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To isolate genes from Escherichia coli which regulate the labile hydrogenase activity, a plasmid library was
used to transform hydL mutants lacking the labile hydrogenase. A single type of gene, designated hydG, was
isolated. This gene also partially restored the hydrogenase activity in #ydF mutants (which are defective in all
hydrogenase isoenzymes), although the low hydrogenase 1 and 2 levels were not induced. Therefore, hydG
apparently regulates, specifically, the labile hydrogenase activity. Restoration of this latter activity in hydF
mutants was accompanied by a proportional increase of the H, uptake activity, suggesting a functional
relationship. H,:fumarate oxidoreductase activity was not restored in complemented hydL mutants. These
latter strains may therefore lack, in addition to the labile hydrogenase, a second component (provisionally
designated component R), possibly an electron carrier coupling H, oxidation to the anaerobic respiratory
chain. Sequence analysis showed an open reading frame of 1,314 base pairs for hydG. It was preceded by a
ribosome-binding site but apparently lacked a promoter. Minicell experiments revealed a single polypeptide of
approximately 50 kilodaltons. Comparison of the predicted amino acid sequence with a protein sequence data
base revealed strong homology to NtrC from Klebsiella pneumoniae, a DNA-binding transcriptional activator.
The 411 base pairs upstream from pHG40 contained a second open reading frame overlapping hydG by four
bases. The deduced amino acid sequence showed considerable homology with the C-terminal part of NtrB. This
sequence was therefore assumed to be part of a second gene, encoding the NtrB-like component, and was
designated hydH. The labile hydrogenase activity in E. coli is apparently regulated by a multicomponent system
analogous to the NtrB-NtrC system. This conclusion is in agreement with the results of Birkmann et al. (A.
Birkmann, R. G. Sawers, and A. Bock, Mol. Gen. Genet. 210:535-542, 1987), who demonstrated ntrA

dependence for the labile hydrogenase activity.

Hydrogen metabolism in Escherichia coli is characterized
by a fermentative formate hydrogenlyase-linked H, produc-
tion, via formate dehyrogenase and hydrogenase (29), and by
an H, uptake route (H,:fumarate oxidoreductase [Hup])
linking the oxidation of H, to an anaerobic respiratory chain,
leading to fumarate (1, 4, 18, 46). The hydrogenases involved
are not identical and probably not interchangeable. E. coli
contains three hydrogenases, two electrophoretically stable
isoenzymes (2), i.e., hydrogenase 1 (36) and hydrogenase 2
(3), and a considerable residual activity, which is inactivated
upon neutral, nondenaturing gel electrophoresis (35). The
current state of literature is not unambiguous about their
physiological function. Some studies suggest that the labile
species is involved in formate hydrogenlyase activity (hy-
drogenase 3) (5, 6, 35), whereas we provided evidence that
the labile species (previously designated hydrogenase L, but
probably identical to hydrogenase 3) might function in the
respiratory Hup pathway (41, 42). Here we provide further
evidence for the latter model.

In addition to anaerobiosis, substrates like formate, and
general regulators like Fnr and sigma factor NtrA (5, 6, 40),
several genes are involved in the regulation. of hydrogen
metabolism. The majority of these genes or loci are pleio-
tropic in their effect, in that they abolish hydrogenase as well
as formate dehydrogenase-H activity simultaneously, e.g.,
hydA (17, 27), hydB (17), hydE (9), hydFDI2 (13, 44), hydC
or hydD (45). The hydF mutation (42) is hydrogenase specific
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but pleiotropic with respect to the individual isoenzymes.
Only two loci seem to control one hydrogenase isoenzyme,
viz., the labile one, hyd-17 (28, 41) and hydL (41).

Some (regulatory) genes such as hydA (16, 34), hydB (9,
34, 44), and hydE (9) have been cloned. This approach has
been shown to be fruitful in the study of other gene clusters,
e.g., the nif (14), nar (40), or frd (15) operons.

In this paper, we report the cloning, by complementation
of a hydL mutant, of (a part of) an operon that specifically
restores the labile hydrogenase activity in several E. coli
mutants. The upstream gene (hydH) was partially cloned,
and the second gene (hydG) was completely cloned. The
complementation behavior in several mutants, the coding
region, the product (HydG), the nucleotide sequence, and
the homologies with other regulatory genes are described.

MATERIALS AND METHODS

Bacterial strains and vectors. For transformation with pUC
plasmids and M13 derivatives, E. coli JM103 [F’' proA*B*
lacI® lacZAM15 A(lac pro) thi endA sbrB supE hsdR4 rpsL)
was used. For cloning purposes, E. coli HB101 (F~ pro leu
thilacZ gal xyl ara mtl hsdS phx supE recAl3 rpsL) was also
used. For the detection of plasmid-encoded proteins, we
used the minicell-producing strain DS410 (F~ thr leu minA
minB rpsL) (10). Hydrogenase-deficient strains were HB101
derivatives BO2 (hydL) (41), BO32 (hydF), BO26 (hydC),
and BOS (hyd, near 58 min) (42). (Sub)cloning was in the
lacZ' region of plasmid pUC13 (43). For sequencing, DNA
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fragments were cloned in the M13mp7 (20) derivatives
M13mp18 and M13mp19 (24).

