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Sequencing of a 1359-bp (NruI-AccI) DNA fragment located approximately 5.2 kb downstream from the end of the hydrogenase 
structural genes of Bradyrhizobium japonicurn revealed two open reading frames designated hypA and hypB, encoding 
polypeptides with predicted molecular masses of 12.3 and 32.8 kDa, respectively. Both hypA and hypB showed strong homology 
with other genes in hydrogenase-containing bacteria. Two 'C-X-X-C' motifs were contained in the deduced amino acid sequence 
of hypA, a motif that is present in all known products homologous to HypA. The deduced product of hypB contains an area 
remarkably rich in histidine residues at the N-terminus (24 histidines within a 39 amino acid stretch). The deduced HypB also 
contains GTP-binding domains. We postulate that the product of hypB is involved in nickel binding and accumulation, and may 
utilize energy (GTP) to mobilize nickel for its subsequent incorporation into hydrogenase. 

Bradyrhizobium japonicum, the N2-fixing symbiont of 
soybeans, possesses an Ni-containing hydrogenase [1,2]. 
The enzyme couples the H 2 evolved by nitrogenase 
into the respiratory electron transport chain, generat- 
ing energy for N z fixation. The purified hydrogenase of 
B. japonicum consists of two subunits (33 and 65 kDa) 
[3,4] and contains nickel. The cosmid pSH22 contains 
essential Hup (hydrogen uptake) determinants (includ- 
ing the hydrogenase structural genes) and it comple- 
ments many H u p -  mutant strains of B. japonicum [5]. 
In addition to the hydrogenase structural genes, other 
genes and loci on pSH22 located both downstream and 
upstream of the structural genes have been found to be 
involved in hydrogenase regulation [6], processing [7] 
and nickel incorporation [8,9] into the enzyme. 

To further understand the genetic requirements for 
H 2 oxidation in B. japonicum, a 2.5-kb EcoRI frag- 
ment located approximately 5.0 kb from the end of the 
hydrogenase structural genes was isolated from pSH22 
and bidirectionally cloned into the EcoRI site of 
pBluescript KS I I ( + )  (Stratagene, La Jolla, CA). The 
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resulting plasmids (pKS2.5E2 and pKS2.5E4) were used 
for making nested deletions by using the E x o / M u n g  
bean sequencing kit from Stratagene. Sequencing was 
carried out in both orientations. 

Analysis of the nucleotide sequence of a 1359-bp 
segment (NruI-AccI fragment) within the insert DNA 
revealed the presence of two open reading frames, 
termed hypA and hypB based on their sequence ho- 
mologies to other named genes from hydrogenase-con- 
taining bacteria. Complete nucleotide and deduced 
amino acid sequences are shown in Fig. 1. hypA and 
hypB encode polypeptides with predicted molecular 
masses of 12.3 and 32.8 kDa, respectively, and all are 
oriented in the same direction as the hydrogenase 
structural genes, hupSL. Both hypA and hypB start at 
an initiation codon ATG preceded by a putative ribo- 
some-binding site and they terminate at a stop codon 
TG A  (Fig. 1). They are closely linked, and have over- 
lapping stop and start codons. 

Gene hypA encodes a polypeptide of 12.3 kDa (113 
aa). The product of the hypA gene (HypA) showed 
significant homology with Rhizobium leguminosarum 
HypA [10], Azotobacter vinelandii ORF4 [11], Azoto- 
bacter chroococcum HupA [12], Rhodobacter capsulatus 
HypA [13,14], and Escherichia coli HypA [15]. Interest- 
ingly, HypA of B. japonicum also showed homology to 
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the product of ORFB from an operon adjacent to the 
furmarate reductase operon of Proteus vulgaris [16]. 
Alignment of HypA with the homologous products is 
shown in Fig. 2A. All seven proteins contain a 'C-X 2- 
C-X~2_I3-C-X2-C' motif near the C-terminus (Fig. 2A). 
This stretch of amino acids is usually characteristic of 
metal-binding domains within non-heme iron proteins 
[17] and can play roles in the binding of Fe-S clusters 
[18]. The specific (metal-metabolism) functions of these 
products are unknown. 

