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Heterologous complementation studies using Alcaligenes eutrophus H16 as a recipient identified a hydroge-
nase-specific regulatory DNA region on megaplasmid pHG21-a of the related species Alcaligenes hydrogenophi-
lus. Nucleotide sequence analysis revealed four open reading frames on the subcloned DNA, designated hoxA,
hoxB, hoxC, and hoxJ. The product of hoxA is homologous to a transcriptional activator of the family of two-
component regulatory systems present in a number of H,-oxidizing bacteria. hoxB and hoxC predict polypep-
tides of 34.5 and 52.5 kDa, respectively, which resemble the small and the large subunits of [NiFe] hydroge-
nases and correlate with putative regulatory proteins of Bradyrhizobium japonicum (HupU and HupV) and
Rhodobacter capsulatus (HupU). hoxJ encodes a protein with typical consensus motifs of histidine protein
kinases. Introduction of the complete set of genes on a broad-host-range plasmid into A. eutrophus H16 caused
severe repression of soluble and membrane-bound hydrogenase (SH and MBH, respectively) synthesis in the
absence of H,. This repression was released by truncation of hoxJ. H,-dependent hydrogenase gene transcrip-
tion is a typical feature of A. hydrogenophilus and differs from the energy and carbon source-responding, H,-
independent mode of control characteristic of A. eutrophus H16. Disruption of the A. hydrogenophilus hoxJ gene
by an in-frame deletion on megaplasmid pHG21-a led to conversion of the regulatory phenotype: SH and MBH
of the mutant were expressed in the absence of H, in response to the availability of the carbon and energy
source. RNA dot blot analysis showed that Hox]J functions on the transcriptional level. These results suggest
that the putative histidine protein kinase Hox]J is involved in sensing molecular hydrogen, possibly in con-

junction with the hydrogenase-like polypeptides HoxB and HoxC.

Alcaligenes hydrogenophilus is an aerobic, facultatively litho-
autotrophic proteobacterium capable of obtaining energy from
the oxidation of molecular hydrogen (5). Hydrogen oxidation
in this strain is catalyzed by two hydrogenases (18). The soluble
hydrogenase (SH) is closely related to the NAD-reducing hy-
drogenases present in Alcaligenes eutrophus, in the gram-posi-
tive Rhodococcus sp. strain 1b (5), and in the cyanobacterium
Anabaena variabilis (42). The second hydrogenase of 4. hydro-
genophilus is a membrane-bound hydrogenase (MBH) coupled
to the respiratory chain and involved in electron transport-
dependent phosphorylation (18). The large and the small sub-
units of this enzyme show 75 and 90% identity, respectively, to
the corresponding polypeptides of the A. eutrophus MBH (28,
53). Moreover, in both Alcaligenes species H,-oxidizing ability
is genetically linked to a megaplasmid (18) and dependent on
the function of an RpoN-like sigma factor of RNA polymerase
which is encoded on the chromosome (32, 38).

Despite the high degree of similarity, hydrogenase regula-
tion in A. hydrogenophilus appears to be quite different from
the mode of control observed in A. eutrophus. While the latter
species produces both hydrogenases at a derepressed level
when the growth rate is limited by the energy source, even in
the absence of H, (20, 21), hydrogenase synthesis in A. hydro-
genophilus strictly relies on the presence of molecular hydro-
gen (18) as described for a variety of aerobic H,-oxidizing
bacteria (17, 49). Although the molecular background for the
more global energy-dependent hydrogenase gene expression
on the one hand and the substrate-mediated regulation on the
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other hand is far from being understood, a principal transcrip-
tion factor classified as a member of two-component regulatory
proteins (reviewed in references 36 and 45) has been identified
in several hydrogenase-containing bacteria. HoxA is essential
for hydrogenase gene transcription in A. eutrophus (13, 54) and
shares about 50% sequence identity with the hoxA4 gene prod-
uct of Bradyrhizobium japonicum (48). A HoxA homolog has
also been found in Rhodobacter capsulatus (HupR1) (37),
which points to the existence of a common regulatory compo-
nent in hydrogenase gene transcription of aerobic hydrogen
oxidizers.

In a previous communication it was shown that the exchange
of the hydrogenase-encoding megaplasmids between A. hydro-
genophilus and A. eutrophus resulted in transconjugants which
expressed the regulatory phenotype typical of the megaplasmid
parent (18). To elucidate the molecular characteristics of H,-
responsive and energy source-dependent regulation on the ge-
netic level, we conducted heterologous complementation stud-
ies with a megaplasmid-borne DNA library. In the course of
these experiments we discovered a DNA region on the A. hy-
drogenophilus-specific megaplasmid pHG21-a consisting of
four open reading frames, hoxA, hoxB, hoxC, and hoxJ. Se-
quence comparison revealed almost complete identity to the
corresponding stretch of genes on megaplasmid pHG1 of 4.
eutrophus (13, 16) (accession no. U82564). We present evi-
dence that the product of hoxJ in A. hydrogenophilus plays a
crucial role in the regulation of SH and MBH gene expression
by H, induction.

