. vulgaris, where the subunit gene order is
reversed and the leader peptide is associated with the small
subunit. The two genes of B. japonicum are separated by a
small intergenic region, as are the corresponding genes in R.
capsulatus, D. baculatus, and D. gigas. Since the transcrip-
tion start site is located upstream from the small-subunit
gene, since there are no obvious promoter elements in the

Bj MGAAT% FCSLTATSL'G,L,GPLAASR ALET] RV[P 65
Rc  MSDI RRQG I TRRSEMKIS VRS PQHVIEGEGPISF VP KI/GE[AMET] R M 64
Db MSLRREFVKLCSAGVAGLGISQIYHPG! IVH_ [AM [T[EGAKKKA |P QGIQG) 52
Dg MKEISRAVAVAAMMGPAF AP KVREAE [ AKKR [PISVVY LENA] 43
SA AEA]I TIRAKHKG EGNPPLN 131
e b MR Ea B
¢ I 1 A LLVEGATP[TA KEH 118
TV o Vi HAVIEEIALHEA IKG DFVCMIEGE IlF| MGD 106
Bj DG [GKPF] K MMDAM T TAWGACASWGCVQAAKPNPTQATR|I DKV 184
Rec i GKPE] RHAAEGGKIA| [EI{SWGACASYIGCVQAAJA] A Kvi] 183
Db RYIC'HVIGET LDAKGHHHEVTMMEIL TRDLAPK _ SLATVAVGTCSAYGG|PAAEGNVTIGSKSVRDFFAD 183
Dg YWGKVKV(G [GRNMYD I CAEV APKAKGGV[A]I GTAIPPT VAl KGLGPKAKPNHGHRGCERSPG 164 FiG. 3. Sequence compari-
son of B. japonicum (Bj) uptake
Bj N PGCPPTAEVMIG) VTFITKLPEL DROGRAKMEYSQORTHDKCYRRPHF DAGQEVE 251 hydrogenase small subunit and
Rc [TDKP I} / AEVMIGVIITYM DRMPE L DROGRAAMF.YSQRIHDKCYRRPHFEDAGQFE V. 250 |eader peptide with comparable
Db EKIEKLLVN TLVAAWSHV LNIPTEHPLPELDDGRPLLFFGDNIHENCPYLDKYDNSE 252 pep P
Dg QTGREGYQHRRL HRGASAHQGHARAGQARPPGDVLRRNRARQLPPSEALRSGRVCHLFG 232 sequences from R. capsulatus
(Rc), D. baculatus (Db), and D.
B B e e Ve B e T oeeTee EosERe T ed EVOETMTEGE] 28 58 h oo - Vimnais (9 e
c y CL GPITYNACST HGC1GCSEDGFWD EYDRLTIT[LKQF] 318 . P. Vignai
Db FAETFTKPGKAE Lo GKG RS YIADIGA K HEWRING] NWEV ENA - VIC | GOVEI DEBIOR KaE Yot 31 are boxed. P. Vignais (5) ha;
Dy SPE WKKGYCEYE LIGEKGPIDTYNNGPK QLF NQVNWEIVIDAGHPIC 1AICS ElPNEWDIL YISIFIE Yis A 202 informed us that the correcte
initial sequence (upper left) of
Bj KNADQTGOMVAAGAVGAAVAAHAAVIT AVIKRIL AT[KIREIDAD HN'S 33 the R. capsulatus leader peptide
Rc ATADQ']I "E VGAAVAAHAAVISV QNEE 3sg is QLSDI instead of MSDI.
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FiG. 4. Cysteine positions (arrows) and hydrophobic domains
(black boxes) in hydrogenase small subunits. Mature subunit N
termini are shown by shortened bars. Bj, B. japonicum; Rc, R.
capsulatus; Db, D. baculatus; Dg, D. gigas. aa, Amino acids.

intergenic region, and since the only putative transcription
terminator is at the end of the large-subunit structural gene,
it is likely that the two genes constitute a single operon.

The striking conservation of key amino acid sequences in
the small subunits from this rather diverse group of bacteria,
with the exception of D. vulgaris, suggests an important
structural or functional role. Stabilization of tertiary struc-
ture and participation in metal binding sites are obvious
possibilities. Evidence has been presented (8) that the con-
sensus iron binding site of ferredoxin (CIXCACXXE-
CPVX,C) may have a homolog in the large subunit of D.
vulgaris hydrogenase. Our data indicate that a significant
feature of these primary sequences is the retention of a set of
widely distributed cysteine residues and the presence in all
small subunits of the sequence GXCX,GCKGPXT-
YXXCX,6_,7CIXC. This sequence corresponds to that iden-
tified by Li et al. (6) as a potential iron-binding sequence but
is not similar to the iron binding site of ferredoxin. Indeed the
cysteine content of the large subunits of these bacterial
hydrogenases is variable, and in B. japonicum there is no
cysteine-containing binding site resembling that described by
Voordouw and Brenner (8). Other metal-binding domains
may be present. For example, the hemerythrin ion-binding
domain HXXH (25) has a close homolog, HFYHXHALD, in
the large subunit of B. japonicum. This last sequence is
conserved in all large subunits and may well play a role in
metal binding. The data regarding the content of Fe, Ni, and
Se in B. japonicum hydrogenase are incomplete (1).

The hydrophobic domains and conserved cysteine posi-
tions of the B. japonicum small subunit coincide closely with
those from R. capsulatus, D. baculatus, and D. gigas (Fig. 4).
The extremely hydrophobic domains that are present at the
C termini of the small subunits of B. japonicum and R.
capsulatus but absent from the termini of the D. baculatus
and D. gigas hydrogenases may well provide extra anchorage
for these enzymes in the bacterial membrane. This would
explain the need for detergents in the purification of hydro-
genases from B. japonicum and R. capsulatus (26) but not in
preparations from D. gigas and D. baculatus.

Selenium increases the activity of the H,-uptake system of
B. japonicum,! and the UGA codon has been reported to
encode selenocysteine in mammalian glutathione peroxidase
and E. coli formate dehydrogenase (27). No evidence for a
role of a UGA codon in selenocysteine incorporation in B.
Jjaponicum hydrogenase has been found.

IIHanus, F. J., Papen, H., Becker, M., Boursier, P., Russell, S. A.
& Evans, H. J. (1988) Proceedings of the VII International Con-
gress on Nitrogen Fixation, Mar. 1988, Cologne, F.R.G. (abstr.
12-44).

Proc. Natl. Acad. Sci. USA 85 (1988) 8399

The sequence similarity of the hydrogenase structural
genes from B. japonicum and R. capsulatus explains their
similar enzymatic characteristics and crossreactivity toward
antibodies raised against the B. japonicum hydrogenase (26).
Li et al. (6) discussed the different immunological properties
of the hydrogenases from D. baculatus and D. gigas and
suggested that their differences are in their cellular origin and
metal content. It would be interesting to test the affinity of
these two hydrogenases for the antibodies against B. japon-
icum hydrogenase.
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