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The nucleotide sequence of a 2.5-kbp region following the hydrogenase structural genes (hupSL) in the H,
uptake gene cluster from Rhizobium leguminosarum bv. viciae UPM791 was determined. Four closely linked
genes encoding peptides of 27.9 (hupC), 22.1 (hupD), 19.0 (hupE), and 10.4 (hupF) kDa were identified
immediately downstream of hupL. Proteins with comparable apparent molecular weights were detected by
heterologous expression of these genes in Escherichia coli. The six genes, hupS to hupF, are arranged as an
operon, and by mutant complementation analysis, it was shown that genes hupSLCD are cotranscribed. A
transcription start site preceded by the —12 to —24 consensus sequence characteristic of NtrA-dependent
promoters was identified upstream of hupS. On the basis of the lack of oxygen-dependent H, uptake activity
of a hupC::Tn5 mutant and on structural characteristics of the protein, we postulate that HupC is a b-type
cytochrome involved in electron transfer from hydrogenase to oxygen. The product from hupE, which is needed
for full hydrogenase activity, exhibited characteristics typical of a membrane protein. The features of HupC
and HupE suggest that they form, together with the hydrogenase itself, a membrane-bound protein complex

involved in hydrogen oxidation.

A few strains of Rhizobium and Bradyrhizobium spp.
induce in legume nodules the synthesis of an H, uptake
hydrogenase whose main function is assumed to be the
oxidation of molecular H, produced by the nitrogenase
system. The oxidation of H, results in an increase of the
energy efficiency of symbiotic nitrogen fixation and provides
mechanisms to prevent oxygen damage and hydrogen inhi-
bition of the nitrogenase. At least in the soybean-Bradyrhizo-
bium japonicum symbiosis, these benefits have been shown
to stimulate plant yield (9).

The H, uptake hydrogenase from B. japonicum is a
membrane-bound, nickel-containing enzyme composed of
two subunits of about 35 and 65 kDa (9, 30). The large
subunit from B. japonicum is immunologically cross-reactive
with the hydrogenase from Rhizobium leguminosarum bv.
viciae (22). During H, oxidation, the electrons from H, are
injected into the electron transport chain apparently at the
level of ubiquinone (UB) (7, 29) and transferred to O, either
via b-, c-, and aa-type cytochromes or via cytochrome o (28,
30).

The genetic determinants for H, oxidation (hup genes)
have been isolated from R. leguminosarum bv. viciae
UPM791 (21). In this species, hup genes are clustered in a
DNA fragment of about 15 kb of the symbiotic plasmid and
organized in at least four transcriptional units designated
regions hupl/Il, hupIll, huplV, and hupV/VI (22). Region
hupl/II contains the structural genes for the hydrogenase
(hupS and hupL) which had previously been sequenced (14).
The same genes have also been sequenced from R. legumi-
nosarum bv. viciae B10 (39). By using hup-lacZ fusions, it
was shown that region hupV/Vl1 is induced in vegetative cells
in response to low oxygen tensions in the culture medium
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(31). Regions hupl/I1, huplll, and hupIV are expressed only
in symbiosis with peas, what has made the genetic analysis
of these regions difficult.

We present here the sequencing and characterization of
four additional genes located downstream of the R. legumi-
nosarum bv. viciae hydrogenase structural genes together
with preliminary evidence for the function of one of the gene
products (HupC) as a b-type cytochrome.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacte-
rial strains and plasmids used in this study are listed in Table
1. Escherichia coli strains were routinely grown at 37°C in
Luria-Bertani medium or in 2XYT medium for single-
stranded DNA preparations (35). Conditions for routinely
growing Rhizobium strains were as previously described
(22).

Chemicals. Unless otherwise stated, all restriction endo-
nucleases, DNA-modifying enzymes, and nucleotide
triphosphates were purchased from Boehringer Mannheim
GmbH (Mannheim, Germany) and were used according to
the manufacturer’s indications. Radioactive compounds
were obtained from Amersham International plc (Amer-
sham, United Kingdom). Medium constituents were from
Oxoid Ltd. (Basingstoke, United Kingdom). Antibiotics
used in growth media were from Boehringer and Serva
Feinbiochemica (Heidelberg, Germany), except that the
rifampin used for protein expression in E. coli was pur-
chased from Sigma Chemical Co. (St. Louis, Mo.). All other
chemicals were of reagent or electrophoresis grade.

