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Summary. The structural genes (hup) of the H 2 uptake hyd- 
rogenase of Rhodobacter capsulatus were isolated from a 
cosmid gene library of R. eapsulatus DNA by hybridization 
with the structural genes of the H 2 uptake hydrogenase 
of Bradyrhizobium japonicum, The R. capsulatus genes were 
localized on a 3.5 kb HindlII fragment. The fragment, 
cloned onto plasmid pAC76, restored hydrogenase activity 
and autotrophic growth of the R. capsulatus mutant JP91, 
deficient in hydrogenase activity ( H u p ) .  The nucleotide 
sequence, determined by the dideoxy chain termination 
method, revealed the presence of two open reading frames. 
The gene encoding the large subunit of hydrogenase (hupL) 
was identified from the size of its protein product 
(68108 dalton) and by alignment with the NH2 amino acid 
protein sequence determined by Edman degradation. Up- 
stream and separated from the large subunit by only three 
nucleotides was a gene encoding a 34256 dalton polypep- 
fide. Its amino acid sequence showed 80% identity with 
the small subunit of the hydrogenase of B. japonicum. The 
gene was identified as the structural gene of the small sub- 
unit of R. capsulatus hydrogenase (hupS). The R. capsulatus 
hydrogenase also showed homology, but to a lesser extent, 
with the hydrogenase of Desulfovibrio baculatus and D. gi- 
gas. In the R. capsulatus hydrogenase the Cys residues (13 
in the small subunit and 12 in the large subunit) were not 
arranged in the typical configuration found in [4Fe-4S] fer- 
redoxins. 

Key words: Hydrogenase structural genes - Rhodobaeter 
capsulatus - hupS, hupL - hup sequence - (NiFe)hydrogen- 
ase 

Introduction 

The hydrogenase enzymes catalyse the "activation" or re- 
versible oxidation of molecular hydrogen according to the 
reaction H 2 ~ 2 H  + + 2 e - .  They play a central role in the 
chemolithotrophic growth of a variety of taxonomically di- 
verse bacteria, and function as H2 uptake hydrogenases 
to provide cells with reducing power needed for CO2 fixa- 
tion, or to supply H2 electrons in H2 dependent oxidative 
phosphorylation. H2 uptake hydrogenases have been identi- 
fied and characterized in lithoautotrophic bacteria such as 
Alcaligenes, in nitrogen fixing rhizobia and Azotobacter 
cells, in anaerobic sulfate reducers, in photosynthetic bacte- 
ria, and in facultative aerobic Escherichia coli cells. H2 up- 
take hydrogenases are mostly membrane bound NiFe sulfur 
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proteins. Surveys of the literature concerning those hydro- 
genases have been published recently (Vignais et al. 1985; 
Friedrich et al. 1986; Gogotov 1986). 

The hydrogenase of the purple nonsulfur photosynthetic 
bacterium Rhodobacter capsulatus (formerly Rhodopseudo- 
monas capsulata, Imhoff et al. 1984) is the best studied of 
the hydrogenases from photosynthetic bacteria. Colbeau 
and colleagues isolated a hydrogenase protein from mem- 
branes of R. capsulatus strain B10. The 65_+ 2 kDa protein 
contained nickel and could transfer electrons from H2 to 
artificial electron acceptors such as benzyl-viologen and 
methylene blue (Colbeau and Vignais 1981, 1983; Colbeau 
et al. 1983). Recently, Seefeldt et al. (1987) showed that the 
R. capsulatus hydrogenase from strain B100 is a hetero- 
dimer with subunits of 67 kDa and 31 kDa. Both the large 
and small subunits of the R. capsulatus hydrogenase acted 
in a manner similar to the membrane-bound dimeric hydro- 
genases purified from Azotobacter vinelandii, Alcaligenes la- 
tus and A. eutrophus H16, and cross-reacted with antibodies 
raised against the Bradyrhizobium japonicum hydrogenase. 
As a result, it is possible that these immunologically related 
membrane-bound hydrogenases also share common physi- 
cal properties (Seefeldt et al. 1987). 

These findings encouraged us to use a DNA fragment 
from B. japonicum, which carried the structural genes of 
the B. japonieum hydrogenase, to probe our cosmid library 
of R. capsulatus genomic DNA and isolate homologous 
DNA sequences. The B. japonicum probe used was a hup 
gene contained on the 5.9 kb HindIII fragment of cosmid 
pHUI (Cantrell et al. 1983) and pHU52 (which is pHUI 
with an extra 5.5 kb EcoRI fragment; Lambert et al. 1985). 
The B. japonicum hup gene product was expressed in E. 
coli and cross-reacted with antibodies against the large sub- 
unit (60 kDa) of the hydrogenase from B. japonicum (Zuber 
et al. 1986). The same probe (pHUI) was used successfully 
by Tibelius et al. (1987) to isolate hup genes from A. chroo- 
COCClAm. 

We are now presenting data on the cloning and sequenc- 
ing of the structural genes of the (NiFe)hydrogenase from 
R. capsulatus. The sequence of the cloned DNA from R. 
capsulatus revealed the presence of two open reading 
frames. One was aligned with the NH2-terminal amino 
acids of the large subunit of hydrogenase, and the other 
one encoded a 34 kDa protein which exhibited homology 
with the small subunit of three other sequenced hydrogen- 
ases, the (NiFeSe)hydrogenase from Desulfovibrio baculatus 
(Menon et al. 1987), the (NiFe)hydrogenase from Desulfovi- 
brio gigas (Li et al. 1987) and the (NiFe)hydrogenase from 
B. japonicum (Sayavedra et al. 1988). 
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Materials and methods 

Bacterial strains and cultures. Bacterial strains and plasmids 
are listed in Table 1. E. coIi strains were grown aerobically 
at 37°C in liquid Luria Bertani (LB) medium (Maniatis 
et al. 1982). Solid LB medium contained 1.5% agar, unless 
specified otherwise. R. capsulatus strains were grown routin- 
ely in the light in a minimal salts (RCV) medium (Weaver 
et al. 1975; Hillmer and Gest 1977) supplemented with DL- 
malate (30 raM) and L-glutamate (7 raM) as C and N 
sources, respectively, or in the dark in YPS medium which 
contained 0.3% Bacto-peptone, 0.3% yeast extract, 2 mM 
CaC12, and 2 mM MgSO4 (Weaver et al. 1975). Solid medi- 
um was prepared with 1.2% agar. Petri plates with solid 
medium were incubated at 30°C in white light (about 
2500 lux) anaerobically in GasPak jars (BBL Microbiology 
Systems, Becton Dickinson and Co., Cockeysville, MD 
21030, USA) under an atmosphere of H2, N2 and COz. 
For autotrophic cell growth, no C compound was added 
to RCV medium, and the N source was 7 mM ammonium 
sulfate. Antibiotics, added to growth media as indicated, 
were kanamycin (Km), 20 gg/ml; rifampicin (Rif) 40 gg/ml; 
ampicillin (Ap) 100 btg/ml; and tetracycline (Tc). The Tc 
concentration in growth media for E. coli was 10 gg/ml 
and for R. capsulatus the concentration was 0.5 gg/ml. 