Media and growth conditions. pUC13-transformed cells
were plated on YT/X-gal agar containing (per liter) 10 g of
trypton, S g of yeast extract, 8 g of NaCl, and 15 g of agar and
supplied with 0.03 mg of X-gal (5-bromo-4-chloro-3-indolyl-
B-p-galactoside) per ml and 0.06 mM isopropyl-B-D-thioga-
lactopyranoside. For scoring M13 plaques, a YT/X-gal top
layer containing 6 g of agar per liter, 0.2 mg of X-gal per ml,
and 0.2 mM isopropyl-B-D-thiogalactopyranoside per liter
was used. In all other cases cells were grown on plates or in
(an)aerobic batch cultures in brain heart infusion broth (38
g/liter, pH 7.4) as previously described (41). Cells to be
rendered transformation competent were grown in YT.

MY filter assay. Colonies were screened for hydrogenase
activity by transferring them to a filter paper drenched in 20
mM methylviologen (MV) (E,’ = —440 mV)-10 mM Tris
hydrochloride (pH 7.4) and placing this in an atmosphere of
5% H,-95% N, (41). Positive colonies turned blue within 1 to
2 min. Mutants remained colorless and only after 10 to 30
min could some coloration be observed.

Cell preparations and extracts. Whole-cell samples, solu-
bilized extracts, and cell-free solubilized (S100) extracts
were prepared as previously described (41).

Assays. Hydrogenase activity was determined by mano-
metric (Warburg) methods or by microtitration. Hydrogen-
ases 1 and 2 were demonstrated by electrophoresis of
cell-free extracts on activity-stained neutral, nondissociating
7.5% polyacrylamide gels. Hup, formate hydrogenlyase,
benzylviologen (red)-dependent fumarate reductase, formate
dehydrogenase-H, and formate:nitrate oxidoreductase activ-
ities were determined by manometrical (Warburg) methods.
All assays were carried out as described previously (41).

DNA techniques. General cloning techniques were essen-
tially as previously described (19). DNA fragments were
electroeluted on a LKB 2014 Extraphor (LKB Products,
Sweden) by using a salt bridge. Restriction fragments with
incompatible ends were rendered blunt ended by treatment
with T4 DNA polymerase in the presence of deoxynucleo-
side triphosphates. This method was also used to introduce
1- or 2-base-pair (bp) deletions or insertions. Southern
blotting was performed by capillary transfer of electro-
phoresed and denatured DNA to GeneScreen Plus hybrid-
ization membranes (Dupont, NEN Research Products, Bos-
ton, Mass.) (10 to 25 pg per lane). This procedure was
followed by overnight hybridization to a [>*>S]JATP-labeled
probe in 1% (wt/vol) sodium dodecyl sulfate-1 M NaCl-10%
(wt/vol) dextran sulfate at 65°C, exactly as described by the
manufacturer.

Isolation of chromosomal DNA. Chromosomal DNA was
isolated by suspending the cells from a 20-ml overnight
culture in 30 ml of 25% (wt/vol) sucrose—~50 mM Tris hydro-
chloride (pH 8)-2 mg of lysozyme per ml and incubating for
30 min at 37°C. After addition of EDTA (50 mM), sodium
dodecyl sulfate (1%, wt/vol), and pronase (0.1 mg/ml), the
mixture was left for another 30 min, after which the DNA
was phenol extracted.

Construction of a plasmid library. Chromosomal DNA (250
ng) was partially digested with restriction endonuclease
Sau3A, and the fragments were separated on a 4-ml sucrose
gradient containing 0.1 mM NaCl-10 mM Tris hydrochloride
(pH 7.5)-1 mM EDTA-0.1% (wt/vol) sarcosyl and 5 to 30%
(wt/vol) sucrose. Centrifugation was at 22,000 X g, for 16 h
at 4°C. Typically, from the sucrose fraction containing DNA
fragments between 2 and 3 kilobases (kb), 10 ul was added to
0.1 pg of BamHI-digested and dephosphorylated pUC13
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DNA, and the DNA was ligated in a total volume of 50 pul.
After transformation and plating on YT/X-gal plates with
ampicillin, 10,000 white colonies were selected, separately
grown, and pooled, after which the plasmid DNA content
was isolated and stored in aliquots at —20°C.

Labeling of minicells. Minicells were isolated as previously
described (22) and were labeled with [**S]methionine (50
wrCi/ml of cells).

DNA sequencing. For sequencing purposes, DNA frag-
ments were cloned in derivatives of bacteriophage M13 (24,
33), after which the single-stranded copies were used as
templates in a Klenow polymerase reaction in the presence
of [**S]ATP, deoxynucleotides, and dideoxynucleotides, as
described by Sanger et al. (32). The latter reaction started
from the M13 linker region, with the universal primer, or was
primed by internally annealing 18-mer oligonucleotides syn-
thesized on a 381A DNA synthesizer (Applied Biosystems,
Foster City, Calif.).