Plant tests and hydrogenase activities. Hydrogenase activ-
ities of Rhizobium strains were tested in bacteroids from
nodules induced in pea plants (Pisum sativum cv. Frisson).
Rhizobium strains were used as inocula for surface-sterilized
pea seedlings, and plants were grown under conditions
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TABLE 1. Bacterial strains and plasmids used

Source or

haracteristics?
C reference

Strain or plasmid

R. leguminosarum

UPM791 128C53; Str* Hup™* on peas 21
AL series UPM derivatives with 22
genomic Tn5 insertions
E. coli BL21-DE3 hsdS gal (\ clts857 indl 42
Sam7 nin$ lacUV5-T7
genl)
Plasmids
pALG618 pLAFRI1-derived cosmid 21
containing hup region from
R. leguminosarum
pAL series pAL618::Tn5; Tc" Km" 22
pBluescript pUCI19 derivative plasmids 41
(pSK+, pSK-) containing T7 promoter
pRLH series pSK vectors carrying DNA This work

fragments from pAL618
insert DNA

@ Abbreviations: Str, streptomycin; Tc, tetracycline; Km, kanamycin.

previously described (21). Bacteroids were prepared from
nodules of 3-week-old plants by the method described by
Leyva et al. (22), and bacteroid hydrogenase activity was
determined by an amperometric method using O, or meth-
ylene blue (MB) as terminal electron acceptor (34). The
protein contents of bacteroid suspensions were determined
by the procedure of Lowry et al. (23) after alkaline digestion
of cells at 90°C in 1 N NaOH for 10 min.

Recombinant DNA techniques. Plasmid DNA preparations,
restriction enzyme digestions, agarose and polyacrylamide
DNA electrophoresis, and DNA cloning were performed by
standard procedures (35).

Sequence determination and analysis. A 6.7-kb Kpnl-
HindIIl DNA fragment from pAL618 (21) was subcloned in
pBluescript vectors in both orientations. A series of over-
lapping nested deletion fragments covering both strands of
the whole DNA region were generated by exonuclease
III-nuclease S1 treatment (13). The deletion fragments were
sequenced by the dideoxy chain termination method of
Sanger et al. (36) using Sequenase version 2.0 from United
States Biochemicals (Cleveland, Ohio) and the forward and
reverse M13 primers from Pharmacia Biotechnology Inter-
national (Uppsala, Sweden) with either single- or double-
stranded DNA templates.

For the precise locations of TnS insertions in pAL plas-
mids, restriction fragments containing the Tn5 kanamicin
resistance gene together with the Tn5 left arm and adjacent
DNA region were subcloned in pBluescript vectors. These
constructs were sequenced by using a 17-mer synthetic
oligonucleotide (5'-ATGAACGTTACCATGTT-3') comple-
mentary to the Tn5 inverted repeat as primer.

Nucleotide and derived amino acid sequences were ana-
lyzed by using the University of Wisconsin Genetics Com-
puter Group Sequence Analysis Software Package (6), DNA
Strider (C. Marck, Departemente de Biologie, Centre
d’Etudes Nucleares de Saclay, Gif-sur-Ivette, France), and
Brujene (J. A. Vara, Centro de Biologia Molecular, Univer-
sidad Auténoma de Madrid, Spain) computer programs.

Bacteroid RNA isolation and location of 5’ end of mRNA.
RNA isolation from bacteroids was carried out as previously
described (31).
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The location of the mRNA 5' end was determined by
primer extension using a 17-mer synthetic oligonucleotide
(5'-CCCTGGCGGCGAATGAC-3') complementary to the
mRNA corresponding to amino acids 10 to 15 from HupS.
The synthetic oligonucleotide was labeled with y->’P by
using polynucleotide kinase. About 5 ng of labeled oligonu-
cleotide was mixed with 10 pg of bacterial total RNA in 15 pl
of hybridization solution (10 mM Tris-HCl [pH 8.3], 50 mM
KCl). The hybridization mixture was maintained for 3 min at
90°C and allowed to cool slowly to 35°C. Extension was
accomplished by adding 4.5 pl of a mixture of the four
triphosphate deoxynucleotides (4 mM each), 2.5 pl of TR
buffer (250 mM Tris-HCI [pH 8.3], 100 mM MgCl, 50 mM
dithiothreitol), 2 pl of sodium pyrophosphate, and 25 U of
avian myeloblastosis virus reverse transcriptase (purchased
from Pharmacia) and incubating the mixture for 90 min at
42°C. After the extension, the reaction was stopped by the
addition of 2 ul of 250 mM EDTA, and the mixture was
treated with 10 U of bovine pancreatic RNase (30 min at
37°C) to remove single-stranded RNA. Extended chains
were precipitated with ethanol, washed with 80% ethanol,
and loaded onto a sequencing gel.

Expression and labeling of proteins in E. coli. Proteins
encoded in the hupl/II region were expressed in E. coli cells
by using the bacteriophage T7 RNA polymerase-promoter
system described by Tabor and Richardson (44). E. coli
BL21-DE3, harboring gene 1 from T7 RNA polymerase
under the control of a lacUV5 promoter, was used as
expression host. After adequate DNA restriction fragments
were subcloned in pBluescript vectors, constructs were
transformed into BL21-DE3. Conditions for isopropyl-g-D-
thiogalactopyranoside (IPTG) induction of T7 RNA poly-
merase-dependent expression and labeling with L-[>>S]me-
thionine were as described by Studier and Moffatt (42). After
being labeled, cells were spun down, and crude cell extracts
were prepared as previously described (22). Crude extracts
were resolved in sodium dodecyl sulfate (SDS)-polyacryl-
amide discontinuous gels (19). Gels were stained, dried, and
exposed to Kodak X-OMAT X-ray film.