MATERIALS AND METHODS

Strains and plasmids. The strains and plasmids used in this study are listed in
Table 1. Strains with names beginning with the letters HF were derived from the
wild-type A. eutrophus H16. In A. eutrophus HF157 the indigenous megaplasmid
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristic

Source or reference

Strains

A. hydrogenophilus M50 Wild type, pHG21-a, pHG21-b

A. eutrophus

H16 Wild type, pHG1
HF157 pHG1-, pHG21-a
HF409 pHG1 hoxAA
HF423 pHG21-a hoxJA
E. coli

S17-1 Tra* recA pro thi hsdR chr::RP4-2
XL1-Blue
HB101

Plasmids

pBluescript SK+
pBluescript SK—
pBluescript KS+

Ap" lacZ' T7 $10 promoter f1 ori
Ap" lacZ' T7 $10 promoter f1 ori
Ap" lacZ' T7 $10 promoter f1 ori

recAI endAl1 gyrA96 thi hsdR17 supE44 relAl lac (F' proAB lacl"ZAM15 Tnl0)
supE44 ara-14 galK2 lacY1 proA2 rpsL20 xyl-5 mtl-1 recA13 A(mcrC-mirr) hsdS20 (r” m™) 6

35

DSM 428; ATCC 17699
18

This study

This study

44
Stratagene Cloning Systems, Inc.

Stratagene Cloning Systems, Inc.
Stratagene Cloning Systems, Inc.
Stratagene Cloning Systems, Inc.

pRK2013 Km" Tra™® 12
pVKI101 Km" Tc" Mob*, RP4 ori 27
pVK102 Km" Tc" Mob™, RP4 ori 27
pLO1 Km" sacB, PR4, oriT, ColE1 ori 29
pCH220 3.6-kb Xbal-BamHI hoxA-containing fragment of pGE97 in pTZ19R 13
pCH442 1.7-kb BamHI-BgIII hoxJ-containing fragment of pGE295 in pBluescript KS+ This study
pCHS553 1.0-kb SspI-PstI and 0.24-kb PstI fragments of pCH220 inserted between EcoRV and This study
Pst] of pLO1
pCHS554 Derivative of pCH442 with a deleted 1,026-bp Nrul fragment This study
pCHS555 0.64-kb Nael-Smal fragment of pCH554 in Pmel of pLO1 This study
pGE273 27-kb HindIII fragment of pHG21-a in pVK102 This study
pGE295 9.1-kb HindIII-Bg/1I fragment of pGE273 in pVK101 This study
pGE296 7.4-kb EcoRI fragment of pGE273 in pVK101 This study
pGE303 1.7-kb BamHI-Bg/II fragment of pGE273 in pVK101 This study

pHG1 was replaced by the A. hydrogenophilus-specific megaplasmid pHG21-a
(18). A. eutrophus HF409 carries an in-frame deletion in #0xA4 of pHG1. Strain
HF423, a derivative of HF157, carries a hoxJ deletion allele in pHG21-a. Plasmid
pGE273 contains a 27-kb HindIII fragment of the A. hydrogenophilus megaplas-
mid pHG21-a cloned in plasmid pVK102 (27), and 9.1-kb HindIII-BglII, 7.4-kb
EcoRlI, and 1.7-kb BamHI-BglII fragments of pGE273 were subcloned into
pVK101 (27) to yield pGE295, pGE296, and pGE303, respectively.

Media and growth conditions. Alcaligenes strains were grown in nutrient broth,
in a modified Luria-Bertani broth containing 0.25% sodium chloride (LSLB), or
in mineral salts medium as described previously (14). Synthetic media for het-
erotrophic growth contained 0.4% (wt/vol) fructose (FN medium) or 0.2% (wt/
vol) fructose and 0.2% (vol/vol) glycerol (FGN medium). Lithoautotrophic cul-
tures were grown in mineral salts medium under an atmosphere of hydrogen,
carbon dioxide, and oxygen (8:1:1, vol/vol/vol). Sucrose-resistant segregants of
sacB-harboring strains were selected on LSLB plates containing 15% (wt/vol)
sucrose (29). Escherichia coli strains were grown in Luria-Bertani medium (31).
Solid media contained 1.2% (wt/vol) agar. Antibiotics were supplemented as
follows: 400 pg of kanamycin per ml and 15 pg of tetracycline per ml for 4.
eutrophus and 25 pg of kanamycin per ml, 15 pg of tetracycline per ml, and 100
wg of ampicillin per ml for E. coli.