Table 1. Bacterial strains and plasmids 

Strain Genotype Comments 
or plasmid or phenotype and references 

Escherichia coli 

HBI01 F reeAproA ara xyl Boyer and Roulland- 
mtl lacY galK rpsL Dussoix (1969) 
supE hsdS 

TB1 A(lae-pro), strA, Gibco BRL (host 
ara, thi, ~80, for pUC plasmids) 
lacZ AM15, hsdR 

JM83(pUC18 ara, A(lac-proAB), Gibco BRL (source 
or pUCI9) thi, strA d)80, of pUCI8 or pUC19) 

lacZ AM15, Apr 

Rhodobacter capsulatus 

B10 Wild type, Hup + Marrs (1974) 

JP91 Hup-, Km ~, obtained Willison et al. (1987) 
from JP57 (Hup ,Km r) 

JP91A Hup-, Rif ~, 
obtained from JP91 

Bacterial matings. Bacterial matings were made with the 
triparental cross system of Ditta etal. (1980) using 
pRK2013 in E. coli HB10I as the mobilizing plasmid. Both 
E. coli strains and R. capsulatus were grown aerobically 
overnight at 30 ° C in the dark in liquid YPS medium. E. pAC70 
coli cultures were diluted 10-fold and R. capsulatus was 
diluted by one half with YPS medium. Incubation of the pAC76 
three cultures was continued for 2 additional hours to allow 
cells to reach exponential growth. Finally 25 gl of E. coli pBC1 
(pRK2013) culture, 25 gl of the culture of E. coli carrying 
the recombinant plasmid, and 50 ~tl of R. capsulatus mutant pUC18 
strain were mixed and spread onto solid YPS medium. After 
24 h of aerobic growth at 30 ° C in the dark, the bacterial pUC19 
layer was scraped off the solid medium, resuspended in 
1 ml of salts solution (RCV without phosphate, C or N 
compounds) and used to inoculate liquid or solid medium. 
After suitable dilution, the cell suspension was grown either 
on solid YPS medium containing Rif (40 gg/ml) and Tc 
(0.5 ~tg/ml) to estimate the number of transconjugants, or 
on RCV-agar plates without organic carbon to select for 
Hup + transconjugants: Autotrophic growth of  Hup + trans- 
conjugants in liquid cultures was carried out in 3 ml RCV 
medium devoid of organic carbon. The inoculated medium 
in cotton-plugged tubes was incubated under an atmo- 
sphere of Ha, Nz, CO2, in the light, at 30 ° C, in GasPak 
jars. Absorbance of the cultures was measured at 660 nm 
in samples withdrawn at time intervals over a period of 
one week. 

Isolation o f  DNA.  Total DNA was prepared by the method 
of Marmur (1961). Plasmid DNA was obtained by the alka- 
line method of Birnboim and Doly (1979). It was purified 
on cesium chloride gradient for large scale preparations 
(Ish-Horowicz and Burke 1981), or by successive extrac- 
tions with a phenol-chloroform solution (1 : 1, v/v) and chlo- 
roform for small scal6weparations using only 3 ml of cul-  
ture fluid. Endonuclease DNA digests were analyzed by 
electrophoresis in agarose gels (0.7%). Electrophoresis was 

Plasmids 
pLAFRI 

pRK2013 

pRK290 

pRK292 

pHC79 

TC, cosmid vector 
Km r, helper plasmid 

TC, plasmid vector 
Tc r, plasmid vector 
Ap r, Tc r, 
cosmid vector 
Tc r (pLAFRI 20 kb 
EcoRI insert) 
Tc r (pRK292 3.5 kb 
HindIII insert) 
Ap r (pHC79, 40 kb 
BamHI insert) 

pBR322 derivative 

pBR322 derivative 

Friedman et al. (1982) 

Ditta et al. (1980) 

Ditta et al. (1980) 

Ditta et al. (1980) 
Hohn and Collins (1980) 

This work 

This work 

This work 

Yanisch-Perron et al. 
(1985) 
Yanisch-Perron et at. 
(1985) 

performed overnight in Tris-borate-EDTA buffer, pH 8.3, 
with a voltage input of 1 volt/cm. 

DNA cloning procedure. DNA was hydrolysed by restriction 
endonucleases as specified by the manufacturer (Boehringer 
Mannheim, W. Germany). Routinely, the ligation of a 
DNA fragment with a linearized and dephosphorylated 
plasmid vector was made under the following conditions: 
DNA fragments to DNA vector in a ratio of about 4:1 
with a total DNA concentration of about 0.2 mg/ml, T4 
DNA ligase (0.5 unit per btg DNA), total volume 20 txl. 
Incubation time was 16 h at 15 ° C. After ligation, the hy- 
brid DNA was introduced into E. coli by transformation. 
Competent E. coli cells were prepared and stored at - 80 ° C 
as described by Morrison (1979). After transformation with 
the ligation mixture (200~400 ng DNA per 0.15 ml compe- 
tent cells), transformed E. coli cells were selected on LB 
plates in the presence of tetracycline (Tc; 10 gg/ml). 

Construction o f  gene banks o f  R. capsulatus. Two genomic 
DNA libraries of R, capsulatus strain B10 were constructed. 
The first one using the cosmid vector pLAFR1 (Friedman 
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et al. 1982) and 20 kb EcoRI inserts was described by Col- 
beau et al. (1986). The second gene bank was constructed 
with 40 kb BamHI fragments. The 40 kb fragments were 
obtained by partial digestion of total DNA with the restric- 
tion endonuclease BamHI (0.1 units/gg DNA, 1 h at 37 ° C) 
and purified on a 10%~40% sucrose gradient (Maniatis 
et al. 1982). They were cloned into the 6.4 kb cosmid vector 
pHC79 (Hohn and Collins 1980). Ligation and in vitro 
packaging were performed as described (Colbeau et al. 
1986). 

After selection on LB plates containing 100 ~tg ampicil- 
lin (Ap)/ml, 5000 clones per pg DNA were obtained from 
which 80% were Tc sensitive. Fifteen hundred Ap resistant, 
Tc sensitive cells were stored individually at - 8 0  ° C. 

DNA-DNA hybridization. For hybridization, DNA frag- 
ments were labeled with a-[32p]dCTP (ca. 110 TBq/mmol, 
Amersham, UK) by nick-translation using a kit according 
to the instructions by the manufacturer (Boehringer, Mann- 
helm). 

Colony hybridization. The gene bank was grown overnight 
on LB plates with 10 pg Tc/ml. Each plate contained about 
2-3 x 103 colonies. A replica was made on Hybond nylon 
membrane (Amersham, UK) which was placed on LB/Tc 
plates and incubated at 37°C overnight. Colonies were 
lysed by placing the nylon membrane onto Whatman 3MM 
paper wetted with 0.5 N NaOH, and incubated for 3 rain. 
The nylon membrane with alkaline-solubilized cells was 
neutralized by blotting onto Whatman filter paper wetted 
with 1.0 M Tris-HC1 buffer, pH 8, and then washed with 
chloroform. DNA was fixed for 5 min under UV light. 

Filter hybridization. Unlabeled DNA was separated in an 
agarose gel (0.7%). After DNA denaturation with a solu- 
tion of 0.5 M NaOH and 1.0 M NaC1, the agarose gel was 
washed several times in 25 mM phosphate buffer, pH 6.5. 
DNA was transferred to a Hybond nylon filter by electro- 
blotting in an IBI apparatus (Genofit, Geneva, Switzer- 
land), operating at 30 V with 25 mM phosphate buffer, 
pH 6.5. After 3 h, the transferred DNA was fixed onto the 
membrane by exposure to UV light for 5 rain. The DNA- 
loaded membrane was prehybridized for 1 h with salmon 
sperm DNA, followed by hybridization for 16 h at 42 ° C 
as described by Maniatis et al. (1982) under high or low 
stringency conditions with 50% or 35% (v/v) formamide, 
respectively. The 32p-labeled DNA probe was denatured 
for 15 min at 95 ° C, cooled for 2 rain in an ice ethanol 
bath, and then added to the hybridization mixture 
(2X 106 cpm/ml/7 cm 2 of Hybond membrane). After hy- 
bridization, the Hybond membranes were washed 3 times 
with a solution containing 0.30 M NaC1, 20 mM NaHzPO4, 
and 2 mM EDTA (2 SSPE) and 0.1% sodium dodecyl sul- 
fate (SDS), at 45 ° C, before autoradiography (Maniatis 
et al. 1982). Autoradiograms were prepared by overnight 
exposure at - 80 ° C to Fuji Nif type X-Ray film. 