Nucleotide accession number. The sequence data presented
in this paper can be obtained from the EMBL data library
under accession number X52974.

RESULTS

Determination and analysis of the nucleotide sequence of
region hupl/Il. The detailed restriction map of the 6.7-kb
Kpnl-HindIII DNA fragment containing the region hupl/Il is
presented in Fig. 1B along with the general organization of
the hup cluster contained in the 20-kb DNA insert of cosmid
pAL618 (22). Different restriction fragments from this 6.7-kb
DNA segment were subcloned in pBluescript vectors, and
series of deletion derivatives of the subclones were gener-
ated. These deletion derivatives were used to determine the
nucleotide sequence of a fragment of 5,596 bp (Fig. 2). The
analysis of the sequence revealed the presence of six com-
plete open reading frames (ORFs), designated ORF11 to
ORF16, all oriented in the same direction (from left to right
in Fig. 1B). The probability that these ORFs encode poly-
peptides was examined with the Brujene computer program
employing a R. leguminosarum codon usage table (48).
According to this analysis, all six ORFs had a high proba-
bility of coding for a protein.

The DNA sequences and amino acid translations of
ORF11 and ORF12 were previously published (14). On the
basis of their high homology with the genes for the B.



4132 HIDALGO ET AL.

J. BACTERIOL.

hupl /1l hupiil huplV hupV/ VI
.| & ] |
Ac¢ K E H K E E EMH E €
(- 71 A A _-1~ 1 1 1 1 A —
/,/ ______________ kb,
v as 2 63 13 a8 25 |
)
B ¢ l A 1 sj '.4 X ’P‘? l JF 5
ORF11 ORF12 ORF13_ _ORF14 ORFIS ORF16 ORF31
osks L—hueS O bupt > hupC > hupb S hupE

FIG. 1. Physical and genetic maps of region hupl/II. (A) Restriction map of cosmid pAL618 DNA insert and positions of putative hup
transcriptional units (full bars) defined by Tn5 mutagenesis and complementation analysis (22). (B) Detailed restriction and genetic maps of
the 6.7-kb Kpnl-HindIIl fragment containing the hupl/II region. Locations and directions of ORFs are indicated by open horizontal arrows.
Positions of TnS insertions in genomic AL mutants were determined by sequencing and are indicated by vertical arrows below the numbers
of the corresponding mutants. Restriction enzymes: B, Bgll; C, Clal; E, EcoRl; H, Hindlll; K, Kpnl; S, Sall; X, Xhol.

japonicum hydrogenase subunits (37), ORF11 and ORF12
were identified as the genes for the small and large subunits
of the R. leguminosarum bv. viciae hydrogenase and were
designated hupS (ORF11) and hupL (ORF12). The percent-
ages of amino acid identity of the predicted proteins from R.
leguminosarum bv. viciae UPM791 hupS-hupL with the
hydrogenase small and large subunits predicted from the
corresponding genes in B. japonicum (37), Rhodobacter
capsulatus (20), Azotobacter vinelandii (26), Azotobacter
chroococcum (10), and E. coli (27) were 89.3 and 89.4, 76.2
and 74.6, 79.8 and 68.6, 75.8 and 64.6, and 68.0 and 63.5,
respectively.

ORF13, ORF14, ORF15, and ORF16 are located down-
stream of hupL, and their nucleotide and derived amino acid
sequences are shown in Fig. 2. The likely translational
initiation codon for all four ORFs is ATG, which is preceded
in every case by a purine-rich motif characteristic of poten-
tial ribosome-binding sites. All the ORFs except ORF13
terminate with TGA; ORF13 terminates with TAG. With the
exception of ORF16, which is separated by 96 bp from the
termination codon of ORF15, the other ORFs of the gene
cluster, including AupS and hupL, are closely linked: ORF13
is contiguous with ORF14, and the intergenic spaces be-
tween hupS and hupL, hupL and ORF13, and ORF14 and
ORF15 are 23, 13, and 11 bp, respectively. No promoter-
related signals were observed in the intergenic region be-
tween ORF15 and ORF16. This arrangement suggests that
the six ORFs constitute a single operon corresponding to the
previously defined hupl/II region (22). Following the alpha-
betical gene designation adopted in the E. coli hydrogenase
operons (25, 27), we named the corresponding genes hupC
(ORF13) to hupF (ORF16). In the DNA located downstream
of hupF in cosmid pAL618, a second gene cluster containing
11 genes has been identified (data to be presented else-
where). The first of these genes, hupG, corresponds to
ORF31, and a partial sequence of it is presented in Fig. 2.
hupG apparently belongs to transcriptional unit huplll,
previously defined by complementation analysis (22), since
the Tn5 insertion of Hup™ mutant AL25, ascribed to region
huplll, has been located in ORF31 (Fig. 2). The 166-bp DNA
region between hupF and hupG has a higher content of A+T
bases (57.6%) than the average of the overall sequence
(38.7%), suggesting that it may be separating two operons.
However, no significant inverted repeats characteristic of

rho-independent transcriptional terminators (5) were found
in this region.