Construction of a cosmid library of the A. hydrog
pHG21-a. Megaplasmid DNA from strain HF157 was isolated and purlﬁed as
previously described (25). The DNA was partially digested with HindIII and
ligated with the HindIll-treated pVK102 DNA. The resulting cosmids were
introduced into N phage particles by the aid of the DNA packaging kit (Boehr-
inger Mannheim) following the instructions of the manufacturer. The packaging
mixture was used for transduction of competent E. coli HB101 cells. The recom-
binant plasmids of the pHG21-a cosmid library were transferred to A. eutrophus
via triparental mating using plasmid pRK2013 for mobilization (12).

Cloning and sequencing. Standard DNA techniques were applied in this study
(2). DNA fragments were isolated from agarose gels with the GlassMax DNA
Isolation Spin Cartridge System (GIBCO BRL). For sequence analysis, restric-
tion fragments subcloned from pGE295 were inserted into pBluescript SK+,
SK— and KS+. Serial deletions were generated by treatment with exonuclease
IIT and S1 nuclease (24) with an Erase-a-Base kit (Promega Corp.), following the
instructions of the manufacturer. Single-stranded templates were isolated from
transformants of E. coli XL1-Blue after infection with helper phage R408 (Strat-
agene Cloning Systems, Inc.) and sequenced by the dideoxy chain termination
method (39) using the Sequenase DNA Sequencing Kit (United States Biochem-
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ical) and 3*S-dATP (Amersham-Buchler). Nucleotide sequences were compiled
and analyzed with the PC/GENE software package (IntelliGenetics, Inc.). Da-
tabase searches were conducted with the National Biomedical Research Foun-
dation BLAST facility (1).

Isolation of deletion mutants. An in-frame deletion in hoxA4 of A. eutrophus
was constructed as follows. A 1.02-kb SspI-PstI fragment of pCH220 (13) carry-
ing the 5" end of hoxA was cloned into EcoRV-PstI-digested pLO1. The resulting
plasmid was linearized by cutting with PstI, and the construction was completed
by inserting a pCH220-borne 0.24-kb PstI fragment carrying the 3’ end of hoxA4.
The resulting plasmid pCH553 contained a 921-bp deletion in soxA. An in-frame
deletion of 1,026 bp was introduced into hoxJ of A. hydrogenophilus by religation
of Nrul-treated plasmid pCH442. A 0.64-kb Nael-Smal fragment of the resulting
plasmid, pCH554, carrying the hoxJ deletion allele, was subcloned into Pmel-
digested pLO1 to yield pCH555. pCH553 and pCHS555 were transferred to A.
eutrophus by conjugation. Kanamycin-sensitive, sucrose-resistant survivors were
isolated as previously described (29) and screened for the presence of the desired
mutation as follows: an appropriate amount of colony material was resuspended
in 0.5 ml of distilled water and boiled for 7 min. Then 10 pl of this lysate was used
in a standard PCR (96°C for 1 min, 60°C for 30 s, and 72°C for 30 s for 25 cycles)
with primers covering the deleted region. Deletion-carrying isolates were iden-
tified on the basis of altered electrophoretic mobility of the amplification prod-
ucts.

Southern hybridization. pHG21-a DNA (5 to 10 pg) was treated with appro-
priate restriction enzymes, separated by electrophoresis in 0.75% agarose gels,
and transferred to Biodyne B nylon membranes (Pall Corp.) with a pressure
blotting device (Stratagene Cloning Systems, Inc.). Following transfer the blots
were UV cross-linked and baked for 2 h at 80°C. Hybridization was carried out
at 68°C in QuickHyb Hybridization Solution (Stratagene Cloning Systems, Inc).
Stringent washes were done in 0.2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M
sodium citrate, pH 7.0)-0.1% sodium dodecyl sulfate (SDS) at 68°C. A 1.24-kbp
EcoRI-Pvul digoxigenin (DIG)-labeled fragment of pCH220 was used as a
probe. Labeling and detection were done with a DIG labeling and detection kit
(Boehringer Mannheim) following the manufacturer’s instructions.

Enzyme assays. Activities of SH (hydrogen:NAD™ oxidoreductase; EC 1.12.1.2)
and MBH (hydrogen:acceptor oxidoreductase; EC 1.18.99.1) were determined
with cells grown lithoautotrophically or heterotrophically in FGN medium. SH
activity was measured by spectrophotometric determination of H,-dependent
NAD reduction either with detergent-treated cells (19) or in soluble extracts
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FIG. 1. (A) Schematic overview of the megaplasmid pHG21-a-borne subcloned DNA fragments which were used for heterologous complementation in this study.
The designations of the respective plasmids are given on the left. (B) Genetic map of the sequenced hydrogenase regulatory region from A. hydrogenophilus. The arrows
represent the predicted genes. A synopsis of the data deduced from the sequence is given in the lower part of the figure. Restriction sites: B, BamHI; Bg, Bg/I1; E, EcoRI;

H, Hindlll; S, Sall.