Nucleotide and amino acid sequence analysis. DNA and
protein sequence analyses were performed with the aid of
the PC/Gene computer program (Genofit, Geneva, Switzer-
land). Comparisons were made with sequences from the
Protein Identification Resource data bank, release 30 (June
1987), supported by the Division of Research of the National
Institutes of Health. For the determination of functional
amino acid homologies, a division into four groups was
maintained by the method of Nixon et al. (23), i.e., group 1
(L,I,V,M,F, Y, W), group2 (P, T, A,G,S,C), group 3(Q,
N, E, D), and group 4 (H, K, R).

RESULTS

Isolation of hydL-complementing clones. In order to isolate
an E. coli DNA fragment that restores the electrophoreti-
cally labile hydrogenase activity, a mutant specifically im-
paired in this function (strain BO2, hydL) (41) was trans-
formed by an E. coli genomic plasmid library, and the
transformants were tested in the MV filter colony assay. The
hydL mutants are lacking the labile hydrogenase activity,
which accounts under these semifermentative conditions for
about 80% of the total activity, and the colonies of these
strains remained essentially colorless in this test. Of 10,000
transformants screened, three were complemented. The
recombinant plasmids isolated from these strains were
pHG10, pHG20, and pHG30.

Hydrogenase activities in pHG10-transformed mutants. The
degree of complementation was determined quantitatively
(Table 1). The hydrogenase activity in hydL strains was
restored to parental level, when measured in whole-cell
preparations, after anaerobic growth. Interestingly, when
the cells were opened by sonication, the activity in the
transformed cells was even two- to threefold higher than in
the parent strain. (This might be explained by assuming that
there is only a limited number of sites in the membrane
where this hydrogenase can be incorporated, and it is likely
that in a whole-cell assay, it is mainly the activity of this
particulate fraction that is determined). The biological activ-
ity regulated by pHG10 was not influenced by the isopropyl-
B-D-thiogalactopyranoside concentration, a gratuitous in-
ducer for lacZp-dependent genes. No hydrogenase activity
was found in transformants grown aerobically or in the
presence of nitrate (40 mM).

Subsequently, pHG10 was transferred to the hydF, hydC,
and hyd mutants which were recently described (42). As a
result, an identical restoration of hydrogenase activity was
observed in the hydF strains, which are genetically closely
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TABLE 1. Some physiological data on HB101, hydrogenase
mutants, and pHG10-transformed mutants“

Activity in strain:

Enzyme BO32 (hydF) BO2 (hydL) HB101
-pHG10 +pHG10 -pHG10 +pHGI10
Hydrogenase®
Whole cells 0.9 5.7 0.9 5.8 5.6
Open cells 2.1 35.2 2.3 37.0 12.5
Polyacrylamide gel 0.1 0.1 100 100 100
electrophoresis
Hup*® 2.1 11 0.01 001 13
Formate hydrogen- 6.5 6.6 6.6 6.4 6.5
lyase?

“ Cells were plate grown. Determinations were as previously described
(41).

® H,:methylviologen oxidoreductase activity was determined manometri-
cally. Units represent nanomoles of H, consumed per minute per milligram of
protein. Hydrogenase (1 and 2) activity is given relative to that of parent
HB101; read off from activity-stained neutral gels (polyacrylamide gel elec-
trophoresis, %).

< Determined manometrically on whole cells. Units represent nanomoles of
H, consumed per minute per milligram of protein.

4 Determined manometrically on whole cells. Units represent nanomoles of
H, plus CO, produced per minute per milligram of protein.

linked to hydL (Table 1). Partial complementation (25%) was
found in AydC mutants carrying a lesion 10 min distant from
the hydLF cluster (not shown). (This mutant is impaired in
the uptake of nickel [42], a cofactor in probably all three
hydrogenase isoenzymes. It may also have regulatory effects
on several other genes involved in H, metabolism [45]. In the
pHGI10-transformed hydC strains, the hydrogenase core
enzymes may be produced at wild-type levels, while the
activity remains quite low, due to an insufficient nickel
influx.) The hyd mutants, roughly mapped in the 58 min
region, remained unaffected.

Isoenzyme specificity. The hAydF mutants are impaired not
only in the labile part of their hydrogenase content, but also
in hydrogenase 1 and 2 activities. Therefore, these mutants
could be used for the assessment of the specificity of the
complementation with respect to the individual isoenzymes.
A hydF mutant was transformed by pHG10 and also, as a
control, by F-prime factor F’' 116, which had previously been
shown to restore the hydrogenase activity in this mutant
(42). The extracts were analyzed on activity-stained neutral
gels. No increase of the hydrogenase 1 and 2 activities in the
pHG10-transformed AydF mutant could be observed (Fig. 1,
lanes e and h), whereas F-prime factor F’ 116 restored all
three hydrogenase activities (lanes e, f, and g). Apparently,
pHG10 controls only the electrophoretically labile part of the
hydrogenase activity.

