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Abstract. In Bradyrhizobium japonicum, Tn5 insertions in 
a particular chromosomal DNA fragment result in a 
Hup-  phenotype in free-living conditions without affect- 
ing hydrogenase (Hup) activity in the symbiotic state. By 
determination of the nucleotide sequence of this region, 
we were able to identify the nature of the inactivated 
genes. The fragment is located 9 kb downstream of the 
hydrogenase structural genes and contains one incom- 
plete and three complete open reading frames. They are 
designated hypD', hypE, hoxX and hoxA respectively, 
since the deduced amino add sequences display very 
strong homology with genes involved in the regulation of 
hydrogenase activity in Escherichia coti, Rhodobacter 
capsutatus, Azotobacter vinetandii (hypD" and hypE) and 
AtcaIigenes eutrophus (hoxX and hoxA). This is the first 
report on transcriptional activators of the hup genes in B. 
japonieum. Implications of these findings with respect to 
regulation of hydrogenase synthesis by hydrogen, oxygen 
and nickel in free-living B. japonicum are discussed. 
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Hup + strains of Bradyrhizobium japonicum are capable 
of expressing hydrogenase activity in symbiosis as well as 
in free-living conditions. Free-living expression of hy- 
drogenase activity requires the presence of micro-aerophil- 
ic conditions, hydrogen (Maier et al. t978) and nickel 
(Stults et at. 1986). For B, japonicum the genetic deter- 
minants necessary to confer Hup activity during sym- 
biosis have been cloned in cosmid pHU1, isolated from 
B. japonicum strain USDA122 (Haugland et al. 1984; 
Lambert et al. 1987). To obtain hydrogenase activity in 
free-living conditions, additional genetic information is 
necessary, that extends for an unknown distance into a 
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5.5 kb EeoRI fragment present in cosmid pHU52 (Lam- 
bert et al. 1987). In this paper, we report the cloning and 
nucteotide sequence of the corresponding region in 
B. japonicum CB1809, a Hup ÷ strain, which is currently 
recommended as a commercial inoculant for soybean in 
the Cerrados region of Brazil. 

Clonin9 of hup-specific DNA from B. japonicum 
CBt809 

A mixture of two 20mers, synthesized according to the 
published nucleotide sequence of the B. japonicum hy- 
drogenase structural genes (Sayavedra-Soto et al. 1988) 
was used to screen a genomic library in pLAFR1 (Fried- 
man et al. 1982) constructed from a partial EcoRI digest 
of DNA from strain CB1809, according to Meinkoth and 
Wahl (1984). The cosmid DNA of two positive clones, 
pFAJ1001 and pFAJ1002, was isolated and further 
characterized. Both clones contain four EcoRI fragments 
in common, t2.9, 3.0, 2.5 and 0.6 kb in size. The physical 
organization was determined using standard mapping 
techniques and appears to be identical to the EcoRI map 
of the hup region in B. japonicum USDA122 (Fig. 1; 
Haugland et al. 1984). In order to isolate cosmid clones 
homologous to the pHU52 cosmid clone, the "right" 
4.9 kb EcoRI fragment of pFAJ1002 was used to res- 
creen the pLAFR1 library, and also a pHC79 (Hohn and 
Collins 1980) library. The latter library was constructed 
from a partial EcoRI digest of B. japonicum CB1809 
DNA and ligated in pHC79 since this cosmid accepts 
larger inserts. Four additional clones were isolated bring- 
ing the DNA region covered to 55 kb. The physical 
organization of the entire region was determined using 
standard mapping techniques (Ausubel et al. 1987). To 
confirm the presence of hup-specific DNA, the cosmid 
DNAs were hybridized with a 2.7 kb XhoI fragment, 
isolated from plasmid pRWH3 and containing part of 
the hydrogenase structural genes of Rhizobium te~Tumi- 
nosarum (kindly provided by Dr. T. Ruiz-Argfieso). A 
strongly hybridizing 12.9 kb EcoRI fragment, present in 
cosmid clones pFAJ1001, pFAJ1002, pFAJ1010, and in 
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Fig. 1A, B. EcoRI restriction maps of the 
hup regions of B. japonicum CB1809 (A) 
and USDA122DES (B, Haugland et al. 
1984). In B, the positions of the Tn5 in- 
sertion mutations described by Lambert 
et al. (1987) are indicated by arrowheads, 
and the corresponding Hup phenotypes 
are denoted in symbiotic and free-living 
conditions 
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Fig. 2. Genetic organization of the 
5408 bp sequenced region, containing the 
hypD, hypE, hoxX and hoxA homologues 