(43). MBH activities were assayed with isolated membrane fractions by spectro-
photometric measurement of H,-dependent methylene blue reduction (40).

RNA dot blot analysis. Cells of A. eutrophus derivatives were grown in FGN
medium to an optical density of 8 at 436 nm. Two milliliters of culture was rapidly
collected by centrifugation. Isolation of total RNA was conducted as described
previously (34). The RNA was denatured at 60°C for 15 min in a final volume of
20 pl containing 40 mM morpholinepropanesulfonic acid (MOPS; pH 7.0), 10
mM sodium acetate, 1 mM EDTA, 50% (vol/vol) formamide, and 6.5% (vol/vol)
formaldehyde and subsequently transferred on Biodyne B nylon membranes by
pipetting. A. eutrophus HF157 total DNA was isolated by the method of Chen
and Kuo (8). A 715-bp fragment of the pHG21-a-borne hupL gene was amplified
by standard PCR (96°C for 1 min, 60°C for 30 s, and 72°C for 30 s for 25 cycles)
using the primer pair 5'-CGTCTACCTTCCGGACG-3' and 5'-ACTTGTCGA
CATTGGCC-3" and pHG21-a DNA as a template. Both DNA preparations
were labeled with the DIG DNA labeling kit (Boehringer Mannheim) following
the instructions of the manufacturer. RNA-DNA hybridization was performed at
68°C for 2 h in QuickHyb hybridization solution (Stratagene Cloning Systems,
Inc.). The membranes were washed twice for 10 min in 2X SSC-0.1% SDS at
room temperature. The double washing steps were repeated at 60°C. The final
step was conducted in 0.1X SSC-0.1% SDS for 15 min at room temperature. The
DIG-labeled RNA-DNA hybrids were detected with the DIG DNA detection kit
(Boehringer Mannheim) following the manufacturer’s instructions.

Nucleotide sequence accession number. The sequence reported here was de-
posited in the EMBL/GenBank/DDBJ nucleotide sequence data banks under
accession no. U82565.

RESULTS

Identification of hydrogenase regulatory genes of A. hydro-
genophilus. To identify regulatory determinants which par-
ticipate in H,-dependent hydrogenase gene expression in A.
hydrogenophilus, we took advantage of its close phylogenetic
relationship to A. eutrophus and selected this well-known strain
as a recipient in heterologous gene transfer and expression. A
cosmid library of megaplasmid pHG21-a DNA was construct-
ed in the broad-host-range plasmid pVK102 (27) and was used
for complementation of a hydrogenase-deficient mutant of
A. eutrophus. This mutant (HF409) was unable to grow litho-
autotrophically due to an in-frame deletion in the transcrip-
tional activator gene hoxA. Of 313 tetracycline-resistant trans-
conjugants tested, 16 isolates were restored in H,-oxidizing
ability. A representative cosmid (pGE273) containing a 27-kb

HindIII insert of pHG21-a DNA (Fig. 1A) was chosen for fur-
ther experiments.

An A. hydrogenophilus gene(s) alters hydrogenase gene ex-
pression in A. eutrophus. To identify the precise location of the
hoxA-complementing determinant, we constructed a series of
subclones of cosmid pGE273. One derivative (pGE295), bear-
ing a 9.1-kb DNA insert (Fig. 1A), maintained its growth-
restoring function in 4. eutrophus HF409. Enzymatic analysis
revealed that the pGE295-harboring cells contained a wild-
type level of SH activity while MBH activity was absent (Table
2). Even more surprisingly, neither SH nor MBH was ex-
pressed in pGE295-containing transconjugant cells grown het-
erotrophically on fructose-glycerol. Under these conditions
wild-type cells normally produce high levels of SH and MBH
activity (Table 2). Moreover, the introduction of pGE295 into
A. eutrophus H16 resulted in merodiploid transconjugants
which almost failed completely to express the hydrogenase
activities under heterotrophic derepression conditions, indicat-
ing that the A. hydrogenophilus DNA dominantly affects the

TABLE 2. Hydrogenase activities of A. eutrophus transconjugants

Hydrogenase activity
(U/mg of protein)” in:

A. eutro-  Relevant
phus character- Plasmid FGN
strain istic H,-CO»0, medium
SH MBH SH MBH
H16 Wild type pVK101 1.67 2.06 281 0.54
HF409  hoxAA pVK101 ND ND 0.00 0.00
HF409  hoxAA pGE295 (hoxABCJ) 1.52  0.00 0.00 0.00

H16 Wild type
H16 Wild type

pGE295 (hoxABCJ) 1.89 239 0.06 0.00
pGE296 (hoxABCJA) 157 229 292 042

“ Values give the average from at least two independent experiments. FGN
medium, heterotrophic growth in mineral medium with fructose-glycerol; ND,
not determined (strain HF409 does not grow under these conditions).
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N G6GQLLTNZLMLA ATENTLADUHLTIHTFTYTLTFTFMPDTFA ATRIA ATITYA ATSTWAV