Restoration of Hup function. In addition to the hydroge-
nase activity, the influence of pHG10 expression on several
related physiological activities was determined in strains
BO32 (hydF) and BO2 (hydL) (Table 1). In neither strain was
any effect observed on formate dehydrogenase-H, benzylvi-
ologen (red)-dependent fumarate reductase, formate hydro-
genlyase, or formate:nitrate oxidoreductase activity levels.
However, in strain BO32(pHG10), the Hup activity was
elevated from 16 to 80% of the wild-type level. In
BO2(pHG10) this activity remained essentially zero. Appar-
ently, a correlation exists between respiratory H, uptake and
electrophoretically labile hydrogenase activity (see also the
Discussion section).

Hybridization of pHG10 with mutant chromosomal DNA.
Since pHG10 (partially) complemented three different Tn5
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FIG. 1. Complementation of a hydF strain (BO32) by F’ 116 or
pHGI10. A neutral, nondenaturing polyacrylamide gel, stained for
hydrogenase activity, on which cell-free extracts (S100) were run is
shown. Samples were from HB101 (lanes a, b, and c; 300, 150, and
30 pg of protein, respectively), a hydL mutant (BO2, lane d; 300 pg),
a hydF mutant (BO32, lane e; 300 pg), an F’ 116-transformed hydF
(300 pg), plate grown (lane f) or grown in anaerobic batch culture
(lane g), and a pHG10-transformed hydF mutant (lane h; 300 pg).
Numbers 1 and 2 indicate hydrogenase isoenzymes according to
Ballantine and Boxer (2). Experimental procedures were as de-
scribed in Materials and Methods.

insertion mutants (hydL [41], hydF [42], and hydC [42, 45]),
the question arose as to in which one the transposition had
taken place into the gene carried on pHG10. Chromosomal
DNA from BO2 (hydL), BO32 (hydF), BO26 (hydC), and
parent HB101 was digested with several restriction endonu-
cleases, for which TnS carried no or one recognition site,
electrophoresed, and filter hybridized with pHG10 as probe.
If a gene was interrupted by transposon Tn5, this would
cause a change in the electrophoretic mobility of fragments
from this gene. In our case, however, the mutant patterns of
hybridizing bands were identical to that of the parent strain
(data not shown). Therefore, it was concluded that the gene
carried on pHGI10 is not identical to hydL, F, or C. It is
probably also not identical to hydA, B, or E, since these
genes have been cloned and their physical maps do not show
homology (9, 16, 34, 44). The gene carried on pHG10 was
apparently a new one and was designated hydG.

Assuming that the genomic library used contained all
genes (about one gene per insert), these results also demon-
strated that the labile hydrogenase activity in hydL mutants
cannot not be restored by the homologous hydL gene. A
possible explanation will be discussed below (see Discus-
sion).

Physical mapping and determination of the hydG coding
region. After establishing a physical map of pHG10 (see Fig.
2 and 4), deleted clones were constructed by cutting with
Sacl (pHG11), BssHII plus Sacl (pHG12), Tthlll I plus Sacl
(pHG13), or with PstI (cutting in the linker and insert,
pHG14), after which they were tested for their ability to
complement hydL strains (as measured by the MV filter
assay). It was found (Fig. 2) that the essential region
extended from the left junction side, just after the promoter
and the initial coding triplets of lacZ, to a region of 160 bp
between the TthlIII'I and BssHII recognition sites, about 1.3
kb in length. However, when the insert of pHG10 was
recloned in an inverted orientation with respect to the lacZ
promoter region (pHG1S5) or in the PstI site of pBR322 (not
shown), no complementation was found. It was concluded
that the cloned gene lacked a functional promoter and that
the transcription of hydG was apparently dependent on the
lacZ promoter. In addition, when a frameshift mutation was
introduced between the lacZ ATG start codon and the vector
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FIG. 2. Delimitation of the AydG coding region. In the original
clones, mutations were introduced and the effect on the ability to
complement hydL mutants with respect to the H,:MV oxidoreduc-
tase activity was determined (MV filter assay), as indicated by (+)
or (-). The bold line represents vector DNA (pUC13). B, BamHI;
Sa, Sau3A; P, Pstl; T, Tthlll I; Bs, BssHII; S, Sacl; Sm, Smal; Pv,
Pvull; C, Clal. For Sau3A more sites were present but were not
indicated. P_., lacZ promoter region; S ., lacZ ribosome-binding
site and ATG start codon; A, a 1- or 2-bp insertion or deletion.
Procedures were as described in Materials and Methods.

insert junction (pHG16), the activity was also abolished,
demonstrating the absence of a ribosome-binding (SD) se-
quence as well, the translation being dependent on the
vector-derived start signals.