the CB1809 genomic DNA, was detected. This indicates 
that the hydrogenase structural genes are located on this 
fragment, as confirmed by partial DNA sequence analy- 
sis (results not shown). Figure 1 shows the physical or- 
ganization of the hup region of strain CB1809, and a 
comparison with the hup region of USDA122. The fact 
that the physical maps of the hup region in the two 
different strains are identical points to a high degree of 
nucleotide sequence conservation, and consequently, al- 
so, of gene organization. Hence the gene(s) previously 
identified as being required for free-living hydrogenase 
activity must be present in pFAJ1010, with one border 
located between 3.5 kb and 2 kb from the "right" EcoRI 
site in the 4.9 kb EcoRI fragment, and extending into the 
5.5 kb EcoRI fragment (Fig. 1). 

Nucleotide sequence 

A series of overlapping subclones, covering the entire 
4.9 kb EcoRI fragment and part of the 5.5 kb EcoRI 
fragment, were constructed in pUC19. Double-stranded 
DNA sequencing was carried out using the AutoRead 
Sequencing kit (Pharmacia-LKB) with an A.L.F. se- 
quencer. Two gaps were filled using synthetic primers 
(synthesized by Pharmacia), so that both strands were 
sequenced completely. In the 5408 bp sequence (Figs. 2 
and 3) four open reading frames were identified, the first 
being incomplete. All are transcribed from the same 

DNA strand as the hydrogenase structural genes, and are 
preceded by putative Shine-Dalgarno sequences. No 
typical promoter consensus sequence can be identified 
upstream of ORF2 and ORF4. Upstream of ORF3, a 
potential - 2 4 / - 1 2  type promoter is present (nucleo- 
tides 1974-1987). The incomplete ORF of 1044 bp en- 
codes 347 amino acids. ORF2, ORF3 and ORF4 could 
code for polypeptides of 321 amino acids (deduced mo- 
lecular mass 33.6 kDa), 566 amino acids (deduced molec- 
ular mass 61.9 kDa) and 484 amino acids (deduced mo- 
lecular mass 53.3 kDa), respectively. 

The GC% of the entire DNA sequence is 66.2%, but 
reaches as much as 86.8% when only the GC bias at the 
third codon position is considered. Also the codon usage 
of the potentially coding regions corresponds well with 
the codon usage in B. japonicum group III genes (Ram- 
seier and G6ttfert, 1991). 

Fig. 3. DNA sequence and deduced amino acid sequence of the 
B. japonicum hypD', hypE, hoxX and hoxA genes. ORF1/hypD, po- 
sitions 1-1044; ORF2/hypE, 1116-2081 ; ORF3/hoxX, 2091-3791 ; 
ORF4/hoxA, 3788-5242. The putative Shine-Dalgarno sequences 
upstream of hypE, hoxX and hoxA are underlined, and a potential 
-24/-12 promoter consensus sequence upstream of hoxX is 
doubly underlined. A potential membrane-spanning region and the 
histidine kinase domain in HoxX are boxed. The sequence has been 
deposited in the EMBL database under the accession number 
Z17373 
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Nucleotide sequence comparison with other genes 

A database search revealed a strong homology between 
the nucleotide sequences of B. japonicum ORF1, ORF2, 
ORF4 and part of ORF3 and genes involved in hydrogen 
metabolism found in E. coli, Rhodobacter capsulatus, 
Azotobacter vinelandii, and Alcaligenes eutrophus. Com- 
parisons of the corresponding deduced amino acid 
sequences indicated functional conservation between dif- 
ferent species. 

The deduced amino acid sequence of the part of 
ORF1 that was sequenced displayed 77.2% similarity 
with the deduced amino acid sequence of the A. vinelandii 
ORF8 (Chen and Mortenson 1992), 69.9% similarity 
with the deduced amino acid sequence of the R. cap- 
sulatus hypD (J. Caballero, C. Delphin, P. Richaud, B. 
Toussaint, A. Colbeau, P. Vignais, unpublished results) 
and 65.5% similarity with the deduced amino acid 
sequence of the E. coli hypD (Lutz et al. 1991). Based on 
this homology between ORF1 and the hypD gene of 
various species, we propose to call the incomplete ORF1 
hypD'. No function has yet been assigned to the HypD 
gene product. The C-X-X-C motif that is found at the 
amino-terminal end of the gene product in five different 
species can play a role in the binding of Fe-S clusters, and 
is assumed to have a function in metal binding. Metal- 
binding proteins might be involved in metal transport, in 
metal cluster synthesis, and in assembly and insertion of 
metal clusters into the hydrogenase holoprotein. 