GGCATGGCACGGTGCATGAGCGTTTTGCCGCACAGCAGGGGCGGCACGCARAGCTGGCGCTTGCTGCGCGCCAGCGCTEGTTCACCTTGCTCGGCATGCTTGGTGGGAAGTGGCCGCATA
HGTVHERTF RAAQQGRUHATE KTLALA BABARTGORMWTEFTILLTGMILGGTE KTWZPHT

CGCAGTCGATCCAGCCGGGCGGTTCAAGCCGCGCAGTCGATGCATCGGAAAGGATCCGGCTTC TGGTGAAGGTGCGCGAGTTCCGCTCCTTTCTCGAGCAGACGTTGTTCGGCGCGECCAC
s I QP GG S SRAVDASERTIRTLTLVYIEKVRETFHI RTSTFTLEGQTTLTFTGGA ATFPITL

TCGAAGAGGTCGCCGCGCTCGATAGCGAACAGGCGCTGCGTGACTGGCATGCCGGCGCGCCTGACGCCGGTGATTTCCGCCTGTTTCTTTCGCTGAGC TGGGCGCTTGGGCTGGACAGCA
E EV A AL D S E QAL RUDWHAGA ATPUDA AGDT FH RTLTFILSTULSWATLTGTLTDS M

TGGGCCCTGGCCCGGGACTCTATATGTCGAACGGCGCGTATCCTCTGTCGGAGCGTGGCTTTCGTTTTGCGCAAGGCGTGTGGGATGCCGCTGCCGGAACTGTGTCCGAGCTCGATACCG
¢ PGP GL YM S NG AYU PLSERTGTFU RTFAGQGVYWDA AR AAGTT VSETLTSDTTA

CCGCCATCAGCGAGGATGCGACGCACGCATTTCTGGCCGCGGACGGTCGCCCGCGACATCCGGCAGAGGGGCTGACGCTGCCCGAGGTTGACAAGCCCGGCGCTTATACGTGGAACAAGG
A I S EDATEH® ATFILAADGRZPRUHPAEGTILTTLTPETVHUDTEKT PG GA ATYTTUWUNZ KA

CGCCGCGCTTGAATGGGCGTGTGCTCGAGACCGGTGCCATTGCGAGGCAGATGGTAGATGGCCATCTGCTCGTGCGCGATGCCGTTGCCCGCTGCGGTGGCGTGE CGCGCGTGC
P RLNGRUVLETGATIARZ MYV D GHULTLTV VU RUDA AYVARTCECGT GVV Y TR RUVL

TGGCGCGCCTGCTGGAACTGGCGCTGATCGTGCCGGCGATGGAACACTGGATTCAGTCCGTGCGCATTGGCGAGCCGTGCTTTTCGCCATCTACCCTGCCCAGCGACGTCGATGGCGTTG
A RL L ELALTIVPAMEUHWTIOQSVRTIGETPTCTFSU?PSTTZLZPSDUVDSGV G

GCTTGACCGAGGCTGCGCGCGGAAGTCTTGGTCATTGGG TG TCAATCCGCGAAGGCAGGATTGCGAACTACCAGATTGTCGCGCCGACCTCGTGGAATTTTTCGCCGCGGGACGCAAGCG
L TEAARGSTLGHWV VS IRETGRTIANYSOEIVATPTS SWNTFSPURUDASG

GTACACCCGGGGCGCTGGAGGCGGCGTTGGTGGGGGCGCCAGTTATGACTGACGAGCAGACTCCTGTAGCCGTGCAGCATATCGTGCGCTCCTTCGATCCCTGCATGGTTTGCACCGTGC

T P GALEAALV GAPVYVMTHUDET GQTTZPVAVQHTIVERSTFHDTPOCMUVCTUVH
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ATtagttcaatggtegggattgggggaggggacatgttatgeggcaageggtgcaaggtgecttecatggegtegtaggegeegggegggt tcatgggtccactggectaactgtgggaga
*

agcegteaggaactecgtaatttotgcagagatgegagtgecgetcacacgtggggagggegteggcageatgeegegtgegttgetgge tgcaggcatcgccgeecgeggtecacaggate

mp hoxJ

ctgggggtgtgcgatggccggegegeagegecctatggeatgteggeccacgtigtctegtgeegfidetgtytgttgactetetecaccat tacggaagtggcATGTCGCGCAGGARAGC
M S R R K A