Therefore, a new partial genomic library of E. coli was
constructed with DNA digested with Pvull and Sacl. This
digestion mixture had been shown by Southern blotting
experiments to contain a 2.1-kb fragment that hybridized
with the 1.4-kb BamHI-Sacl insert from pHG11. This 2.1-kb
fragment thus carries a 5’ extension of 0.7 kb, in comparison
with the pHG11 insert. The plasmid carrying this 2.1-kb
insert, pHG40, was isolated, and its complementation be-
havior was found to be identical with that of the smaller
pHG11 clone. Analogous delineation experiments (Fig. 2)
showed that this time a frameshift mutation between the SD
sequence of lacZ and the beginning of the insert (pHG41)
had no influence on the complementing behavior of this
clone but that a 1-bp insertion at the Clal site (pHG43)
abolished this activity. Apparently, the larger pHG40 insert
did contain the hydG translation start signals located up-
stream from the Clal recognition site. The inverted clone
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FIG. 3. Autoradiograph of a sodium dodecyl sulfate-polyacryla-
mide gel on which [**S]methionine-labeled polypeptides encoded by
pUC13 (lane A) and pHG40 (lane B) were run. Arrows: 1 and 2,
B-lactamase proteins; 3, the polypeptide encoded by hydG, showing
an apparent molecular mass of approximately 50 kDa. Molecular
masses of marker proteins are indicated. Minicell procedures and
electrophoresis were carried out as described in Materials and
Methods.

(pHG42) was again no longer active. Therefore, the 0.7-kb
S’-extended clone also did not contain the hydG promoter.

The physical maps of pHG20 and pHG30 were identical to
that of pHG10.

Taking all data together, it was concluded that pHG40
contained the complete hydG coding sequence, whereas
pHG10 lacks about 200 bp from the 5’ terminus of this gene
(as derived from the later-obtained sequence data, given
below). Remarkably, this deletion did not affect the biolog-
ical activity, suggesting that the approximately 70 N-ter-
minal amino acids encoded by this region are not function-
ally essential, at least not in these complementation
experiments (see also Discussion).

Molecular size of the hydG-encoded polypeptide. Minicells
transformed with pUC13 vector DNA produced two labeled
polypeptides, which showed apparent molecular masses of
28 and 33 kilodaltons (kDa), encoded by the B-lactamase
gene (31). The pHG40-transformed cells showed an addi-
tional band, corresponding to approximately 50 kDa (Fig. 3).
Therefore, the insert of pHG40 codes for one polypeptide,
the hydG gene product (HydG).

Determination of the pHG40 nucleotide sequence. The
insert of pHG40 was cloned in M13mp18/19 (Fig. 4), and the
nucleotide sequence was determined (Fig. 5). A 1,314-bp
open reading frame was deduced between residues 411 and
1726. It was preceded by a possible ribosome-binding site
but not by a recognizable promoter sequence. The polypep-
tide predicted for this open reading frame contained 437
amino acid residues, with a calculated molecular mass of 48
kDa, which is in reasonable agreement with the value
determined in minicells (Fig. 3). It was assumed to represent
the hydG gene product.

Comparison with other protein sequences. A computer
search was used to compare the predicted HydG amino acid
sequence with a compilation of sequences in the Protein
Identification Resource data base. Unexpectedly, a high
degree of homology was found (Fig. 6) between our gene
product and the NtrC protein from Klebsiella pneumoniae
(8, 11) and its equivalent in E. coli, GInG (21), both global
regulators of assimilatory nitrogen metabolism. An absolute
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FIG. 4. Physical map and sequencing strategy of a DNA frag-
ment containing the AydG coding region. The chain termination
reaction was performed in both directions as indicated by arrows.
The insert of pHG40 was ligated in the linker region of M13mp18 or
mp19. In these clones or in subclones, the polymerase reaction was
primed from M13 by using the universal primer (—) or from
internally annealing 18-mer synthetic primers (=—). Restriction
sites are indicated as in Fig. 2. Procedures were as described in
Materials and Methods.

homology of 41% was observed, whereas the functional
homology was found to be 64%. This homology was equally
spread over all functional domains on NtrC and GInG, as
delineated by Drummond et al. (11), although in the case of
HydG, the interdomain region C was not particularly hydro-
philic, as had been found to be the case for NtrC and related
proteins such as OmpR and SfrA. One region of nonhomol-
ogy was very conspicuous, an apparent deletion of 25
residues starting from HydG residue 399 (Fig. 6). (By
checking different hydG-containing clones independently
isolated from different libraries, it was determined that this
deletion was not a cloning artifact.)

The homology within the C-terminal domain included the
conserved DNA-binding motive, which is found in many
DNA-binding proteins analyzed thus far (12, 23, 26, 38).
When the amino acids are represented by their functional
group number, this sequence can be written as 31A-1G12-
21, giving rise to a typical a helix-turn-a helix structure (39).
The functional homology of this 9-bp consensus with the
analogous stretch in HydG (between residues 418 and 431)
was 8 out of 9 (32A-1G12-21).

As a consequence of the homology with NtrC, there was
also homology with other regulatory proteins which respond
to other environmental stimuli such as phosphate limitation
(PhoB), altered osmolarity (OmpR), presence of female cells
(SfrA), presence of plant exudate .(Agrobacterium tume-
faciens VirG), the presence of C,-dicarboxylates (Rhizobium
leguminosarum DctD) or nutrient depletion, giving rise to
chemotaxis (CheB, CheY) or sporulation in Bacillus subtilis
(SpoOA, SpoOF) (11, 14, 23). There is also homology with
the NifA protein from different species (K. pneumoniae,
Rhizobium meliloti), although limited to the internal and
C-terminal parts (11).

Significant homologies with Fnr (37), the product of fnr (a
gene involved in the regulation of several aspects of anaer-
obic respiration in E. coli), were not found. These two
proteins share only the presumed DNA-binding consensus
mentioned above.