The predicted product of ORF2 is highly homologous 
to the translation product of the R. capsulatus and E. coli 
hypEgenes (65.5% and 62% similarity, respectively) 
(J. Caballero, C. Delphin, P. Richaud, B. Toussaint, A. 
Colbeau, P. Vignais, unpublished results; Lutz et al. 
1991). A Tn5 insertion in this region, previously shown 
to abolish hydrogenase activity both in free-living and 
symbiotic conditions (Lambert et al. 1987), must be lo- 
cated in this gene, which we call hypE. 

The 84 carboxyterminal amino acids of ORF3 display 
almost 60 % similarity with the carboxyterminal region of  
the A. eutrophus hoxX sequence. Of the latter, only the 
sequence of the 3' terminal 261 nucleotides has been pub- 
lished, and is located immediately upstream of the hoxA 
transcriptional activator sequence (Eberz and Friedrich 
1991). It is suggested by B. Friedrich (personal communi- 
cation) that the hoxX gene product might be a sensor 
protein, forming a two-component sensor/effector 
couple with the hoxA gene product, since the HoxX 
amino acid sequence contains a potential membrane- 
spanning region and an amino acid motif characteristic 
of a histidine kinase. A membrane location is very plausi- 
ble for a sensor protein that perceives environmental 
stimuli outside the cell and transduces these stimuli inside 
the cell by phosphorylation of the effector, which is then 
activated to regulate the transcription. The deduced ami- 
no acid sequence of the B. japonicum ORF3 also contains 
a potential membrane-spanning region and an amino 
acid motif characteristic for a histidine kinase (Fig. 3) 
(Ninfa and Bennett 1991). Two Tn5 insertions in the 
4.9 kb EcoRI fragment on the B. japonicum chromosome 
which give a Hup-  phenotype only in free-living bacteria 

(Lambert et al. 1987), can both be localized in ORF3. 
This points to a functional role of the ORF3 gene 
product in the regulation of hydrogenase activity in free- 
living B. japonicum, and we propose to call this gene 
hoxX. Since the two aforementioned mutants could only 
be complemented by cosmid pHU52, which contains an 
additional 5.5 kb EcoRI fragment (Lambert et al. 1987), 
it can be assumed that hoxX forms an operon with the 
distally located ORF4, which extends for more than 300 
nucleotides into the 5.5kb EcoRI fragment. This 
assumption is supported by the close proximity of the 
two ORFs, and by the absence of promoter consensus 
sequences upstream of ORF4. 

The deduced amino acid sequence of ORF4 displays 
extensive homology to that of the A. eutrophus hoxA gene 
product (61.9% similarity) (Eberz and Friedrich 1991), 
and to other transcriptional regulators of the NtrC family, 
such as the deduced amino acid sequence of R. capsulatus 
HupRt (53.3% similarity) (Richaud et al. 1991), and 
E. coli HydG (48.7% similarity) (Stoker et al. 1989). 