DNA sequencing. For nonrandom sequence analysis, DNA 
fragments were prepared as follows. The 3.5 kb HindIII 
fragment of pAC70 was cloned into pBR322 and cleaved 
either at the unique ClaI site of pBR322 or at the StuI 
site of the insert. It was shortened by progressive enzymatic 
digestion with the exonuclease Balm (Ponzc et al. 1982) 
to generate a series of subfragments sequentially shortened 

by about 150-200 bp. After treatment with Klenow enzyme 
to generate a blunt cloning end, fragments were subcloned 
at the HindIII and SmaI sites of pUC18 and pUC19 (Yan- 
isch-Perron et al. 1985). Transformed TB1 colonies were 
grown on LB agar plates containing Ap (100 pg/ml) and 
5-bromo-4-chloro-3-indolyl fl-D-galactopyranoside (X-Gal) 
(2%). The presence of hup DNA was monitored by colony 
hybridization with the 3.5 kb HindIII fragment of pAC76, 
32p_labele d by nick translation. Plasmids of labeled colonies 
were denatured and used for sequencing by the dideoxy 
chain termination procedure (Sanger et al. 1977; Hattori 
et al. 1986) after purification by ultracentrifugation on ce- 
sium chloride. 

Specific oligonucleotide primers were synthesized using 
phosphoramidite chemistry with an Applied Biosystems 
synthesizer (model 380A). Ten nanograms of specific primer 
was annealed to 2 gg of template DNA (Strauss et al. 1986). 
Sequencing reactions were performed with ~-[35S]dATP 
(37 Tbq/mmol) using the Amersham sequencing kit. The 
procedure of B. Roe (described in Focus vol. 9(3) 1987) 
was used for sequencing DNA fragments extending over 
200bases. Deoxy-7-deazaguanosine (Boehringer Mann- 
helm) was used in place of dGTP to reduce compression 
of bands on sequencing gels (Mizusawa et al. 1986). Sam- 
ples were prepared on 5% acrylamide (Bio-Rad), 8.3 M 
urea (Fluka, Buchs, Switzerland) sequencing gels (0.4 mm 
thickness) with Tris-borate-EDTA buffer (Maniatis et al. 
1982) using a Sequi-Gen T M  nucleic acid sequencing cell 
(38 x 50 cm) from Bio-Rad (Richmond, Calif, USA). After 
electrophoresis at 1850 V, gels were rinsed in 10% acetic 
acid 10% methanol solution to remove urea and then dried 
on a slab-gel dryer, model SE 1160 (Hoefer Scientific Instru- 
ments, San Francisco, Calif, USA). Autoradiograms were 
prepared by exposure for I or 2 days to Kodak "no  screen" 
DEF-5 X-Ray film. 

Sequence data analysis (alignment of the DNA se- 
quences, determination of the open reading frames, transla- 
tion in amino acids, codon usage and comparison with 
other Rhodospirillaceae, nucleotide sequence comparisons, 
prediction of secondary structures and hydrophobicity pat- 
terns) was performed on a Prime computer connected to 
B.I.S.A.N.C.E. (Base Informatique sur les S~quences d'A- 
cides Nuclriques pour les Chercheurs Europrens; centre 
Inter Universitaire de Traitement Informatique, Paris, 
France) where sequence data banks and data processing 
programs are accessible. 

Hydrogenase assays. Hydrogenase was assayed spectropho- 
tometrically with methylene blue (whole cells) or benzyl- 
viologen (membranes and purified protein) as electron ac- 
ceptor (Colbeau and Vignais 1981). Protein concentrations 
were determined by the method of Bradford (1976) with 
bovine serum albumin as standard. 

Purification of hydrogenase and NH2 terminal sequence de- 
termination. Hydrogenase was prepared from R. capsulatus 
cells grown anaerobically in the light. Whole cells from 
5 1 culture fluid were disrupted with a French pressure cell. 
Hydrogenase in the cell-free extract was precipitated with 
polyethylene glycol 6000 and purified by DEAE cellulose 
liquid column chromatography in the presence of 0.2% Tri- 
ton X-100 (Colbeau et al. 1983). The large hydrogenase sub- 
unit was isolated on preparative SDS acrylamide gels 
(Laemmli 1970), then visualised and eluted by the method 
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of Hager and Burgess (1980). Protein samples were concen- 
trated with an immersible CX-10 filtration unit (Millipore 
Bedford, Mass, USA) and salts and SDS were removed 
by molecular sieving on a 1 ml Biogel PI0 column. Biogel 
P10 was equilibrated in 70% (v/v) formic acid. The hydro- 
genase protein in 70% formic acid was placed in siliconized 
Eppendorf tubes and dried in a Speed-Vac evaporator. 
Amino terminal sequence analysis was performed by Ed- 
man degradation with 1 nmol of protein using an Applied 
Biosystems (Calif. USA) protein sequenator (model 470 A) 
at the Laboratoire de Chimie Bacthrienne (CNRS, Mar- 
seille, France). 

R e s u l t s  

A DNA sequence homologous to the hup structural genefrom 
B. japonicum is present in R. capsulatus genomic DNA 

The 5.9 kb HindIII fragment from pHUI  (Lambert et al. 
1985; Zuber et al. 1986) was used to probe homologous 
DNA sequences in R. capsulatus genomic DNA. Indeed, 
one HindIII fragment of 3.5 kb and three EcoRI fragments 
of 1.4, 1.0 and 0.6 kb hybridized with the B. japonicum 
hup structural gene under high stringency conditions 
(Fig. 1A). 

Cloning the structural hup gene from R. capsulatus by colony 
hybridization 

The 2200 clones of the R. capsulatus B10 gene bank (Col- 
beau et al. 1986) were grown on Hybond nylon film. After 
denaturation with NaOH, the colonies were screened by 
hybridization with the 5.9 kb HindIII fragment from pHUI,  
3ZP-labeled by nick translation. Nine colonies had a radio- 
activity level higher than the noise level. All the labeled 
colonies were picked, purified, and their cosmids analysed 
by digestion with EcoRI and HindIII restriction endonucle- 
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Fig. 1 A, B. Hybridization of Rhodobacter capsulatus DNA with 
the hydrogenase structural gene from Bradyrhizobium japonicum. 
Autoradiographs obtained with a 32P-labeled 5.9 kb HindIII DNA 
fragment from pHUI used as a probe (sizes indicated in kb). A 
EeoRI and HindIII digested genomie DNA. Lane 1, EeoRI digest; 
lane 2, HindlII digest. B EcoRI and HindlII digested pAC70. 
Lane 3, EcoRI digest; lane 4, HindIII digest 

ases. The restriction pattern was the same for all of the 
clones tested. Clone AC70 was chosen for further study. 
The restriction endonuclease map of the insert DNA of 
AC70 is depicted in Fig. 2. 

In separate experiments, it was determined by DNA 
hybridization which of the restriction fragments from the 
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Fig. 2. Restriction map of pAC70 and 
nucleotide sequencing strategy. The 
restriction sites (A, AvaI; B, BamHI; 
E, EeoRI; H, HindIII; P, PstI; Pv, 
PvuII; S, SalI; St, StuI) of the hup 
DNA region are shown. Arrows 
indicate the direction and extent of 
sequencing: ~ clones generated by 
Bal3t; .--* regions obtained by specific 
primer directed sequencing. The region 
encoding the small and large subunit is 
shown by shadowed bars in the upper 
part of the figure; the direction of 
transcription is from left to right 



insert DNA of pAC70 was homologous with the hup gene 
from B. japonicum. Plasmid was hydrolysed by HindIII and 
by EcoRI. The digested fragments were separated in an 
agarose gel, and then transferred to a Hybond nylon mem- 
brane to test for hybridization with the 32p-labeled 5.9 kb 
HindIII fragment from pHUI  (Fig. 1 B). A 3.5 kb HindIII 
fragment and three EcoRI fragments of 1.4, 1.0 and 0.6 kb 
showed strong homology to the B. japonicum probe. It is 
important to note that fragments of  the same size had been 
detected by hybridizing the same probe with R. capsulatus 
DNA isolated from the genome or from the recombinant 
plasmid pAC70 and digested by HindIII and EcoRI 
(Fig. 1). This suggested that the DNA sequence of the insert 
in pAC70 was similar to native DNA, and that no major 
rearrangement of the DNA sequence had occurred during 
the construction of the gene bank. The 3.5 kb HindIII frag- 
ment from pAC70, which strongly hybridized to the B. ja- 
ponicum probe, was subcloned into the HindIII unique site 
of plasmid pRK292 to produce plasmid pAC76. 