The overall homology on the DNA level between hydG
and ntrC was 46%, although regions with a considerably
higher degree of conservation occurred, e.g., between hydG
residues 900 to 921 (85%), 927 to 943 (93%), 1041 to 1069
(85%), 1089 to 1141 (76%), 1335 to 1386 (76%), and 1458 to
1489 (83%) (Fig. 5).
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Analysis of the hydG upstream sequence. When the hydG
upstream sequence was analyzed, a part of a second open
reading frame overlapping hydG by four bases was found
(Fig. 5, upper part). Interestingly, when the amino acid
sequence of 137 residues deduced from this frame was
compared with the Protein Identification Resource data
base, again significant homology was observed, this time
with the C-terminal part of NtrB (Fig. 7), as well as with the
carboxyl termini of other analogous proteins such as EnvZ
(23). The absolute homology with NtrB was 34%, and the
functional homology was 64%. This, in combination with the
absence of a functional promoter for hydG, was considered
to be strong evidence that hydG, like the other nirC-like
genes, is probably also part of an operon preceded by a
ntrB-like gene, designated hydH.

DISCUSSION

In a previous paper (41) a mutant was described (hydL)
that had lost the labile hydrogenase activity (hydrogenase 3
{35]) and, concomitantly, the respiratory Hup activity. Here
we report the cloning of a DNA fragment (pHG40) which
carries a new hydrogenase regulatory gene, hydG, that
restores, specifically, the labile hydrogenase activity in hydL
mutants, without restoring the Hup pathway.

The first conclusion was, therefore, that hydL mutants are
lacking not only the labile hydrogenase but also a second
component, possibly an electron transport protein, linking
the oxidation of hydrogen to the anaerobic respiratory chain
leading to fumarate. (This is provisionally designated com-
ponent R. This model resembles that described by Bonne-
foy-Orth and co-workers, who studied nitrate reductase
regulation [7, 25]). Both the labile hydrogenase and compo-
nent R seem to be required for a proper Hup function.

Furthermore, we had to account for three other observa-
tions: (i) hydrogenase 3 and component R disappear simul-
taneously upon transposon insertion in hydL (41); (ii) hy-
drogenase 3 activity can be induced in hydL mutants by the
hydG gene product (HydG), without inducing the expression
of component R (since the Hup pathway remains impaired);
and (iii) hydrogenase 3 activity cannot be restored in hAydL
mutants by introducing in trans the homologous hydL gene
(since this gene could not be picked up from the plasmid
library).

To reconcile these data, it is hypothesized that hydL might
be the structural gene for component R, located adjacent to
and upstream from the structural gene for hydrogenase 3,
both genes normally being transcribed from the hydL pro-
moter (e.g., when fermenting on complex medium). How-
ever, the downstream hydrogenase 3 gene might be preceded
by a second promoter, which is dependent on HydG. Under
the growth condition mentioned above, HydG is apparently
not expressed from its locus in the genome. (Otherwise hydL
mutants would only lack component R, and not hydrogenase
3, and would be positive in the MV filter assay). However,
when cloned and stripped from any regulatory sequences, as
on plasmid pHG10 or pHG40, HydG is expressed and leads
in hydL mutants to the transcriptional activation of the
structural gene for hydrogenase 3, leading to a MV* Hup~
phenotype (since component R is still lacking).

Under which growth conditions the genomic counterpart
of hydG (and hydH) will be transcribed is still a question.
Also unknown is whether and to what extent the hydH
product is required for HydG function.

Finally, the model also makes clear that the effect of hydL
interruption on hydrogenase 3 expression is cis dominant
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hydH (Encoding the C-terminal part)

Pvu II

1

G

2

GTA AGT CAG GAT GCA AAC AGC CGG GAG ATC CAG TTA CGC TTT ACC GCC AAC GAC ACA TTA
Val Ser Gln Asp Ala Asn Ser Arg Glu Ile Gln Leu Arg Phe Thr Ala Asn Asp Thr Leu
62

©CG GAA ATT CAG GCC GAC CCG GAC AGG CTG ACT CAG GIC GTIG TTG AAT CTC TAT CTC AAT
Pro Glu Ile Gln Ala Asp Pro Asp Arg Leu Thr Gln Val Leu Leu Asn Leu Tyr Leu Asn
122

GCT ATT CAG GCG ATT GGT CAG CAT GGC GTG ATT AGC GTG ACG GCC ACG AAA GCC GGC GGG
Ala Ile Gln Ala Ile Gly Gln His Gly Val Ile Ser Val Thr Ala Thr Lys Ala Gly Gly
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Gln Val Arg Glu Gln Val Phe Asp Leu Val Leu Cys Asp Val Arg Met Ala Glu Met Asp

FIG. 5. Nucleotide sequence of hydG and the C-terminal part of
hydH. The two frames are overlapping by four bases. Shown are
1,740 nucleotides from the pHG40 insert (Fig. 2) starting from the
Smal-Pvull junction site. Predicted amino acid sequences of 437
residues (hydG) and 137 residues (hydH) are given. Straight line,
tentative Shine-Dalgarno ribosome-binding site. Sequence determi-
nation was as described in Materials and Methods.

and cannot be relieved by introducing in trans a hydL-
containing DNA fragment.