All these gene products belong to the family of two- 
component sensor/effector systems, and share some func- 
tional characteristics (Fig. 4). The homology between the 
different polypeptides is most striking in the central re- 
gion, where a conserved G - X - X - G - X - G - K - E  sequence 
has been proposed to be an ATP-binding site. The ami- 
no-terminal region displays more variation. In other 
NtrC-like regulators, this part of the protein has been 
shown to be involved in the regulation of the regulatory 
activity through NtrB-mediated phosphorylation of con- 
served aspartic acid residues (positions 12 and 54) or 
lysine residues (position 105). The carboxyterminal region 
is also less conserved. A helix-turn-helix motif, charac- 
teristic of DNA-binding proteins, was identified in the 
region extending from amino acids 451 to 470 by com- 
puter analysis (method of D odd an Egan 1991). All these 
data provide strong evidence for the identification of a 
NtrC-like transcriptional activator. Although the pos- 
tulated hoxX gene product shows no homology to NtrB, 
its structural characteristics make it a likely candidate for 
the sensor component of a two-component sensor/effec- 
tor couple with the hoxA gene product. This regulatory 
system is essential for hydrogenase activity in free-living 
B. japonicum, but is not required in symbiotic conditions. 
In B. japonicum, free-living hup gene expression is regu- 
lated at the transcriptional level by nickel, hydrogen and 
oxygen (Kim and Maier 1990; Kim et al. 1991). A re- 
gion upstream of the hydrogenase structural genes, 
with its left border located between bases -168  and 
- 1 1 8  relative to the start site of transcription, is neces- 
sary for regulation by all three components (Kim et al. 
1991). A sensor/effector system would be a suitable can- 
didate for this kind of regulation: upon activation by a 
sensor protein, an NtrC-like effector protein could bind 
to an upstream activating sequence, and thus activate 
transcription from a - 2 4 / - 1 2  promoter. Indeed such 
a promoter consensus sequence can be identified at 
- 47 / -  31 from the transcription initiation site (Sayaved- 
ra-Soto et al. 1988). Several facts, however, suggest a more 
complex regulatory pathway. Firstly, in B. japonicum, 
ribulose-biphosphate carboxylase is coordinately ex- 
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MQRGIAWIVDDDSSIRWVLERALTGAGLSCTTFESGNEVLDALTTKTPDVLLS 53 
MTHDNIDILVVDDDISHCTILQALLRGWGYNVALANSGRQALEQVREQVFDLVLC 55 
MSDKQATVLVVDDETRSQDALRRTLDE-EFRVLTVSSADEARALLLRQPVSVILC 54 
VSIQGTILVVDDEVRSQEALRRVLRE-DFEVLCVGNATDAEKLLEGEIVHAILC 53 

MAASAPAILLVDDEPHSLAAMKLALED-DFDVLTAQGAEAAIAILEEEWVQVIIC 54 
.***. * .. 

DIRMPGMDGLALLKQIKQRHPMLPVIIMTAHSDLDAAVSAYQQ-GAFDYLPKPFD 107 
DVRMAEMDGIATLKEIKALNPAIPVLIMTAYSSVETAVEALKT-GALDYLIKPLD 109 
DQRMPGLTGVEFLKEVRERWPEIVRIVISGYTDSEDIIAGVNEAGIYQYILKPWV 109 
DQRMPHESGVSFLKRVRELWPDPVRMIISGYSESEDIIAGLNEAGIYQYITKPWQ 108 
DQRMPGRTGVDFLTEVRERWPETVRIIITGYTDSASMMAAINDAGIHQFLTKPWH 109 

IDE-AVALVDRAISHYQEQQQPR .................... NAPINSPTADII 141 
FDNLQATWKKRSHTHSIDAETP ....................... AVTASQFGMV 141 
PDHLIDTVRQAVEAQGLQGDMHRLDLELRTSTPVLRQRSSQKLASAQSAFNFERI 164 
PDQLVETVKEAVQLYRLQKETETAGVDVKATSGHIKKVVSVKRGVAKQLYDFDRI 163 
PEQLLSSARNAARMFTLARENERLSLEMRLLNSTSESRVEKRRRALREGMGFETI 164 

GERP--AMQDVFRIIGRLSRSSISVLIN~ES~T~LVAHALHRHSPRAKAPFIA 194 
GKSP--AMQHLLSEIALVAPSEATVLI}~C~SAR-~HLVARGLHASSARSEKPLVT 193 
VRAPGSPLDAVCEVAARVARYDLPVMVI~ES~TgK~LLARAIHYASPRAARAFVS 219 
VHST~SPMHAVIE~GR~DYDISVLI~ESF~LARAIHYGSAm~N~FVV 218 
LRTPNS~TGAIALARQFASFDVPVLL~EPnS~QLAPaU'~HYVSLRSDKPFYE 219 

• .. ** .* ,* * *. 

LNMAAIPKDLIESELFGHEKGAFTGANTVRQGRFEQADGGTLFLDEIGDMPLDVQ 249 
LNCAALNESLLESELFGHEKGAF-GADKRREGPFVEADGGT-CLGEIGDISPMMQ 246 
ENCAAVPDNLLESELFGHKRGAFTGAYEDHAGLFQRANGGTIFLDEIGDTSPAFQ 274 
ENCGALPDELLESELFGCKKGAFTGAYQDRIGLFEVADGGTIFLDEIGETSPAFQ 273 
INLAGLPEDLAMI£LFGARRGVLPGGVA-KIGLAQKADRGTLFVAGVEAASPALQ 273 