TCCACCGCCCCAAGCTGAGGTCAAGAATGCGGATCTATCGTCATCGCCGAACATGAACGGTATTGACGACGCCACCTGGATGGACGTGATCCAGAAGATCGATGAGGTGTATTCGCAGCT

P PP QAEVKDNADLSSS PNMNGTIUDUDATMWMDUVIOQIEKMDTEVTYSOQL 48
I

GGTTCGCGACGRAATCGCGCTCCAGGAAAAGAATGAGGAGCTTGAGCGTTCGCAGCAGTTCATTC TCAGCC TG TTGTCGGCAATG TCGGATGTGCTGATTGCC TGCAACCAGGCCGGACA
VRDETIALQETZ KNETELERSU QOQTFTITLSLILSAMSDVTLTIU MANCNTUGQA ATGQ 86
GATAGAAGAGACCAACGTCGCCTTGTCCGAACTGGTAGGTCGCGACGATTCGGCGCTGCGCGGAACGTCGATCTATTCGCTAGTGGCCGCTGATGAAAGCGCTGAGCGCCTGCGCCGCGT

I EETNUVATL S ELVGRDUDSALZ RGTSTIVYSULVAADTESA AET RTILT RTE RYVY 126
GATCGAGCAAAGCAGGCCCCGGCGCACGGGTGAGATCGTTGAACTAAACCTGCTGAATGCCAGCGGTGAGGCGGTGCCCGTTGACCTCAATTGCACGCCGCGCATCAACGGGGTCGGTAA

I EQ S RPURRTGETIVELUNILVLDNA ASGEA AV?PVDLNTZEC ETZ?PRTINGVSGEZK 166
GCGCGTGGGCTACGTGTTCGTCGGTCGGCCCATGGGGGAAATCAAGCGTGCCTACCGCGAGCTCAGCGAAGCGCATGAAGCACTGARGC TCACGCAACAACAGCTGCTTCACTCGGARAR

R VvV 6 Y VF VGRZPMGETIZ KU RA AzTYR RZETLSEA AHBTEA AILIZ KTLTOGQQSOQSOQULILHSE K 208

hoxJA

GATGGCGTCGCTCGGGCGCTTGGTGGCAGGCGTTGCGCATGAGCTGAACAATCCCATCAGTTTCGTGCTCGGGAACATACACGCACTTAAGCGTTACACCETECGGCTCGCGCAGTATTT

M A S L G6GRLV AGV AHETLNNUPTISZ FVLGNTIHA ALIZ KT RYTV VU RIULATZGQTYHL 246
AGAGGTGCTTCATGGAAGCGGGGCAGGCGATCGCGCGCAGGCGCTGCGCGATCAATTGAGAATAGACCATATCGTGAARGACTTGCCATCATTGATAGACGGTACCGTCGAAGGGGCGCA

E VL HGSGAGDURAQALUZRDO QLT RTITDUHTIUVI KT DTILZPSULTIDGTU VETGAaAaQ 286
ACGAACCGCAGATATAGTGAAGGGTCTCAAACGCTTTTCGGCAGTTGATCGGGAGGAGCGGGTTCCAGTCGAACTCAATGACGTTATCGAGCGTGCCATCCATTGGATCAGCAAGGGTGC

R T A& D I V K GL KU RVF S AV DU RETER RV YVUPVETLNDVTZIET RA ATIUHMW®WTISI KTG A 326
TGCACTGAAATTCGTCGTGCATTGGAGGCCGCGTGAGTCACTGAGGGTGATTGGCAATTCGGGGCAACTGCTACAAGTGCTAATGAACCTGATTCAGAACGGCTACGATGCGTCAGCCGE

A L K F V VHWRUPURESTILIZ RV IOGNSGO LULOQQVLMNTILTIGQNTGT YDA ASAA 366
GAGCGGGGCCGACACGCAGCAACTCTGGATCGACGCGAAGATCGARAATGGCGTCGTCTCGCTATTTATT LL:LUACAACGGCAG’IGGCA’I‘TCCACC CCAGAACTTGTCGCGGATCTTTGA

S 6 A DTOQQULWTIDAIKTIENSG GV VUV SLFTIRUDNSGS SGTIUPZPOQUNTLTSTZ RTITFTD 406

TCCGTTTTTTACCACCAARCCAGTCGGCAAGGGTACCGGGCTCGGACTGTCGATCAGTTACGGCATCATCGAGCAGCATGGGGEGARATTATTCGCGCGTAATCATCCCAGCGGCEGGGE
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P F F TTJX PV G KGTGULGTUL S I
EcoRl