Gene hypB encodes a polypeptide of 32.8 kDa (302 
aa). HypB showed 56, 54, 53, 54 and 49% identity with 
the R. leguminosarum HypB [10], A. vinelandii ORF5 
[11], A. chroococcum HupB [12], R. capsulatus HypB 

[13,14], and E. coli HypB [15], respectively. Alignment 
of HypB of B. japonicurn with the homologous prod- 
ucts is shown in Fig. 2B. All six proteins contained an 
'MCTXCGC' motif at the N-terminus, suggesting that 
this motif is functionally important. Most notably, the 
HypB protein contained an extremely histidine-rich 
region near the N-terminus (24 histidines in a 39-amino 
acid stretch). The histidine-rich areas span positions 16 
to 54 and includes two runs of hist residues, one each 
of six and five sequential residues. The area of interest 
is H A H D H H H D H G H D H D H G H D G H H H H H -  
HGHDQDHHHHHDHAH (Figs. 1 and 2B). This his- 
tidine-rich region contributes a highly hydrophilic do- 
main based on the Kyte-Doolitle scale [19]. Histidine- 

NruI 

TC GCGAGGC C GGCCATGCATGAGATGGCGCTGTGCGAAGGCATCATTGGCATCGTC GAGGAGGAAGC GC GCA 72 

HupA M H E M A L C E G I I G I V E E E A R 

AGe GC GCTTTCGCCAAGGTGAAC GTCGTCTGCCTCGAGATCGGTGCGCTCAGCCATGTCGCGCCGGAF, GCCC 144 
K R A F A K V N V V C L E I G A L S H V A P E A 

TGCAATTCTGC TTCGAGGCCGTCGCC GCGCGGAC CATC GC GCAAGGCGCCAAACTCGAGATCGTCGAGACGC 216 
L Q F C F E A V A A R T I A Q G A K L E I V E T 

CGGGCAC GGCGTGGTGCATGGCCTGTTCCAAAAGC GTCGAGATCAAGCAGCGATACGAACCGTGTCCGTC CT 288 
P G T A W C M A C S K S V E I K Q R Y E P C P S 

GCGGC GGCTATCAATTGCAGGTGACGGGC GGC GAAGAGATGCGCGTGAGGGAATTGC, A G G T C G A ~  360 

C G G Y Q L Q v T G G E E M R V R E L E V D * M C 
Hupa 

TACGGTC TGC GGCTGCAGC GACGGCAAGGCGTC CATC GAACATGC CCATGATCATCATCATGATCACGGGCA 432 

T V C G C S D G K A S I E ~ A H D H H H D H G H 

TGACCACGATCATGGTCACGACGGGCACCATCACCACCACCACGGTCATGACCAAGATCACCATCATCACCA 504 
D H D H G H D G H H H H H H G H D Q D H H H H _H 

C GATCACGCC CAC GGC GATGCCGGACTGCTCGACTGC GGCGCTAATCCGGCCGGC CAGAAGATCACCGGCAT 576 
D H A H G D A G L L D C G A N P A G Q K I T G M 

GAGCAGCGACCGCATCATCCAGGTCGAGCGCGACATCCTCGGCAAGAACGATAGGCTCGCCGCCGACAATCG 648 
S S D R I I Q V E R D I L G K N D R L A A D N R 

C GCCCGCTTCCGCGCCGACGAGGTGCTTGCCTTCAACCTTGTCTCGAGCCCCGGCGCCGGCAAGACCTCGCT 720 
A R F R A D E V L A F N L V S S P G A G K T S L 

CTTGGTCCGTGCCGTCTCCGAGCTGAAGGACAGTTTTGCGATCGGCGTGATCGAAGGCGACCAGCAGACCTC 792 
L V R A V S E L K D S F A I G V I E G D Q Q T S 

CAACGATGCCGAGCGCATTCGCGCGACCGGCGTGCCGGCGATCCAGGTCAACACCGGCAAGGGCTGCCATCT 864 
N D A E R I R A T G V P A I Q V N T G K G C H L 

CGATGC C GC CATGGTCGGCGAGGC C TATGAC C GGCTGCCTTGGCTGAACGGC GGGC TGC'~-X-F~ATC GAGAA 936 
D A A M V G E A Y D R L P W L N G G L L F I E N 

TGTCGGCAACCTCGTTTGCCCGGCAGCGTTCGATCTTGGCGAAGCCTGCAAGATCGTGGTGTTCTCGACCAC 1008 
V G N L V C P A A F D L G ~E A C K I V V F S T T 

C GAGGGC GAGGACAAGCCGTTGAAATATC CTGACATGTTC GC C GC CTCGTCCCTGATGCTGATCAACAAGAT 1080 
E G E D K P L K Y P D M F A A S S L M L I N K I 

CGATCTCGCCTCGGTGCTCGATTTCGATCTCGCCAGGACCATCGAATATGCGCGGCGGGTCAACCCGAAGAT 1152 
D L A S V L D F D L A R T I E Y A R R V N P K I 

CGAGGTGCTGACGCTGTCGGCGCGCACCGGCGAAGGCTTTGCGGCGTTCTATGCCTGGATCCGCAAGCGGAT 1224 
E V L T L S A R T G E G F A A F Y A W I R K R M 