Identification ofhup  DNA by complementation of the Hup- 
mutant 

Among the Hup derivatives of R. capsulatus B10 tested 
in complementation experiments, one mutant, JP91, had 
its hydrogenase activity restored after conjugation with E. 
coli carrying either plasmid pAC70 or pAC76 (Fig. 3). Mu- 
tant JP91 is a Km s revertant of strain JP57 (Kmr), reported 
earlier to be unable to grow autotrophically and to contain 
undetectable levels of hydrogenase activity (Willison et al. 
1987). Restoration of hydrogenase activity in Hup + trans- 
conjugants of JP91 was also accompanied by restored syn- 
thesis of  hydrogenase protein. I-Iydrogenase synthesis was 
monitored by rocket immunoelectrophoresis (data not 
shown) using antibodies raised against R. capsulatus hydro- 
genase (Colbeau et al. 1983). 

These data confirmed that the 3.5 kb HindIII fragment 
contains a hup gene. However, the hup gene was probably 
not present in its entirety in the 3.5 kb fragment since less 
than 1% of the transconjugants were Hup + after mating 
of JP91 with strains AC70 or AC76. Apparently, normal 
hup gene function in JP91 was recovered by marker rescue. 

Isolation of a second clone containing the 3.5 kb HindlII 
fragment with its upstream region 

To obtain the complete hup gene a second gene bank with 
40 kb BamHI inserts was prepared and screened by colony 
hybridization with the 32p-labeled 3.5 kb HindIII fragment 
from R. capsulatus. From the 16 colonies which hybridized 
to the probe, 1 colony, BC1, was selected. The insert of 
pBC1 digested with Bamt-II gave several restricted frag- 
ments, 2 of which, 9.6 kb and 8.0 kb in size, hybridized 
with the radioactive probe. The hup gene together with its 
upstream DNA region of interest was localized in the 9.6 kb 
BamHI fragment as determined by hybridization with a 
32p-labeled 0.38 kb HindlII-AvaI subfragment (shown on 
the left hand side in Fig. 2). 

Analysis of the N H  2 terminal sequence of the large subunit 
of R. capsulatus hydrogenase 

To identify unambiguously that the gene isolated was the 
hup structural gene encoding the large subunit of  R. capsula- 
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Fig. 3. Restoration of autotrophic growth and hydrogenase activity 
in the Hup- mutant JP91 by recombinant cosmids pAC70 and 
pAC76. Rhodobacter capsulatus strain JP91 was first mated on 
agar get with Escherichia coli strains AC70, AC76 or 
HB101(pRK292). Transconjugants were transferred to liquid cul- 
ture and grown anaerobically under light for 3 days E3, 5 days [] 
and 8 days IN. The hydrogenase activity expressed in gmol methy- 
lene blue/h per mg protein was determined after 8 days of growth 
(on top of the bars) 

tus hydrogenase, the N H  2 terminal amino acid sequence 
of the purified hydrogenase protein was determined (see 
Materials and methods), and found to be T h r -  T h r -  G l n -  
T h r -  Pro - A s n -  Gly - Phe - Thr - Leu - Asp - A s n  - 
Ala - G l y -  Lys - A r g -  I l e -  Val - Val. 

Sequencing strategy 

The 3.5 kb HindIII fragment of  pAC76 was digested with 
restriction endonucleases. Hybridization of the resulting re- 
striction fragments with the B. japonicum probe indicated 
that the homologous sequence was located in the 2.55 kb 
HindIII-StuI fragment of pAC76 (data not shown). This 
2.55 kb fragment was then sequenced by non-random se- 
quence analysis performed on 2 sets of deletion clones as 
described in Materials and methods. The sequencing strate- 
gy and restriction map of the sequenced fragment on plas- 
mid pAC76 are shown in Fig. 2. The region upstream of 
the HindIII site, carried on a 9.6 kb BamHI fragment from 
pBC1 subcloned into pUC18, was sequenced twice using 
a synthetic 17-mer oligonucleotide which hybridized to a 
sequence located 40 nucleotides downstream from the Hin- 
dIII  site. 

Sequence analysis 

The nucleotide and derived amino acid sequences for the 
hup DNA from R. capsulatus are presented in Fig. 4. Two 
open reading frames (ORFI and ORF2) could be identified. 
The NH2 terminal protein sequence derived from the 
ORF2, after the translational initiator (ATG) at posi- 
tion 1081, was identical to the NH2 terminal amino acid 
sequence of the large subunit of R. capsulatus hydrogenase 
determined by Edman degradation. ORF2 was therefore 
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TTG TCG GAC ATC GAA ACT TTC 
Leu Set Asp Ile Glu Thr Phe 

CCG CAG CAC GTT TTG GGG CTT 
Pro Gln His Val Leu Gly Leu 

GTC TGG GTG CAT GGG CTT GAA 
Val  Trp Va l  H is  G ly  Leu Glu 

CTC TCG ATG ATC TCG CTC GAT 
Leu Ser Met I l e  Set  Leu Asp 

ATC GCC AAA TAC AAG GGC AAC 
I i e  Ala Lys Tyr Lys Gly Asn 

GGC GGC AAG CCC TTT GTC GAG 
Gly Gly Lys Pro Phe Val Glu 

TAT GGC TGC GTG CAG GCC GCG 
Typ GIYF~Y-~VaI Gin A la  A1a 

AAG GTC CCG GGC TGC CCG CCG 
Va i  Pro G l y ~ P r o  Pro Lys 

CTG GAC CGT CAG GGC CGC CCG 
Leu Asp Arg Gin G ly  Arg Pro 

GGG CAA TTC GTC GAA CAC TGG 
Gly  Gin Phe VaZ Glu H is  Trp  

ACC TAC AAC GCC TGT TCG ACC 
Thr Tyr Asn AlE C~ISer  Thr 

TCC GAG GAC GGG TTC TGG GAT 

Ser Glu Asp Gly Phe Trp Asp 

GAC CAG ATC GGC TGG ACC GCC 
Asp Gln I l e  Gly Trp Thr Ala 

CAG AAA AAG AAC GAG GAG GCG 
Gln Lys Lys Asn Glu GIu Ala 

GTC GTC GAT CCC GTC ACC CGG 
Val Val Asp Pro Val Thr Arg 

GTC TCG ACC GGG ACG ATG TGG 
Va l  Set  Thr G ly  Thr Met Trp 

CGG ATC TGC GGT GTC TGC ACC 
Arg I l e  C ~ G i y  Val~y-~Thr 

GAG AAT GCG AAT TCG ATC CGC 
Asp Asn Ala Asn Ser IZe Arg 

GCG CTG GAT TGG GTG AAC COG 
Ala Leu Asp Trp Val Asn Pro 

AGC CAT CCG CTG TCG TCC CCC 
Ser His Pro Leu Set Ser Pro 

CTG TTC AAG AAC GGC TAC TGG 
Leu Phe Lys Asn Gly Tyr Trp 

GAA GCG CTG GAT CTG CM MG 
GIu Ala Leu Asp Leu Gln Lys 

GGC GGT GTG CCC TGT CCG ATC 
Gly Gly Val P r o ~ - ~ P r o  I l e  

TCG ATC ATC GAG CGC TGC ACC 
Ser I l e  I l e  Asp A r g ~ T h r  

TGG CTC TAT GGC GGC GGG CTG 
Tpp Leu Tyr  Gly  Gly  Gly  Leu 

GGT CAG CTG CAT CTG CCG CGC 
Gly  Gln Leu His Leu Pro Arg 

Fig. 4. 