Expression of hup gene products in E. coli cells. Polypep-
tides encoded by the Aupl/Il DNA region were identified by
using an in vivo gene expression procedure based on the
bacteriophage T7 RNA polymerase-promoter system (42).
DNA restriction fragments containing all or part of the ORFs
from the hupl/II and hupIIl regions (Fig. 3A) were subcloned
in pBluescript vectors, and the resulting plasmids (pRLH)
were expressed in E. coli BL21-DE3.

Seven protein bands with apparent molecular weights of
approximately 65, 39, 26, 25, 17, 16, and 13 kDa were
specifically labeled in strain BL21-DE3(pRLH382) (Fig. 3B,
lane 5). Based on the specifically labeled protein bands
obtained from strains BL21-DE3 carrying plasmids
pRLH20, pRLHS53, pRLH21, and pRLHS82 (Fig. 3B, lanes 2,
3, 4, and 6, respectively), these polypeptides were identified
as the gene products from hupL, hupS, hupD, hupC, hupG,
hupE, and hupF, respectively. The strongly labeled protein
band of about 43 kDa present in strain BL21-DE3(pRLH21)
corresponds to a truncated protein from partial translation of
hupL. In some cases (Fig. 3A, lanes 5 and 6), the gene
product from AupS, the hydrogenase small subunit, is only
weakly labeled. This could be because of a higher sensitivity
of this protein toward proteolytic digestion, as has been
reported for the B. japonicum hydrogenase small subunit
(43). The sizes of the polypeptides translated from hupS to
hupF agree quite well with those of the proteins predicted
from the nucleotide sequence (Table 2).

Mutant characterization and complementation analysis.
Several Hup™ Tn5 mutants of R. leguminosarum bv. viciae
UPM791 were previously generated by site-directed muta-
genesis of DNA associated with region hupl/II (22). Taking
advantage of the nucleotide sequence availability, these
mutants have now been precisely mapped by sequencing the
DNA contiguous to the genomic Tn$ insertion with a primer
complementary to a 17-bp sequence of the transposon. Tn5
insertions in mutants AL45, AL39, AL63, AL13, and AL48
were located within hupS, hupL, hupC, hupD, and hupE,
respectively (Fig. 1B and 2). No TnJ insertions in hupF were
available.

The effect of the TnJ insertions on the Hup phenotype was
evaluated in symbiosis with peas (Table 3). Bacteroids from
mutants carrying Tn5 insertions in the hydrogenase struc-
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FIG. 2. Nucleotide sequence of hupC to hupF genes and flanking regions, including previously published hupS upstream region (14).
Predicted amino acid sequences from ORFs are given above the nucleotide sequence. Potential ribosome-binding sites are underlined. The
transcription initiation (+1) site is shown by a vertical arrow. The putative NtrA- and IHF-binding sites are boxed and indicated. Positions
of TnS5 insertions in the AL mutants are marked by arrowheads with corresponding designation numbers.
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FIG. 3. Identification of proteins encoded in the hupl/II region by its expression in a T7 RNA polymerase-promoter system. (A) The extent
of each restriction fragments carried by the pSK derivative plasmids (pRLH) is aligned with the location of the hup genes identified by
sequencing in the hupl/II region and part of the huplll region. Arrows indicate the direction of transcription of T7 promoter from the vector.
Abbreviations of restriction enzymes are as in Fig. 1. (B) Autoradiogram of SDS-polyacrylamide (15%) gel containing [**S]methionine-labeled
proteins from E. coli BL21-DE3 bearing plasmids indicated in panel A or pSK as follows: pSK (lane 1), pRLH20 (lane 2), pRLHS53 (lane 3),
pRLH21 (lane 4), pRLH382 (lane 5), and pRLHS82 (lane 6). The positions and sizes (in kilodaltons) of the proteins used as molecular weight
standards are shown at the left. From top to bottom, they are phosphorylase B, bovine serum albumin, egg albumin, carboanhydrase, soybean
trypsin inhibitor, and cytochrome c. Arrows at the right indicate positions of the bands corresponding to the hup gene products in lane 5

(plasmid pRLH382).

tural genes (ALA4S and AL39) or in hupD (AL13) were unable
to oxidize H, with either O, or MB as terminal electron
acceptor. Mutant ALA48, bearing a TnS insertion in AupE,
exhibited a 50% reduction of these activities compared with
the wild-type strain, suggesting that the gene products from
hupE and/or hupF are not essential for hydrogenase activity
in pea bacteroids but are required to attain full levels of
activity. This implies that, besides the hydrogenase struc-
tural genes, the hupD gene product is absolutely required for
hydrogenase activity in R. leguminosarum bv. viciae cells.
The Tn5 insertion in AupC (mutant AL63) completely sup-
pressed the bacteroid hydrogenase activity with oxygen as
electron acceptor, but a low H, uptake activity was still
detected with MB. This MB-dependent hydrogenase activity
is increased in bacteroids from the merodiploid strain
AL63(pAL63) carrying multiple copies of pAL618 with a
Tn5 insertion in hupC.