5881 GGAATTCGTGGTTGAGTTGCCGCAAGCTAAGtgatagccaagattggcgegegggacctggegecagtegtgggtaggeecggca

E F VV EL P Q A K *

S Y G I

6001 aaaagagggaaacctgaacgggttgacgagat tgcccatggegge

cacgtgtecgacttga

I EQ HG G XK L F A RNUBHUPS G G A 446
Ri
cggtttatceaa ttcectgag

tcetta ccaaagatagatgcagatgcactt

Ball
6121 ttacttgaccagccggactggctcaagaaagacgttgtegeaccaggcagatet

FIG. 2. Nucleotide sequence of a 6,174-bp segment of the A. hydrogenophilus regulatory region located on megaplasmid pHG21-a. Nucleotide coordinates are given
on the right. The deduced amino acid sequences are given in standard single-letter code. Stop codons are marked by asterisks. Arrows indicate the start points of the
predicted genes. Putative ribosome binding sites are emphasized by black bars. A possible —12/—24 promoter motif preceeding hox/ is boxed. A bracket above the
sequence marks the extent of the deletion in the #oxJ mutant allele. Two motifs in the deduced HoxC sequence which are conserved in [NiFe] hydrogenases (51) and
participate in metal coordination in the active site of these enzymes are shown in boldface letters.

regulatory phenotype of A. eutrophus H16. The removal of
relatively small pieces of DNA from both ends of the 9.1-kb
insert, yielding plasmid pGE296 (Fig. 1A), released SH and
MBH repression in the absence of H, (Table 2). This obser-
vation focused our attention on a careful analysis of the ter-
minal sites of the 9.1-kb insert.

Structure of a hydrogenase regulatory DNA region on mega-
plasmid pHG21-a. DNA-DNA hybridization using an A. eu-
trophus-derived hoxA-containing fragment of plasmid pCH220
as a probe identified a hox4 homologous gene in A. hydro-
genophilus. hoxA was localized on an internal Sa/l-BamHI frag-
ment of plasmid pGE295 (Fig. 1A and data not shown). Cor-
relating this observation with the complementation data
described above led to the conclusion that the repression of SH
and MBH in heterotrophically cultivated cells of pGE295-
harboring transconjugants was probably triggered by a locus
distant from hoxA. To search for this potential regulatory com-
ponent, a 6,174-bp fragment of plasmid pGE295 was subjected
to nucleotide sequence determination (Fig. 1B). Sequence
analysis uncovered four contiguous open reading frames, des-
ignated hoxA, hoxB, hoxC, and hoxJ, each of which is preceded
by a tentative ribosome binding site (Fig. 2). Stop and start
codons of hoxA and hoxB overlap, while hoxB and hoxC are
separated by 10 bp. This arrangement predicts the organization
of an operon. The spacing between hoxC and hoxJ is 341 bp,
and a possible RpoN-specific promoter sequence with typical
—24 and —12 consensus elements (47) lies upstream of the
hoxJ start codon (Fig. 2); procaryotic —35 and —10 consensus
sequences appear to be absent in this region. A similar ar-

rangement of open reading frames (hoxA, B, C, and J) has been
identified on megaplasmid pHG1 of A. eutrophus H16 (16)
(accession no. U82564).

The deduced amino acid sequence of the A. hydrogeno-
philus-borne hoxA revealed a product of 54.4 kDa which
showed the expected similarity to response regulators of bac-
terial two-component systems (36, 45). A high degree of over-
all identity was found between the A. hydrogenophilus HoxA
and the corresponding proteins from A. eutrophus (69.3%)
(13), B. japonicum (47.9%) (48), R. capsulatus (42.8%) (37),
Salmonella typhimurium (37.4%) (9), and E. coli (36.2%) (46)
(Fig. 3). The products of hoxB and hoxC show homology to the
small hydrogenase subunit VhoG of Methanosarcina mazei
(10) and the large hydrogenase subunit HupL of an Anabaena
sp. (7), respectively, and contain sequence elements which are
typical for dimeric [NiFe] hydrogenases (Fig. 2) (51). More-
over, HoxB and HoxC are closely related to putative regulatory
proteins encoded in the hydrogenase gene complex of A. eu-
trophus (16) (accession no. U82564), B. japonicum (4), and R.
capsulatus (15). The predicted amino acid sequence of the
fourth open reading frame, HoxJ, revealed typical signatures
of histidine protein kinases which function as sensors in two-
component regulatory systems (45). HoxJ appears to be a sol-
uble protein. Its closest relatives (62.1 and 37.5% overall iden-
tity, respectively) were found to be HoxJ of A. eutrophus (16)
(accession no. U82564) and HupT of R. capsulatus (15), as
shown in Fig. 4.