More direct evidence for the physiological role of HydG
was derived from its homology with the K. pneumoniae
NtrC product, a regulatory protein. NtrC is a transcriptional
activator (and in some cases a repressor) of several operons
involved in nitrogen assimilation (nif, hut, and put) and can
be present in an active or inactive state (14). It is activated
by NtrB, a phosphokinase. NtrB might be considered a
sensor protein which responds to a physical stimulus (glu-
tamine/a-ketoglutarate ratio). The encoding genes, ntrB and
ntrC, are arranged in an operon. The NtrB-NtrC couple is
the prototype of a distinct set of two-component regulatory
systems. Most NtrC-like regulators function in pairs (PhoR-
PhoB, EnvZ-OmpR, CpxA-SfrA, VirA-VirG, DctB-DctD,
CheA-CheB, CheY), including NifA, which is modified by
the NifL product. NtrC binds to DNA, and at least for NtrC
and NifA, it has been demonstrated that they perform their
function in a coordinate action with a specific sigma factor
(NtrA).

HydG showed considerable homology with respect to the
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601 Sau 3A
GGC ATC GCC ACG CTG AAA GAG ATC AAA GCG TTA AAC CCG GCA ATT CCG GTG CTG ATT ATG
Gly Ile Ala Thr Leu Lys Glu Ile Lys Ala Leu Asn Pro Ala Ile Pro Val Leu Ile Met

1081 Eco RV
GAA GGG CCC TTT GTT GAG GCG GAC GGC GGC ACG TGT CTC GAT GAA ATT GGC GAT ATC TCG
Glu Gly Pro Phe Val Glu Ala Asp Gly Gly Thr Cys Leu Asp Glu Ile Gly Asp Ile Ser

GCA GAG GTG AAT GCC GGG CGT TTT CGC CAG GAT CTC TAC TAT CGC CTG AAT GIG GTG GCG
Ala Glu Val Asn Ala Gly Arg Phe Arg Gln Asp Leu Tyr Tyr Arg Leu Asn Val Val Ala
1321 Eco RV

ATT GAR GTA CCA TCG CTG CGG CAA CGG CGG GAA GAT ATC CCT CTG CTG GCT GGC CAT TTT
Ile Glu Val Pro Ser Leu Arg Gln Arg Arg Glu Asp Ile Pro Ieu Leu Ala Gly His Phe
Pst I

1381

CTG CAG CGC TTT GCC GAG CGT AAT CGA AGG GGT AAA AGG TTT TAC GCC CCA GGA CTG GAT
Leu Gln Arg Phe Ala Glu Arg Asn Arg Arg Gly Lys Arg Phe Tyr Ala Pro Gly Leu Asp
1441

CTG TTG ATT CAT TAC GAC TGG CCG GGA AAT ATT CGT GAG CTG GAA AAC GCG GTG GAA CGG
Leu Leu Ile His Tyr Asp Trp Pro Gly Asn Ile Arg Glu Leu Glu Asn Ala Val Glu Arg

1681
TTA GGG ATC ACG CGC AAA ACG CTA TTG GCA AAA CTG TCG CGT TAG TTC TGC TCG CGT TCG
Leu Gly Ile Thr Arg Lys Thr leu Leu Ala Lys Leu Ser Arg STOP

presumed DNA-binding consensus (90%), as well with the

other functional domains that can be discerned on NtrC.

However, whether all these structural similarities also imply

a similar physiological function is still a question.

Also, the sequence data, although still incomplete, suggest

that hydG may be arranged in an operon as well, being
preceded by a ntrB-like gene, hydH, although this has to be
demonstrated in a more direct way.

Nevertheless, (a part of) a new two-component regulation
system controlling the labile hydrogenase 3 activity and
possibly related functions was revealed.