Complementation analysis was carried out by examining

TABLE 2. Characteristics of predicted gene products
from region hupl/I1

Mol wt 103 % Homol-
Position I:;in(:)f (109 ogy to

OREF (gene) on se- acid res F F pl E. coli hy-
uence : g rom rom drogenas:

9 idues  sequence gel rgegnen; €

ORF11 (hupS) 156-1238 360
ORFI2 (hupL) 1262-3052 596
ORFI13 (hupC) 3066-3785 239
ORF14 (hupD) 37864394 202
ORFI15 (hupE) 4406-4981 191
ORFI16 (hupF) 5078-5374 99

39.153 40 7.25 68 (hyad)
66.115 65 6.51 63 (hyaB)
27.873 25 7.47 50 (hyaC)
22050 26 4.55 43 (hyaD)
19.025 16 8.48

10.417 13 5.58 32 (hypC)

“ Expressed as percent amino acid identity with the corresponding gene
product. E. coli hydrogenase genes are from hya (27) and hyp (25) operons.

TABLE 3. Symbiotic hydrogenase activities of
R. leguminosarum UPMT791 derivative strains
carrying Tn5 insertions in genomic or genomic

and cosmidic copies of hup genes

Hydrogenase
Strain Location of activity”
Tn$5 insertion® _—
0, MB
UPM791 1,120 1,270
UPM791(pAL618) 2,085 2,300
ALA4S hupS 0 0
ALA5(pALA4S) hupS (hupS) 0 0
AL39 hupL 0 0
AL39(pAL39) hupL (hupL) 0 0
AL39(pALA4S) hupL (hupS) 0 0
AL39(pAL63) hupL (hupC) 0 60
AL39(pAL13) hupL (hupD) 170 180
ALG63 hupC 0 14
ALG63(pAL63) hupC (hupC) 0 53
ALG63(pAL39) hupC (hupL) 0 49
ALG63(pAL13) hupC (hupD) 184 210
AL13 hupD 0 0
AL13(pAL13) hupD (hupD) 0 0
AL13(pAL39) hupD (hupL) 765 820
AL13(pAL63) hupD (hupC) 940 980
ALA48 hupE 650 680
“ Locations of the Tn5 insertions in pAL618 derivative cosmids (pAL) are
in g)arentheses.

Bacteroid hydrogenase activities are expressed as nanomoles of H, taken
up per hour per milligram of protein with oxygen or MB as terminal electron
acceptor. Zeros indicate no activity detected.
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the symbiotic Hup phenotype of merodiploid strains carry-
ing TnS insertions in the genomic copies of hup genes with
pALG618 derivative cosmids bearing Tn5 insertions in differ-
ent hup genes (Table 3). From the O,-dependent hydroge-
nase activities of the merodiploid strains, it is inferred that
hupS, hupL, and hupC genes belong to a single operon
transcribed from upstream of AupS. This operon seems also
to contain AupD, since mutants AL63 (hupC::Tn5) and AL39
(hupL::Tn5) were not complemented (only low levels of
hydrogenase activity were detected) by cosmid pAL13
(hupD::Tn5). However, the full complementation observed
in strains AL13(pAL39) and AL13(pAL63) suggests that
transcription of hupD is not dependent on the hAupSLC
promoter only. A possible explanation for these results is
that the hupD gene is transcribed from the hupSLC promoter
and from a secondary promoter located upstream of hupD.
This secondary, weaker promoter would allow a low level of
transcription of this gene, and in merodiploid strains such as
AL13(pAL39) and AL13(pAL63) carrying multiple copies of
hupD, its activity would result in higher levels of hupD gene
product and, consequently, higher levels of hydrogenase
activity.

The apparent expression of the AupD gene in strains in
which the transcription of hupC is prevented by the Tn5
insertions, such as in AL39(pAL63), AL63, AL63(pAL63),
and AL63(pAL39), accounts for the MB-dependent hydrog-
enase activities observed in these mutants. Since none of
them exhibited any detectable capacity to oxidize H, with O,
as terminal electron acceptor, a role of hupC in electron
transfer from hydrogenase to O, is predicted. In addition to
this role, hupC may also participate in the formation or
stabilization of the hydrogenase complex. This assessment is
based on the low levels of MB-dependent hydrogenase
activity obtained when all copies of the hupC gene in
merodiploid strains are affected by the Tn5 mutations com-
pared with the much higher values of activity observed in
strains, such as AL13(pAL39) and AL13(pAL63), carrying
at least one unaffected copy of AupC.

Identification of hupS promoter. The 5' end of the hupS
RNA transcript was determined by primer extension using
an oligonucleotide complementary to the coding strand of
hupS gene as a primer and total RNA from bacteroids
produced by R. leguminosarum bv. viciae UPM791. The
base A located at position 99 (56 bases upstream of hupS)
was identified as the transcriptional initiation site (Fig. 4).