TRLLRVLADGQFYRVGGYAPVKVDVRIIAATHQNLELRVQEGKFREDLF--HRLN 302 
VRLLRAIQEREVQRVGSNQIISVDVRLIAATHRDLAAEVNAGRFFQDLY--YRLN 299 
VKLLRVLQEGEVRPVGSPRWIPVDVRVIAATHCNLESDVHAGRFREDLY--YRIA 327 
VKLLRVLQESEIRPLGAARCRKVDVRVVAATNRDLEAEVEAGRFRRPVLPPRRIP 328 
LALLRMLADGAITPLGGQETASTNLRLITGAAADLRAMVAEGRFRADLY--YALS 326 

• ** . • ,* .*..° . * * *°* 

VIRVHLPPLRERREDIPRLARHFLQIAARELGVEAKQLHP-ETEMALTRLAWPGN 356 
VVAIEVPSLRQRREDIPLLAGHFLQRFA-ERNRRGKRFYA-PGLDLLIHYDWPGN 352 
GVTISMPPLRERSGDLQPIAAKLLEQVAQELARPG-LYFGGDALAAMMAYPWPGN 381 
GAHAGAA .... RAPDGHPADCGGRAVGGQEFLQPAELLFARSALEEFGKYHWPGN 379 
AGEIALPPLRARRGDVALLAQSMLAEAAVRHGKQA-LGFDAAALEFLENYDWPGN 380 

VRQLENTCRWLTVMAAGQEVLTQDLPSELFETAI-PDNPTQMLPDSWATLLGQWAD 
IRELENAVERAVVLLTGEYISERELPLGIASTPI-PLGQSQDI ............. 
IRELRNEIYRAVALSSGEEIRAQ-LFSRKVLHGQ-PGTVKRGPHVQTFPQSGT--- 
VRELQNEIQRMAVLADRDELAAPPLLGRRNGKRSAPLPAHGRLNGSAS ........ 
LRELHNEVTRMLIFAQ-DNVLGAELISRHILQA-APSESGADRSAEEVMTADGT-- 

RALRSGHQNLLSEAQPEMERTLLTTALRHTQGHKQEAARLLGWGRNTLTRKLKEL 
............ QPLVEVEKEVILAALEKTGGNKTEAARQLGITRKTLLAKLSR 
.......... LQERLDAIEAVVLKEALLRHRWNKTHAAKELGLSRGGLRQKLLRF 
.......... LKDKVEDLEKSVIMNCLERNDGNISRVASELGLSRVGLRNKLSRY 
.......... LKDRIELIEMRILRETLTRNRWNKSRAAAELGLSRVGLRAKLDRY 

GME 469 
GLEEK 482 
DLRKNAKGDAFS 484 
GIEHPAGRVQEEEED 492 
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Fig. 4. Multiple alignment of the 
B. japonicum (Bj) HoxA protein 
sequence with other transcriptional 
regulators of the NtrC family using 

411 the CLUSTAL program. Klebsiella 
394 pneumoniae (Kp) NtrC (Drummond 
432  
4 2 7  et al. 1986); E. coli (Ec) HydG 
432 (Stoker et al. 1989); A. eutrophus 

(Ae) HoxA (Eberz and Friedrich 
466 1991) and R. capsulatus (Rc) HupR 1 
436 (Richaud et al. 1991). Perfectly con- 
477 served positions are marked with as- 
472 terisks and a dot represents a conser- 
477 vative substitution (L-V-I-M; K-R; 

F-Y-W;  D-E; Q-N; T-S-A). Gaps 
introduced for optimal alignment are 
marked by dashes. The putative 
ATP-binding site is boxed 

pressed with hydrogenase in free-living conditions, but 
not in nodules (Simpson et al. 1979; Purohit et al. 1982). 
Secondly ,  in A. eutrophus, it has been shown that ex- 
press ion of the hoxA gene itself is transcriptionally reg- 
ulated by the same env ironmenta l  condi t ions  as the 
hydrogenase structural genes (Schwartz et al. 1991). 
Thirdly, if the HoxX protein were the sensor protein 
responsible for regulation of free-living hydrogenase ac- 
tivity in B. japonicum, a nickel-binding site should be 
present that can sense changes in nickel concentrations: 
N o  such a m i n o  acid m o t i f  could  be detected in the de- 
duced amino  acid sequence.  The presence o f  other genes 

that might be necessary to obtain Hup activity, located 
downstream of hoxA, cannot be ruled out. The function 
and regulation of hoxX and hoxA genes are currently 
under investigation and should provide further insight 
into the regulation of hydrogenase activity in free-living 
B. japonicum. 
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