TAT GAC GTG ATG CGG CGT CAG GGG ATC ACC CGG CGC AGC TTC ATG AAG TCT GTT CGC TCA 81 
Tyr Asp Val Met Arg Arg Gln Gly Ile Thr Arg Arg Ser Phe Met Lys Set val Arg Ser 

1 
GGG CCC TCC TTC GTG CCG AAA ATC GGC GAA GCC ATG G~ ACG ~G CCG CGC ACC CCG GTC 162 

Gly Pro Ser Phe Val Pro Lys Ile Gly Glu Ala Met Glu lhr Lys Pro Arg Thr Pro Val 9 

TGC ACC TGC TGT TCG GAA AGC TTC ATC CGC TCG GCG CAT CCG CTG GCC AAG GAT GTC GTG 243 
~ T h r ~ y - ~ S e r  Glu Ser Phe I l e  Arg Ser AI& H ls  Pro Leu A le  Lys Asp Va l  Va l  36 

TAC GAC GAC ACG CTG ATG GCC GCC GCC GGT CAC GCC GCC GAA GCG GCC TTC GAG GAA ACC 324 
Ty r  Asp Asp Thr  Leu Met A la  A la  A l a  G ly  H i s  A la  AI& Glu A la  A l a  Phe Glu Glu Thr  63 

TAC ATC CTG GCC GTC GAG GGC AAC CCG CCG CTC AAC GAA GAC GGG ATG TTC TGC ATC ACC 405 
I / e  Leu A la  Va l  Glu G/y Asn Pro Pro Leu Asn Glu Asp G ly  Met P h e ~  I l e  Thr  90 Ty r  

AAG CTG CGC CAC GCC GCC GAG GGC GCC AAG GCG ATC ATC AGC TGG GGG GCC TGT GCG TCT 486 
Lys Leu Arg His  A la  AZa Glu G ly  A l a  Lys A Ia  l l e  l i e  Set Trp  GIE A I & F ~ A I a  Set  117 

GCG CCG AAC CCC ACC CAG GCG ACG CCG GTG CAC AAG GTG ATC ACC GAC AAG CCG ATC ATC 567 
A Ia  Pro Asn Pro Thr  Gin A la  Thr  Pro Va l  H is  Lys Va l  l l e  Thr  Asp Lys Pro l l e  l l e  144 

ATC GCC GAG GTG ATG ACC GGC GTC ATC ACC TAC ATG CTG ACC TTC GAC CGG ATG CCG GAA 648 
l i e  A la  Glu Va l  Met Thr  GZy Va i  l l e  Thr  Ty r  Met Leu Thr  Phe Asp Arg Met Pro GZu 171 

GCG ATG TTC TAC AGC CAG CGC ATC CAC GAC AAA TGC TAC CGC CGC CCG CAT TTC GAC GCC 729 
A la  Met Phe Ty r  Sep Gln Arg I l e  H is  Asp L y s ~  Ty r  Arg Arg Pro His  Phe Asp A la  198 

GAC GAC GAA AAC GCG CGC AAG GGC TAT TGC CTC TAC AAG ATG GGC TGC AAG GGC CCG ACC 810 
Asp Asp Glu Asn Ala Arg Lys GIE T y r ~ L e u  Tyr Lys Met G l y ~ L y s  GIE Pro Thr 225 

GTG CCG CTG GAA CGG CGG CGT CAC TTC CCG ATC CAG TCC GGT CAC GGC TGC ATC GGC TGT 891 
Val Pro Leu Glu Arg Arg Arg His Phe Pro I i e  Gln Ser Giy H±s G l y ~  I l e  G i y ~  252 

CAG GGC AGC TTC TAT GAC CGG CTG ACC ACG ATC MG CAA TTC GGC ATC GAG GCC ACG GCO 972 
Gln Gly Ser Phe Tyr Asp Arg Leu Thr Thr l l e  Lys Gln Phe Gly l i e  Glu Ala Thr Ala 279 

ACC GGC CTT GTG GGC GCC GCC GTC GCC GCC CAT GCC GCG GTC TCC GTG CTC ¢u~A CGC GCG 1053 
Thr Gly Leu Val Gly Ala Ala Val Ala Ala His Ala Ala Val Ser Val Leu Lys Arg Ala 306 

1 
taa gcc ATG ACG ACC CAA ACG CCG AAC GGC TTC ACC CTC GAC AAC GCC GGC AAG CGC ATC 1134 
***  Met Thr Thr Gln Thr Pro Asn Gly Phe Thr Leu Asp Asn Ala GZy Lys Arg l l e  17 

ATC GAA GGC CAC ATG OGC TGC GAA GTG AAC GTC AAC GAT CAG GGC ATC ATC ACC AAC GCC 1215 
I l e  GIu Gly H~_s Met A r g ~  Glu Val Asn VaZ Asn Asp Gln Gly ! l e  l l e  Thr Ash Ala 44 

CGC GGC CTT GAA GTG A-FC CTG AAG GGC CGC GAT CCG CGC GAC GCC TGG GCC TTC ACC GAA 1296 
Arg Gly Leu GZu Val l l e  Leu Lys Gly Arg Asp Pro Arg Asp Ala Trp Ala Phe Thr G1u 71 

GGC ACC CAT GCG CTG ACC TCG GTC CGC GCG GTC GAA AGC GCG CTG GGG ATC ACC ATC CCC 1377 
Gly Thr His Ala Leu Thr Ser Val Arg Ala Val GIu Ser Ala Leu Gly I l e  Thr I l e  Pro 98 

AAC ATG ATG CAG CTG AAC CTG GAG ATC CAC GAC CAT ATC GTG CAT TTC TAC CAC CTG CAT 1458 
Asn Met Met Gln Leu Asn Leu Gln I l e  H is  Asp His  I l e  Va l  H is  Phe Ty r  H is  Leu His  125 

GTC AAT GCG CTG CGC GCC GAT CCG AAG GCG ACC TCG GAA CTG CAG CAG ATG GTT TCG CCC 1539 
Vai Asn AZa Leu Arg Ala Asp Pro Lys AZa Thr Ser Glu Leu Gln Gln Met Val Ser Pro 152 

GGC TAT TTC CGC GAC GTG CAG AAC CGG CTG AAG AAA TTC GTC GAA TCC GGG CAG CTG GGG 1620 
Gly Tyr Phe Arg Asp VaZ Gln Asn Arg Leu Lys Lys Phe Val Glu Set Gly Gln Leu Gly 179 

GAC AAT CCG GCC TAC AAG CTG CCG CCC GAA GCC GAT CTG ATG GCG ACG ACG CAT TAT CTG 1701 
Asp Asn Pro Ala Tyr Lys Leu Pro Pro Glu Ala Asp Leu Met Ala Thr Thr His Tyr Leu 206 

G~ GTG GTC AAG GTC CAC ACG ATC TIC GGC GGC ~V~G AAC CCG CAT CCG AAC TGG CTT GTG 1782 
GIu Val Val Lys Val His Thr I l e  Phe Gly Gly Lys Asn Pro His Pro Asn Trp Leu Val 233 

AAC GTC GAT GGC GTG GGC GCG GTC GGT GCG ATC AAC ATG GAG CGG CTG AAC CTC GTC TCC 1863 
Asn Val Asp Gly Val Gly Ala Val G1y AZa I l e  Asn Met Glu Arg Leu Asn Leu Vai Set 260 

G~  TTC ACC CGC AAC GTC TAT CTG CCC GAC CTC AAG GCC ATC GGC GGC TTC TAC AAG GAA 1944 
Glu Phe Thr Arg Asn Val Tyr Leu Pro Asp Leu Lys Ala I l e  Gly Gly Phe Tyr Lys Glu 287 

TCG GGG CAA TCG GTG CTG TCC TAT GGC GAC ATC CCG GAA AAC CCG AAT GAT TTC AGC GCC 2025 
Set GZy GZn Set Val  Leu Ser Tyr  GIE Asp I t e  Pro Glu Asn Pro. Asn Asp Phe Set AI& 314 