The analysis of the nucleotide sequence upstream of the
transcriptional start site of the hAupS gene identified the
sequence 5'-CTGGTCCGCTTCITGCA-3' between posi-
tions 71 and 87. This sequence is remarkably similar to the
NtrA-binding consensus motif (5'-CIGGYRYRN,TTGCA-
3’) between positions —12 and —24 in nif promoters (12). The
GC bases at positions 85 and 86 are located 13 nucleotides
upstream of the transcriptional start site, which agrees quite
well with the position of the GC conserved couple of bases of
the NtrA-binding site and strongly suggests that transcrip-
tion of this hup operon is dependent on a o>* (NtrA) factor.
The NtrA-binding motif was also present 44 bp upstream of
ORF?31, suggesting that the operon starting with the hupG
gene contains an NtrA-dependent promoter. However, the
transcriptional start site for this putative operon has not been
identified yet.

Upstream of the NtrA-binding site, a sequence (5'-TAT
CAACTATITA-3') showing good homology with the in-
tegration host factor (IHF)-binding motif 5'-WATCAA
nnnnTTR-3’ (4) was identified between nucleotides 31 and 43
(Fig. 2). In nif promoters, the IHF protein bends the DNA to
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FIG. 4. Determination of transcriptional start point of hupS by
primer extension. Lanes A, C, G, and T show the sequence of
plasmid pRLH21 obtained with the primer 5’-CCCTGGCGGC
GAATGAC-3’ (complementary to bases 183 to 201 in Fig. 2); lane P
shows the extension product from the same primer hybridized with
total RNA from R. leguminosarum UPM791 pea bacteroids.

mediate the contact of upstream binding activator proteins
with the RNA polymerase-o>* complex (15). The putative
IHF sequence in the hupS promoter is preceded by an
AT-rich stretch of nucleotides. This trait is also present in nif
promoters.

To investigate the presence of a potential promoter imme-
diately upstream of hupD, a primer extension experiment
was carried out with the oligonucleotide 5'-GCGCCGGCG
GAGGTCCCA-3' complementary to the coding strand (bas-
es 20 to 38) of hupD and total RNA from UPM791 bac-
teroids. In this experiment, no extension product indicative
of a possible transcription initiation site was detected (data
not shown).

Features of the potential gene products. The properties of
the predicted gene products from hupC to hupF are listed in
Table 2.

(i) HupC. The protein predicted from ORF13 (HupC) is
very hydrophobic (51% nonpolar amino acids) and contains
a high percentage of aromatic amino acid residues (17.8%)
and no cysteines. The hydropathy profile of HupC shows
four highly hydrophobic regions (I to IV) that could corre-
spond to potential transmembrane segments (Fig. 5). When
the hydrophobicity index for each amino acid was calculated
as an average of 19 neighboring residues, a value higher than
1.6 was obtained for several amino acids within regions II,
III, and IV. The critical value of 1.6 has been used to predict
membrane-spanning domains in a large number of membrane
proteins (18).

HupC has significant homology with proteins predicted
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FIG. 5. Hydropathy profiles of HupC (A), HupD (B), and HupE
(C). The Kyte-Doolittle algorithm (18) was used, and the hydropathy
of an average of 11 amino acid residues was plotted as a function of
amino acid number. Horizontal segments in panéls A and C indicate
predicted membrane-spanning domains and are designated by ro-
man numbers. Vertical arrows in panel A show the positions of
histidines conserved in HupC and in HupC-homologous proteins
from other bacteria.
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from ORFs that follow the hydrogenase structural genes in
other bacteria (Fig. 6). The overall amino acid identity was
58.7% with ORF3 from A. vinelandii (26), 48.8% with HyaC
from E. coli (27), 56.6% with ORFX from R. capsulatus (32),
and 66.6% with 111 amino acids translated from the nucleo-
tide sequence located immediately downstream of AupL in
B. japonicum (37). Besides, the hydropathy profile of HupC
has a striking similarity to that published for E. coli HyaC
(27). Interestingly, six histidines (positions 31, 74, 136, 191,
194, and 208 in HupC) are conserved in the four proteins
(Fig. 6). Three of these histidines are located at the begin-
nings of the potential membrane-spanning regions I, II, and
IV. Histidines within membrane-spanning domains have
been described as heme ligands in cytochromes of the b type
(11).

(ii) HupD. The potential protein from ORF14 has a pre-
dicted size of 22.1 kDa and is mostly hydrophilic except for
an 11-amino-acid stretch in the N terminus that exhibits an
average hydrophobic index higher than 2 according to the
Kyte-Doolittle scale (18). This hydrophobic domain may
serve to anchor the protein to the membrane. HupD has
homology to HyaD from the E. coli hydrogenase 1 operon
(46% identity) (27) and to a sequence of 35 amino acid
residues translated from DNA located immediately down-
stream of the structural genes for the periplasmic hydroge-
nase of Desulfovibrio fructosovorans (48% identity) (33)
(Fig. 7). No significant similarity to any other protein in-
cluded in the SwissProt data base was identified.

(iii) HupE. ORF15 encodes a potential protein of 191
amino acids with a predicted size of 19 kDa. The first 21
amino acid residues have the structure of a leader peptide
sequence (47), with two lysines at positions 2 and 5, a
hydrophobic stretch, and a putative cleavage site after the
alanine at position 21. A striking feature of HupE protein is
its extreme hydrophobicity (72% nonpolar amino acid resi-
dues), with six potential membrane-spanning segments (I to
VI) (Fig. 5).