GGCGGC GACGACGCCGGC C GC GATGAC GGCGGCGGAATGACAA~ GGCGAGGCTACAGCACTGGACGGA 1296 
A A T T P A A M T A A E * 

a c ~  
CGGCGGCTGCGCCTGCATGTGCGCGGCGCGGTGCAGGGTGTCGGCTTTCGTCCCTATGTCTAC 1359 

Fig. 1. Nucleotide and deduced amino acid sequences of the B. japonicurn hypA and hypB genes. Potential ribosome-binding sites are 
underlined. The putative translation start codons are in bold. The asterisks indicate stop codons. The histidine-rich region is also underlined. 
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rich motifs were also found at the N-termini of the 
HypB products of R. leguminosarum (21 hist out of 55 
residues) and R. capsulatus (26 hist out of 96 residues) 
(Fig. 2B); but the histidine residues of B. japonicum 
HypB are more clustered than the corresponding genes' 
products of R. leguminosarum and R. capsulatus. Al- 
though the A. chroococcum HupB and A. uinelandii 

ORF5 products had fewer histidines than B. japonicum 
HypB, R. leguminosarum HypB, and R. capsulatus 
HypB, 12 histidines were closely clustered in their 
N-termini. Such histidine-rich motifs likely function as 
nickel ligands. All six proteins, including the B. japon- 
icum HypB, had clear guanine nucleotide-binding do- 
mains (Fig. 2B, residues indicated by asterisks) [20]. 
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C~QYVTLL~RVRRCI~IGm~.QIVADDGZ~IRRIEIDQE 116 
CEK/VVTV- STFIIAC, CPACGSQNLRVENDDRRRIKQ I E IE - - 113 

C V CPC E 

................................ DG~ABIEBAIID---, ,B~I~)BDBGBIX~----'~u~ 43 

TSAIEG=r nJ~'GDDG~ - - -, ~u~m~IDBDBDBIIRGDBE 47 ........................... - 

................................ EGErRII~----~-- -~m---z- we-qRR ..... P 36 

MCTCCGCA ................................ ~,----,,BAtegRR ..... P 38 

MCTVt'~CGGEk~/EDQ A P F A ~ B S  BS BW~r~'nADGTSBABPBAIIm~IIAAGBG 75 
.............................. -EGI~L A P ~ I  43 
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IILVSSPGI~'x'x', .r . ~ - P L A V I  E G I ~ ~ V I ~  224 

NLVS ~ ' . t ' . l :  ' .T .'J.~'~'.L, R R I , K D S V P C A  A I ~  182 

N VSSPG GET LL L VIEGDQQT DA RIR TG PA Q NTGKGCIILD M A L 
* *** * * 
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R R V l P I ~ E V L ~ T G E G F ~ ' Y  ~ l l r A N E  302 
~ m L E V ~ A  299 
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Fig. 2. Alignment of the deduced amino acid sequences of the HypA (A) and HypB (B) of B. japonicum with the homologous products from R. 
leguminosarum (RI), A. vinelandii (Av), A chroococcum (Ac), R. capsulatus (Rc), E. coli (Ec) and Proteus vulgaris (Pv). Consensus sequence 

(consen) is shown at the bottom. G-binding domains are indicated by asterisks. 
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T h e  u r e E  p ro t e in  o f  the  Klebsiella aerogenes urease  
gene  o p e r o n  conta ins  a h i s t id ine- r ich  reg ion  n e a r  its 
C- t e rminus  (10 of  15 res idues  a re  h is t id ines)  [21]. T h e  
p ro t e in  was d e m o n s t r a t e d  to b ind  nickel  and  subse-  
quent ly  p rov ide  nickel  for  u r ea se  activity [22]. The  
p roduc t  of  the  hypB gene,  a guan ine  nuc l eo t ide -b ind -  
ing p ro te in ,  was r e p o r t e d  to be  r equ i r ed  for  nickel  
i nco rpo ra t i on  into  E. coli hydrogenase  [23]. I t  was 
sugges ted  tha t  G T P  hydrolysis  took  p lace  dur ing  nickel  
t r ans fe r  b e t w e e n  p ro te ins  [23]. D u e  to these  previous  
s tudies ,  c o m p a r e d  to  the  now-cha rac t e r i zed  B. japon- 
icum hypB, we p r o p o s e  tha t  HypB l igands  to and  
accumula te s  nickel ,  and  in a G T P - r e q u i r i n g  react ion ,  
mobi l izes  the  me ta l  for  its subsequen t  i nco rpo ra t i on  
into hydrogenase .  
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