GGG GCG ATC ATC AAC GGC AAC CTG AAC GAG GTG CAT GAC GTC GAC ACG ACC GAC CCC GAA 2106 
Gly A la  IZe I l e  Asn GZy Asn Leu Ash Glu Va l  His Asp V&I Asp Thr Thr Asp Pro Glu 341 
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CAG GTG CAG GAA TTC GTC GAC CAT TCC TGG TAT GAT TAC GGC GAG CCG GGC ATG GGG CTG CAT CCC TGG GAC GGC CGG ACC 2187 
Gln VaZ Gln Glu Phe Va l  Asp H±s SeP Trp TyP Asp Tyr  GZy GZu Pro Gly  Met Gly  Leu H~s Pro Trp Asp Gly  APg Thr 368 

GAG CCG AAA TTC GAG CTG GGC CCG AAC CTG AAA GGC ACC CGC ACC AAC ATC GAG AAC ATC GAC GAA GGC GCG AAA TAT TCC 2268 
Glu PPo Lys Phe Glu Leu Gly  PPo Asn Leu Lys Gly  Thr APg Thr Asn Z le  Glu Asn Z le  Asp Glu Gly  A la  Lys Tyr  Set 395 

TGG ATC AAG GCG CCG CGC TGG CGC GGC AAT GCG ATG GAG GTG GGG CCG CTG GCC GCT ACA TCG TCG GTT ACG CGC AAG GGC 2349 
Trp I l e  Lys AlE Ppo APg Trp APg GZy Asn AI& Met GLu Va l  G ly  PPo Leu AZE Ala  ThP SeP Sep V&l ThP Arg Lys G ly  422 

CAC GAG GAC ATC AAG AAC CAG GTC GAG GGC CTG CTG CGC GAC ATG AAC CTG CCG GTT TCG GCG CTG TTC TCG ACG CTG GGC 2430 
H±s Glu Asp I l e  Lys Asn GZn Val  Glu Gly  Leu Leu Apg Asp Met Ash Leu Ppo V~Z SeP AZE Leu Phe Sep Thp Leu GZy 449 

CGG ACT GCG GCG CGG GCT CTG GAG GCG GAA TAC TGC TGC CGT CTG CAA AAG CAC TTC TTC GAC AAG CTG GTC ACC AAC ATC 2511 
Thr A la  A la  Apg AZ& Leu Glu A la  Glu T y P ~ [ ~ l A r g  Leu Gkn Lys H±s Phe Phe Asp Lys Leu Va l  Thr Asn IZe 476 APg 

AAG AAC GGC GAC AGC TCG ACC GCG AAT GTC GAG AAA TGG GAT CCC TCG ACC TGG CCG AAG GAG GCC AAG GGC GTG GGC ATG 2592 
Lys Asn G ly  Asp SeP Set ThP AI& Asn V~I Glu Lys TPp Asp Pro SeP ThP TPp Pro Lys Glu AI~ Lys GZy VaZ Gly Met 503 

ACC GAG GCG CCG CGC GGC GCG CTG GGC CAT TGG GTC AAG ATC AAG GAC GGC CGC ATC GAG AAC TAT CAA TGC GTC GTG CCG 2673 
ThP Glu AZa PPo Arg Gly  AI& Leu Gly  H±s TPp V&Z Lys I l e  Lys Asp Gly  AP 9 Zle Glu Asn TyP GZnI-~-~V&Z V&I PPo 530 

ACG ACC TGG AAC GGC TCG CCC CGC GAC AGC AAG GGC AAT ATC GGC GCC TTC GAG GCC TCG CTG CTG AAC ACG AAG ATG GAA 2754 
ThP ThP TPp Ash G ly  SeP PPo Arg Asp Set Lys Gly  Ash Zle Gly  AI& Phe Glu AI~ SeP Leu Leu Ash ThP Lys Met GZu 557 

CGC CCC GAA GAG CCG GTC GAG ATC CTG CGC ACG CTG CAC AGC TTC GAT CCG TGC CTG GCC TGT TCG ACG CAT GTG ATG TCG 2835 
APg Pro GZu Glu Pro V&1 Glu I l e  Leu Apg Thp Leu H±s Set Phe Asp P P o ~ l  Leu A l a F ~ - ~  Ser Thr H±s V&l Met Ser 584 

GCC GAA GGC CCC CCT GAC CAC CGT CAA GGT CCG GTA GGG GGA TGC CAT GAA GGG AGT TTC CGA CGA AAG GAT CAA TGC CCC 2918 
AZa GZu Gly  PPo PPo Asp H±s APg GZn Gly  PPo V&l GZy G lyF~-~ lH±s  GZu GZy SeP Phe APg AP 9 Lys Asp G l n F ~ - ~ P P o  811 

CGT CCG TGG CCC GGA t g ~ t ~ t t ~ g a g g c c t c g c ~ a c t g a c ~ g t c g & ~ g ~ a c ~ g ~ g g ~ c ~ t & g & ~ g ~ a t ~ c g g ~ g ~ g t & ~ t c c g t c t ~ t g t c t &  3018 
Apg PPo Tpp PPO G1y *** 616 

Fig. 4. Nucleotide and derived amino acid sequences for the small and the large subunits of Rhodobacter capsulatus bydrogenase. Coding 
regions are written in capital letters (and in italics for the putative signal peptide). Inverted repeats are represented by facing arrows. 
The position of the putative Shine-Dalgarno sequences is underlined. Cysteinyl residues are included in boxes. Amino acid residues 
of the small and large subunits are numbered from the N terminal amino acid of the mature protein in each subunit 

identified as the gene encoding the large subunit (hupL). 
The gene contained 1851 nucleotides including the initiation 
ATG codon and terminated with a TGA stop codon at 
position 2932. A hairpin structure with a 19 bp loop and 
a 7 bp stem containing 6 GC pairs, beginning at posi- 
tion 2946, followed by another one at position 2992 (not 
shown) may be involved in the termination of transcription. 
An " A G G A G G "  sequence, complementary to the Y termi- 
nus of R. capsulatus 16 S rRNA (Youvan et al. 1984) and 
forming a perfect ribosome binding site, was located 
14 bases upstream from the start codon. However, no pro- 
moter could be identified in that region. The gene was trans- 
lated into 616 amino acids corresponding to a molecular 
mass of 68108 Da. 

Immediately upstream and separated by only three nu- 
cleotides was the other open reading frame (ORFI) ending 
with a TAA codon at position 1075. The NH~ terminus 
of the predicted amino acid sequence of ORFI could be 
aligned with that of the small subunit of the hydrogenase 
from B. japonicum (Sayavedra et al. ~988). As shown in 
Fig. 5 most of the residues are identical in the two proteins. 