HupE showed no significant homology to any of the gene
products from the E. coli hya operon. A search for similarity
with proteins listed in the SwissProt data base revealed that
HupE displayed a limited degree of similarity to chain 4 of
NADH-UB oxidoreductases from maize (38) and tobacco
(40) chloroplasts. These proteins contain 515 and 509 amino
acids, respectively, and multiple membrane-spanning do-
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FIG. 6. Comparison of the deduced amino acid sequences from R. leguminosarum hupC with sequences of homologous proteins deduced
from genes involved in hydrogen metabolism in other bacteria. Asterisks indicate conserved amino acid residues (relative to the R.
leguminosarum bv. viciae sequence). Vertical arrowheads indicate the positions of conserved histidines in R. leguminosarum bv. viciae HupC
and homologous proteins from other bacteria. Abbreviations: Av, A. vinelandii (26); Ec, E. coli (27); Rc, R. capsulatus (32); Bj, B. japonicum
(amino acid sequence was translated from DNA located downstream of AupL [37]).
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FIG. 7. Homology of R. leguminosarum HupD (A) and HupF
(C) to proteins involved in hydrogen metabolism in other bacteria
and homology of a fragment of HupE (B) to a fragment of chain 4
from chloroplast NADH-UB oxidoreductases (Nudc) from plants.
Symbols: |, identical residues; :, conservative change of residue.
Abbreviations: Ec, E. coli (HyaD [27] or HypC [24]); Df, D.
fructosovorans (amino acid sequence was translated from DNA
downstream from hydrogenase structural gene hupL [33]); Nt,
Nicotiana tabacum (40); Zm, Zea mays (38).

mains. The homology to HupE extends over a stretch of 250
residues in the central part of the protein. The segment
exhibiting the highest homology is shown in Fig. 7B.

(iv) HupF. The last ORF in region Aupl/II codes for a small
protein (99 amino acid residues, 10.4 kDa) with no significant
similarities to proteins listed in the SwissProt data base.
However, HupF exhibited homology to the predicted pro-
tein from AypC gene of E. coli (33% identity) (Fig. 7C). The
gene products from the hyp operon are required for the
synthesis of the three hydrogenase isoenzymes of E. coli,
but no specific functions have been assigned to them (25).

DISCUSSION

The region hupl/I1 of the H, uptake gene cluster cloned in
cosmid pAL618 from R. leguminosarum bv. viciae UPM791
contains the hydrogenase structural genes (22). These genes
were previously sequenced and designated AupS and hupL
(14). They are contiguous and oriented in the same direction,
with the gene for the small subunit (hupS) preceding the gene
for the large subunit (hupL). In this study, we have deter-
mined the nucleotide sequence of a DNA fragment of 2,554
bp located immediately downstream of hupL and described
the gene organization of the complete hupl/II DNA region.
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The analysis of the sequence revealed the presence of four
additional ORFs (ORF13 to ORF16) that follow AupL and
have the same orientation as the structural genes. When
expressed in E. coli cells, these ORFs encoded polypeptides
of molecular sizes which agree quite well with those of the
proteins predicted from the nucleotide sequences. Several
arguments support the idea that the gene products from
these ORFs play a role in H, uptake by pea bacteroids;
consequently, the corresponding genes have been desig-
nated hupC to hupF. First, Tn5 insertions within ORF13,
ORF14, and ORF15 impair the symbiotic Hup phenotype.
The effect is not due to the polarity of the Tn5 mutation,
since the phenotype alteration was different depending on
the location of the Tn5 insertion (Table 3). Second, analysis
of the primary structures of the gene products from ORF13
to ORF16 showed that at least three of these products have
significant sequence similarity to genes belonging to operons
involved in hydrogenase activity in other bacteria (Fig. 6 and
7.

Tn5 complementation analysis clearly showed that the
structural genes hupS and hupL, together with hupC and
hupD are transcribed from a promoter located upstream of
hupS. Similarly, the ORF3 gene product from the R. capsu-
latus hup cluster has recently been shown to belong to the
same operon as the hydrogenase structural genes (3). Al-
though there is no direct evidence that hupE and hupF
belong to the same operon as hupSLCD, the facts that hupS
to hupF are closely linked and oriented in the same direction
and that no promoterlike sequences were identified in the 5’
flanking regions of hupD to hupF favor the idea of a single
operon (hupSLCDEF).

The transcription initiation site of the putative hup
SLCDEF operon was located in the 5’ noncoding region of
hupS (Fig. 4). The analysis of the sequence upstream of this
transcription initiation site revealed the presence of NtrA
(™* factor)- and IHF-binding consensus motives also found
in nif and fix genes (12). An IHF-like protein from R.
capsulatus has recently been shown to specifically bind the
promoter of the hydrogenase structural genes in this bacte-
rium (45). The existence of NtrA and IHF motives is
coherent with the observation that the hupl/II region is
activated only in symbiosis with peas (31) and suggests a
coregulation of nif and hup genes in R. leguminosarum bv.
viciae. However, no obvious NifA-binding consensus se-
quences were found upstream of the NtrA site. Sequences
showing homology to the NtrA-dependent promoters be-
tween positions —24 and —12 have also been found in the
promoters of the Ayc operon coding for the hydrogenase 3
components of E. coli (24) and the hoxFUYH operon coding
for the NADH-reducing hydrogenase of Alcaligenes eutro-
phus (46).