The conclusion that the labile hydrogenase activity in E.
coli is controlled by a NtrA/B/C-like system is in agreement
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EcHydG 1 MTHDNIDILVVDDDISHCTILQALLRGWGYNVATLA A
KpnNt rC 1 --MQRGIAWIVDDDSS IRWNVLERALTGEAGLSCTTHF
EcHydG 3 NSGRQALEQVREQVFDLVLCDVRMAEMDGIATLR KE
KpnNtrC 3 ESGNEVLDALTTKTPDVLLSDIRMPGMNDGLALLTEKSZQ
EcHydG 77 IKALNPAIPVLIMTAYSSVETAVEALKTGALDTYL]I
KpnNtrC 69 IKQRHPMLPVIIMTAHSDLDAAVSAYQQGAFDYTL?P
EcHydG 106 XPLDPDNLQATWKRKR-SETHSIDAETPAVTASQFG
KpnNtrC 104 XKPPDIDEAVALVDRAISHYQEQQQPRNAPINSPTA
EcHydG 140 MVGKS-PAMQHLL SEXIALVAPSEATVLIHGDSAR -
KpnNtrC 13 DIIGEAPAMQDVFIRIIGRLSRS SISVLINGESGTG
EcHydG 173 KELVARGLEASSARSEKPLVTLNCAALNES SLLESHE
KpnNtrC 174 KELVABALEHRHESPRAKAPFIALNMAAIPKDTLTIES STE
EcHydG 2086 LYGEEKGAFTGADKRREGPPY VEADGGT C-LDEIGD
KpnNtxC 209 LFGHEKGAFTGANTVRQGRFEQADGGTLFLDETGD
EcHydG 242 ISPMMQVRLLRAIQEREVQRVGS NQIISVDVRLIA
KpnNtxC 244 MPLDVQTRLLRVLADGQPFYRVGG YAPVKVDVRITIA
EcHydG 277 ATHRDLAAEVNAGRPFPFQDLYYRLNVVAIEVPSLRQ
KpnNtxC 279 ATHQNLELRVQEGKFREDLFHRLNVIRYV HLPPLRE
EcHydG 312 RREDIPLLAGHPFPLQRFAERNRRGKRFYAPGLDLTLTI
KpnNtxC 34 RREDIPRLARHEFLQIAARELGVEAKOQLHPETEMAL
EcHydG 347 HYD-WPGNIRELENAVERAVVLLTGEYISERELPHL
KpnNtzC 349 TRLAWPGNVRQLENT CRWLTVMAAGQEVLTQDLEPS
EcHydG 381 GIASTPIPLGQSQDIQPLY - == = = o oo owooo_-
KpnNtrC 334 ELFETAIPDNPTQHLPDSWATLLGOQWADRALRSGH
EcHydG 400 - - - - - - - -~ EVEKEVILAALEEKEYT GGNKTEAAROQLG
KpnNt rC 419 QNLLSEAQPEMERTLLTTALRETOQGHKOQEAARTLTLG
EcHydG 426 ITRKTLLAKLSRG- - - -

KpnNtxrC 454 WGRNTLTRELKELGME

FIG. 6. Homologies between the amino acid sequences of HydG from E. coli (EcHydG) and NtrC from K. pneumoniae (KpnNtrC).
Identical residues and functionally conservative substitutions are represented by bold characters. Search program and functional grouping

were as described in Materials and Methods.

with and nicely complementary to the results of Birkmann et
al. (5). These authors demonstrated that the labile hydroge-
nase activity (and that of formate dehydrogenase-H) was
ntrA dependent, whereas we provided evidence for the
involvement of genes homologous to ntrB and ntrC.

Also, the hydrogenase activity in Alcaligenes eutrophus
might be ntrA dependent (30). Finally, our results, as well as

those of Birkmann et al. (5), clearly demonstrate that the
hydrogenase isoenzymes 1 and 2 are not under the control of
ntrA or hydG.

Several of our own observations can be explained if it is
assumed that hydG encodes a transcriptional activator. The
fact that elevation of the expression of HydG by isopropyl-
B-D-thiogalactopyranoside did not elevate the hydrogenase

EcHydH ntl VSQDANSREIQLRFTANDTLPRIQADPDRLTQVLL
KpnNtrB 200 VSMRE-LPDNVKLVRDYDPSLPELPHDPDQIEQVLL
EcHydH nt36 N L YL NAIQAIG - --=- ==« QEGV-IS
KpnNtrB 244 WNIVRNALQALGPEGGEITLRTRTAFQLTLEHGVRYR
EcHydH nt$3 VIATKAGGVEKISVTD SGKGIAADQLDAIPFTP YPTT
KpnNtrB 279 LAA------ RIDVEDNGPGIPSHLQDTLPEYPMYVSG
EcHydH nt88 K AEGTGLGLAVVHNIVEQHGGTIQVASQEGEKGSTHT
KpnNt B 38 REGGTGLGLSIARSLIDQHESGKIEPFTSWPGHTE-TF
EcHydH nt123 TLWLPVNITRKDPQG

KpnNtrB 342 SVYLPIRKO------ -

FIG. 7. Homologies between the C-terminal amino acid sequences of HydH from E. coli (EcHydH) and NtrB from K. pneumoniae
(KpnNtrB). Identical residues and functionally conservative substitutions are represented by bold characters. Search program and functional

grouping were as described in Materials and Methods.
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activity in complemented mutants demonstrated that even a
very small amount of this product suffices to reach a maxi-
mal effect, which is typical for a regulatory protein. Further-
more, the frameshift mutation, introduced at the TtAlll I site
(Fig. 5), completely eliminated the biological activity. From
the amino acid sequence, it could be derived that this
mutation destroyed the presumed DNA-binding structure,
suggesting that association with DNA might be a require-
ment for biological function. Apparently not essential are the
first 70 residues from the N terminus, which are lacking in
pHG10, which is nevertheless equally active as pHG40,
containing the complete gene. Indeed, when comparing
HydG with NtrC (Fig. 6), it was found that the absolute
homology between residues 1 and 60 was only 21%, whereas
the homology between residues 61 and 122 was 50%, another
indication that the essential region in the B domain is located
somewhat more distal from the N terminus. (An interesting
alternative explanation is that the N-terminal part of HydG is
not required for activation but is required for inactivation).
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