Of particular interest was a region which exhibited a 
sequence similar to the NH~ amino acid terminus of the 
small subunit of B. japonieurn hydrogenase, arrived at by 
protein sequencing (L.C. Seefeldt and D.J. Arp, personal 
communication). This homology permitted us to assign po- 
sition number one to the methionine residue immediately 
preceding the NH2 terminus of the mature protein. The 

A: L S D I  D V M R R  G I T R R S  
B G A A T  S IRR G I T R R S  H F C S L T  

B T L A A S R  AN~LIETKPRIV 

m LM H A A ~ A  Y I ~  
B ~I[M ~ H Q,A E A I [ ~ R ~ ~ I Y  I L A I 

Q ~P Q I 

B : H N S  

Fig. 5. Comparison of the deduced polypeptide sequences of the 
leader peptides (in italics) and small subunits of the hydrogenases 
from Rhodobaeter capsulatus (line A) and Bradyrhizobium japoni- 
eum (line B). Common residues are boxed 
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Table 2. Amino acid composition of the large subunit of Rhodo- 
baeter capsulatus hydrogenase and codon usage 

Amino Num- Codon % use Amino Num- Codon 
acid ber of acid ber of 

resi- resi- 
dues dues 

% use 

Ala 39 

Arg 34 

Asn 38 

Asp 35 

Cys 12 

Gln 18 

Glu 38 

Gly 58 

His 22 

Ile 29 

Leu 49 

GCT 5.1 Lys 29 
GCC 38.5 
GCA 0.0 
GCG 56.4 Met 14 

CGT 8.8 Phe 18 
CGC 64.7 
CGA 5.9 
CGG 20.6 Pro 42 
AGA 0.0 
AGG 0.0 

AAT 21.1 
AAC 78.9 Ser 32 

GAT 37.1 
GAC 62.9 

TGT 16.7 
TGC 83.3 

CAA 38.9 
CAG 61.1 

Thr 37 

GAA 55.3 
GAG 44.7 Trp 15 

GGT 8.6 Tyr 14 
GGC 69.0 
GGA 3.4 
GGG 19.0 Val 44 

CAT 63.6 
CAC 36.4 

ATT 0.0 
ATC 100.0 
ATA 0.0 

TTA 0.0 
TTG 0.0 
CTT 4.1 
CTC 8.2 
CTA 0.0 
CTG 87.8 

* 1 

AAA 
AAG 

ATG 

TTT 
TTC 

CCT 
CCC 
CCA 
CCG 

TCT 
TCC 

TCA 
TCG 
AGT 

AGC 

ACT 

ACC 
ACA 
ACG 

TGG 

TAT 
TAC 

17.2 
82.8 

100.0 

0.0 
100.0 

2.4 
35.7 
0.0 

61.9 

0.0 
18.8 

0.0 
59.4 
3.1 

18.8 

2.7 

59.5 
2.7 

35.1 

100.0 

57.1 
42.9 

GTT 6.8 
GTC 54.5 

GTA 2.3 
GTG 36.4 

TGA 100.0 
TAA 0.0 
TAG 0.0 

two predicted amino acid sequences could even be aligned 
further upst ream of  the NH2 protein  terminus (Fig. 5). The 
upst ream amino acid sequence would represent a signal se- 
quence whose starting site for t ranslat ion for R. capsulatus 
was not  determined;  the processing site would be Ala /Leu  
for the B. japonicum protein  and Ala /Met  for R. capsulatus 
protein  (hupS). 

The strong similarity between the predicted amino acid 
sequences o f  the small subunit  of  B. japonicum hydrogenase 
and of  the product  of  ORF1 lead us to conclude that  ORF1 
encodes the small subunit  of  R. capsulatus hydrogenase.  

The amino acid composi t ion with codon usage of  the 
large subunit  is given in Table 2. There is a high selectivity 
of  codon usage. F o r  example, out of  the six leucine codons, 
only three are used by preference to a C T G  codon, or  out  
of  three isoleucine codons, only the A T C  codon is used. 

t j  
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(579)(612) 

Fig. 6A, B. Hydrophilic plot for A the small subunit and B the 
large subunit of Rhodobaeter eapsulatus hydrogenase. A moving 
window of 19 amino acid residues was used. Positions of Cys are 
indicated with an arrow and number refer to positions of Cys in 
the deduced amino acid sequence of each protein. The region of 
the putative signal peptide upstream of the small subunit protein 
is indicated by a bar 

The third posi t ion is a G or a C in more than 86% of  
total  codons. Overall,  the G + C  content  is 64.1% and 
62.8% for the small and large subunits,  respectively. This 
compares  well with the base composi t ion of  R. capsulatus 
chromosomal  D N A  (Yu et al. 1982). This codon usage, 
compiled according to Staden and McLachlan  (1982), is 
similar to that  found in sequenced genes from R. capsulatus 
and other Rhodospir i l laceae (cf. Leclerc 1988). 

The small and large subunits contain 13 and 12 Cys 
residues, respectively. In the large subunit,  7 Cys are local- 
ised near  the COOH terminal  region after residue 450 and 
3 are near  the NH2 terminus before residue 80. In the small 
subunit,  cysteines appear  to be more evenly distr ibuted in 
the protein sequence. 

The polar i ty  index, calculated from the amino acid com- 
position, indicates that  54% and 59% of  the residues from 
the large and the small subunit,  respectively, are hydro-  
phobic.  The hydropa thy  plot  of  the large subunit  (Levitt  
1976) shows that  the region near  the NH2 terminus is very 
hydrophobic  while that  near the COOH terminus is more 
hydrophil ic  (Fig. 6B). The small protein is more hydro-  
phobic  than the large one. Three large hydrophobic  do- 
mains where most  of  the Cys residues of  the small subunit  
are located are shown on the hydrophil ic  profile of  the 
protein  (Fig. 6A). The putat ive signal pept ide is character-  
ized by the presence of  charged amino acids in the NH2 
terminus region followed by a very hydrophobic  stretch 
preceding the processing locus. 

Sequence homology analysis 

The N H  2 terminal amino acid sequence of  the large subunit  
of  the R. capsulatus hydrogenase shows strong homology 
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B. japonicum G I Q T P N G F N S E M Q l G Nl~- K 
D. gigas . . . . . . . . . .  
D. baculatus : V S Q A A T P A A DIG K[V 

20 30 

R. capsulatus :ID P V T R I E G H M RIc['~--~N D 
B.  j a p o n i c u m  |D P v T R I E G H n . ~ . ~ V l S  V NN VlD A 
D. gigas [D Pr~T R I E G HlW. R xIE vIE]VIE G 
D. baculatus ID PIL T RL~J'~E G a l l  K I[g VlE[.V.IK D 

Fig. 7. Alignment of the NH2 terminal sequences of the large sub- 
unit of the hydrogenases from Rhodobacter capsulatus, Bradyrhizo- 
bium japonicum, Desulfovibrio gigas, and D. baculatus. Numbers 
refer to positions of the residues in the R. capsulatus sequence. 
Conserved residues between at least two sequences are boxed 

with that of B. japonicum hydrogenase (Sayavedra et al. 
1988), as well as similarities with both the D. gigas (Prickril 
et al. 1987) and D. baculatus (Menon et al. 1987) hydrogen- 
ases (Fig. 7). Protein alignment was done using a modifica- 
tion of the algorithm of Needleman and Wunsch (1970). 
The start points of the sequences of R. capsulatus and B. 
japonicum coincided with one another, while the first amino 
acid of the large subunit of D. baculatus and D. gigas hydro- 
genases are aligned with the fourth and the tenth amino 
acid residues of R. capsulatus, respectively. 

The predicted amino acid sequence of R. capsulatus hyd- 
rogenase was compared with each of the 4 other hydrogen- 
ases so far sequenced (Table 3). The R. capsulatus sequence 
could not be aligned with the (Fe)hydrogenase of D. vulgar- 
is. However, around 30% sequence homology was found 
between the R. capsulatus hydrogenase and the (NiFe)hyd- 
rogenase of D. gigas and the (NiFeSe) hydrogenase of D. 
baculatus. More than 69% of the amino acid residues of 
the (NiFe)hydrogenase of B. japonicum were identical to 
the (NiFe)hydrogenase of R. capsulatus and in particular 
all of the 13 Cys of the small subunit and the 6 Cys of 
the large subunit of the B. japonicum enzyme were con- 
served in the R. capsulatus enzyme. 

D i s c u s s i o n  

The cosmid clone AC70, described in this report, is the 
third clone from the gene bank of R. capsulatus DNA found 
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to complement Hup-  mutants isolated from strain B10. 
Two other clones (AC57 and AG202) have been shown 
previously to complement two different series of Hup-  mu- 
tants (Colbeau et al. 1986). In accord with the fact that 
the recombinant plasmids complement different Hup-  mu- 
tants, the restriction patterns of DNA inserts in pAC57, 
pAG202 and pAC70 are totally unlike one another (A. Col- 
beau, unpublished results). The isolation of three unrelated 
recombinant plasmids complementing distinct Hup-  mu- 
tants indicate that several hup genes may be involved in 
the synthesis of hydrogenase. 