The allocation of precise functions in hydrogenase synthe-
sis or activity to any of the gene products from hupC to hupF
is difficult from the available data. However, three lines of
evidence support the idea that HupC is a b-type cytochrome.
First, the fact that mutant AL63 carrying a Tn5 insertion
within AupC shows some H, uptake activity with MB but not
with O, as electron acceptor suggests that HupC is involved
in electron transfer to O, (Table 3). A mutation in ORF3
(hupM) from R. capsulatus also resulted in the inability of
the cells to transfer electrons to O, (3). Second, the hydrop-
athy profile of the amino acid sequence deduced from AupC
predicted a secondary structure characteristic of an mtegral
membrane protein with four potential membrane- spannmg
domains. The presence of transmembrane domains is a
common characteristic of b-type cytochomes (49). In these
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integral membrane proteins, several histidine residues lo-
cated within membrane-spanning regions are important be-
cause they serve as heme ligands (11). A comparison of
HupC with b-type cytochromes included in the SwissProt
data base revealed that HupC had little overall homology
(less than 25% identity; data not shown) with b-type cy-
tochromes. However, a detailed analysis of the sequences
around the histidines located in the membrane-spanning
regions in HupC and homologous proteins revealed that a
stretch of 10 amino acids preceding the histidine at position
74 is highly similar to the conserved motif [(D, E, N, or
Q)xxxG(F, Y, or W)RxxH] included in the PROSITE data
base (1) as specific for the cytochrome b component of both
the respiratory chain complex III (b-c; complex) and the
photosynthetic bs-f complex. The histidine of this motif has
been identified as the first ligand of one of the two hemes
present in b-by cytochromes (49). The cytochrome b-bg
signature is located at the beginning of membrane-spanning
segment II in both HupC and b-b4 cytochromes. Third, it has
recently been demonstrated that the gene product from
Wolinella succinogenes hydC, a gene that follows the hy-
drogenase structural genes in this bacterium, is a cy-
tochrome b that reacts with quinones and anchors the
enzyme to the membrane (17). This protein has 26% amino
acid identity with R. leguminosarum bv. viciae HupC, and
both proteins present a very similar hydropathy profile (16).

The pathway of electron transfer from hydrogen to O, in
vegetative and symbiotic cells of B. japonicum has been
examined in detail (9, 30). The electrons from H, seem to be
injected into the electron transport chain at the level of UB
(7, 29). However, the primary electron acceptor from hy-
drogenase has not been clearly identified. From difference
spectrum analysis, a b-type cytochrome (component bsso)
was proposed to be specifically involved in H, oxidation by
B. japonicum vegetative and symbiotic cells and to function
as an electron carrier between hydrogenase and UB (7, 8).
Later on, the existence of a low-potential cytochrome solely
reducible by H, has been questioned, and instead, a cy-
tochrome bssg (cytochrome b’ or cytochrome o) located after
the UB was shown to be not specifically reduced by H, in B.
Jjaponicum cells (28). These findings are consistent with the
idea of HupC being a cytochrome b involved in H, oxidation
in R. leguminosarum. The location of the hupC gene in the
same operon as the hydrogenase structural genes strongly
suggests that HupC is specifically required for the physio-
logical oxidation of H, and points toward it being the
primary electron acceptor of the R. leguminosarum bv.
viciae hydrogenase. However, the possibility that HupC can
also receive electrons from substrates other than H, cannot
be discarded. The precise location and function of HupC
should await the construction and physiological characteri-
zation of nonpolar HupC™ mutants.

With the available data, we can only speculate about the
possible roles of the hupD, hupE, and hupF gene products.
HupD is a hydrophilic protein that seems to be essential for
hydrogenase activity in pea bacteroids. It may be involved in
processing or assembling the hydrogenase components.
HupE showed a limited degree of similarity to chain 4 of the
NADH-UB oxidoreductase from chloroplasts (Fig. 7B). The
presence of components related to the NADH-UB oxidore-
ductase complex in the R. leguminosarum bv. viciae hydrog-
enase system should not be surprising, since it has been
shown in B. japonicum that UB is the respiratory chain
component which accepts the electrons from H, (7, 29).
Moreover, recent work pointed out that several subunits of
the NADH-UB oxidoreductase complex have significant
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sequence similarities to subunits of the hydrogenase 3 (hyc
operon) from E. coli (2).

It is possible that the hydrogenase enzyme and the prod-
ucts from the hupCDE genes form a membrane protein
complex (H,-UB oxidoreductase complex) that reduces UB
to ubiquinol with H,. The function of this complex would be
equivalent to that of the specific NADH- or flavin-linked
dehydrogenases that also reduce UB with hydrogen-contain-
ing substrates such as NADH or succinate.
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