In E. coli, two unlinked hydrogenase genes (hydA and 
hydB) that code for hydrogenase synthesis and activity were 
isolated by Sankar et al. (1985). They map between 58 and 
59 min in the E. coli chromosome. Two additional loci 
(hydC and hydD) located at 77 rain on the E. coli chromo- 
some map were identified by Wu and Mandrand-Berthelot 
(1986). However, in neither case was the structural gene(s) 
for the E. coli hydrogenase identified. In Alcaligenes eutro- 
phus H16, structural and regulatory genes encoding the hy- 
drogen oxidizing enzyme system (hox) reside on the 450 kb 
plasmid, pGHI.  In this system, both structural and regula- 
tory genes are clustered in a DNA sequence of ca. 80 kb 
representing several transcription units (Kortlficke et al. 
1987). 

The present report brings to five the number of hydro- 
genases whose structural genes have been sequenced. These 
are the periplasmic (Fe)hydrogenase from D. vulgaris 
(Voordouw and Brenner 1985), the periplasmic (NiFeSe) 
hydrogenase from D. baculatus (Menon et al. 1987), the 
periplasmic (NiFe)hydrogenase from D. gigas (Li et al. 
1987) and the membrane-bound (NiFe)hydrogenase from 
B. japonicum (Sayavedra et al. 1988). 

The structural genes of R. capsulatus were cloned by 
homology with the gene encoding the large subunit of B. 
japonicum hydrogenase. The nucleotide sequence of the 
cloned fragment (Fig. 4) revealed the presence of two open 
reading frames (ORF1 and ORF2). The protein sequences 
were deduced using a table of codon frequencies (Staden 
and McLachlan 1982) established from sequenced genes in 
other Rhodospirillaceae. ORF1 and ORF2 were identified 
as the genes encoding the small and the large subunits, 
respectively, on the following basis. ORFI and ORF2 en- 

Table 3. Comparison between the derived amino acid sequence of Rhodobacter capsulatus hydrogenase and the hydrogenases from 
Desulfovibrio vulgaris, D. gigas, D. baculatus and Bradyrhizobium japonicum 

Microorganism Type of hydrogenase Percent of Number of Reference 
conserved residues conserved cysteines 

R. capsulatus (NiFe) smalls.u.: 100% 13 (13)" 
membrane bound large s.u.: 100% 12 (12) 

D. vulgaris (Fe) small s.u. : _ b -- (0) 
periplasmic large s.u. : _ b -- (18) 

D. gigas (NiFe) small s.u. : 29% 9 (12) 
periplasmic large s.u.: 34% 6 (18) 

D. baculatus (NiFeSe) small s.u.: 32% 11 (13) 
periplasmic large s.u.: 25% 8 (12) 

B.japonicum (NiFe) small s.u.: 80% 13 (13) 
membrane-bound large s.u.: 69% 6 (6) 

This work 

Voordouw and Brenner (1985) 

Li et al. (1987) 

Menon et al. (1987) 

Sayavedra et al. (1988) 

s.u., subunit 

a The total number of Cys residues is indicated in parenthesis 
b The R. capsulatus and D. vulgaris sequences were not alignable 
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coded polypeptides of 34256 Da and 68108 Da, respective- 
ly. Their molecular masses were similar to those of the small 
and large hydrogenase subunits determined by SDS gel elec- 
trophoresis (Colbeau et al. 1983; Seefeldt et al. 1987). The 
product of ORF2 was identified as the large subunit by 
alignment with the NH2 terminal sequence of the protein 
obtained by Edman degradation. The protein products of 
ORF1 and ORF2 exhibited significant amino acid sequence 
similarities with the small and large subunits, respectively, 
of the hydrogenases from B. japonicum and from two Desul- 
fovibrio species (Table 3). All these facts furnish strong cir- 
cumstantial evidence which suggests that the two genes se- 
quenced in this study are the structural genes of the R. 
capsulatus hydrogenase. The identification of the tran- 
script(s) of the hydrogenase structural genes will provide 
further evidence that the genes belong to the same operon. 
In preliminary experiments it was observed that each indi- 
vidual gene hybridized to the same mRNA species (data 
not shown; unpublished results). 

The gene encoding the small protein subunit is located 
upstream of the gene encoding the large one (Fig. 4). The 
two genes are transcribed in the same direction and, due 
to their close proximity and to the absence of recognisable 
promoters and termination signals for transcription, they 
probably belong to the same operon. A similar arrangement 
was found in D. baculatus, D. gigas and B. japonicum for 
the genes of the small and large subunits of hydrogenase. 
In D. vulgaris, the two structural genes belong to the same 
transcriptional unit, but the order is changed and the large 
subunit precedes the smaller one (Voordouw and Brenner 
1985). 

A perfect sequence complementarity to the 16 S rRNA 
3'end (.. AGGAGG..) ,  the Shine-Dalgarno sequence, is lo- 
cated at the 3' end of the ORFI gene. It is separated by 
only 2 nucleotides from the stop codon TAA and by 8 nu- 
cleotides from the initiation codon ATG of the second 
(ORF2) gene. With this structure, ribosomes should remain 
simultaneously in contact with the termination codon of 
the first gene and the initiation codon of the second, since 
they physically span about 35 bases of mRNA. The pres- 
ence of the Shine-Dalgarno sequence should prevent disso- 
ciation from mRNA of the 30 S subunit of the terminating 
ribosome, and thereby enable uninterrupted translation of 
ORF2. 

The NH z terminus of the predicted protein sequence 
for the large subunit corresponds to the first amino acid 
immediately after a methionine start codon indicating that 
this polypeptide does not contain a leader sequence. On 
the other hand, the small subunit is preceded by a signal 
peptide, identified by its homology with the signal peptide 
of the small subunit of B. japonicum hydrogenase (Fig. 5). 
These observations suggest that a single signal peptide may 
be used to insert both hydrogenase subunits into the mem- 
brane. 

The distribution of the cysteinyl residues does not pres- 
ent the typical [4Fe-4S] ferredoxin pattern (Adman et al. 
1973; Bruschi and Guerlesquin 1988). It is at variance with 
that found for D. vulgaris hydrogenase, where the large 
subunit was shown to contain at its NHz terminus a dupli- 
cation of the typical sequence of 4 Cys residues for the 
coordination of [4Fe--4S] clusters (Voordouw and Brenner 
1985). No such characteristic arrangement was found in 
R. capsulatus. On the other hand, among the Cys residues 
in the 4 hydrogenases presenting sequence homologies (Ta- 

ble 3), identification of the Cys residues common to the 
4 hydrogenases may provide a means of predicting the liga- 
tion sites of the iron and nickel atoms. Seven Cys residues 
are conserved in the hydrogenase small subunits of the 
4species, 5 of which are located in the stretch: 
CLvKMGCKGPTTYNAC .... . .  GCIGCsE. In this stretch 
beginning with Cys at position 215 and ending at posi- 
tion 254 there are 14 residues (written in bold face) con- 
served in all 4 proteins. Only 4 Cys were found conserved 
in all 4 large subunits. In the R. capsulatus sequence, they 
appear at positions 74 and 77 near the NH2 terminus in 
the stretch GRDPRDAWAFTERICGvCTG and at positions 575 
and 578 near the carboxyl terminus (Fig. 4). These con- 
served Cys could be involved in the active site of the en- 
zyme. 

From the comparison of the predicted protein se- 
quences, the five hydrogenases sequenced up to now can 
be divided into two groups. The first group consists of the 
(Fe)hydrogenase of D. vulgaris which presents the typical 
Cys arrangement of [4Fe-4S] ferredoxins and the second 
group includes both the (NiFe)hydrogenases and the (NiFe- 
Se)hydrogenases. The similarities found between the hydro- 
genases of the second group had not been anticipated, and 
the presence of Se in the socalled (NiFe)hydrogenases is 
worth exploring. 
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