Properties of a hoxJ mutant. The data of the sequence anal-
ysis and the transconjugant studies were consistent with the
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A.h.HoxA MSISEPTGLQTVLVVODETGSQDAIRRTLDEDFYVLTSSSVQEARVMMER 50
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FIG. 3. Amino acid sequence comparison between A. hydrogenophilus HoxA
and the hydrogenase-specific response regulators of other aerobic hydrogen
oxidizers. Identical amino acid residues found in all sequences are marked by
asterisks. Dots indicate similar residues. Highly conserved amino acid residues
characteristic of response regulator N-terminal phosphorylation domains (36,
45) are boxed. Abbreviations: A.h., A. hydrogenophilus; A.e., A. eutrophus; B.j.,
B. japonicum; R.c., R. capsulatus.

assumption that the release of hydrogenase repression during
heterotrophic growth of pGE296-harboring transconjugants
may be due to inactivation of the putative sensor kinase, since
subcloning of pGE296 had caused truncation of 7 amino acids
from the C-terminal end of HoxJ (Fig. 1 and 2). To examine
this hypothesis in more detail, the 4. hydrogenophilus-borne
hoxJ gene was disrupted in vitro by an in-frame deletion which
eliminated 342 of the total 456 amino acid residues. The wild-
type copy of hoxJ was replaced by the deleted allele via recom-
bination as previously described (29). The mutation was intro-
duced on plasmid pHG21-a in the host A. eutrophus HF157
(Table 1). Of the resulting isolates, mutant HF423 was further
characterized. Autotrophic growth on H, was not affected in
the hoxJ deletion mutant. However, enzymatic analysis clearly
showed that SH and MBH expression differed remarkably
from that in the parent strain (Table 3). While HF157 showed
hydrogenase repression in the absence of H,, which is charac-
teristic of A. hydrogenophilus M50 (18), mutant HF423 ex-

J. BACTERIOL.

pressed high levels of both hydrogenases on fructose-glycerol.
Hydrogenase synthesis of HF423 was not constitutive, since
both SH and MBH were almost completely repressed during
growth on a rich carbon and energy source like succinate.
Thus, the regulatory phenotype of strain HF423 resembled
that of A. eutrophus H16 (Table 3). Finally, the introduction of
hoxJ on plasmid pGE303 (Fig. 1A) reassigned the H,-depen-
dent mode of regulation to strain HF423 (Table 3), which
confirms the significance of HoxJ in H,-mediated control.
The hoxJ gene product functions on the transcriptional
level. To show that HoxJ affects the formation of SH and MBH
on the transcriptional level and to exclude its involvement in
the complex maturation of catalytically active hydrogenase syn-
thesis (3, 11), hydrogenase-specific mRNA was identified by
dot blot analysis. Total RNA was isolated from cells of the
hoxJA mutant A. eutrophus HF423 grown on fructose-glycerol
minimal medium and hybridized to an amplified DNA frag-
ment of the large MBH subunit gene (hupL) (53) from A.
hydrogenophilus. Total DNA of the parent strain A. eutrophus
HF157 was used as a control. Figure 5A clearly demonstrates
that disruption of /oxJ led to heterotrophic derepression of
hupL transcript formation (lane 2), while only traces of hydro-
genase-specific mRNA were detected in cells of the parent
HF157 (lane 1) and the transconjugant HF423(pGE303) (lane
3). These observations are consistent with the enzymatic SH
and MBH activities determined in cells cultivated under the

A.h. HoxJ MS--RRKAPPPQAEVKNADL S SSPNMNGIDDATWMDVIQKMDEVY SQLVR 48
A.e. HoxJ MSS-KRTTTSSGSHGVDLDAMTPSQLEGIDEATWLDVIRKMDEVYLQLIE 49
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R.c. HupT DVAPTIFDPFFTTKDVGKGTGLGLSISAKIVEEHGGRLRLLPESPLGGAC 444
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FIG. 4. Comparison of the deduced amino acid sequences of HoxJ of A.
hydrogenophilus, HoxJ of A. eutrophus, and HupT of R. capsulatus. Identical
residues are marked by asterisks. Dots indicate similar residues. Highly con-
served motifs characteristic of histidine protein kinases (36) are emphasized
above the sequences. Abbreviations: A.h., A. hydrogenophilus; A.e., A. eutrophus;
R.c., R capsulatus.
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TABLE 3. Hydrogenase activities of A. hydrogenophilus and A. eutrophus strains and mutants

Hydrogenase activity (U/mg of protein)” in:

Strain pelevant H,-CO,-0, FGN medium SN
SH MBH SH MBH SH MBH
A. eutrophus H16 Wild type (pHG1) 0.51 1.13 3.79 0.68 0.00 0.00
A. hydrogenophilus M50 Wild type (pHG21-a) 0.51 0.80 0.00 0.00 0.00 0.00
A. eutrophus HF157 pHG21-a 0.64 2.39 0.00 0.00 0.00 0.00
A. eutrophus HF423 pHG21-a hoxJA 0.62 2.14 5.48 2.08 0.07 0.07
A. eutrophus HF423(pGE303) (hox) pHG21-a hoxJA 0.80 2.79 0.17 0.00 ND ND

“ Values give the average from at least two independent experiments. FGN medium, heterotrophic growth in mineral medium with fructose-glycerol; SN,

heterotrophic growth in minimal medium with succinate; ND, not determined.

same conditions (Table 2). Finally, the specificity of the dot
blot analysis is evident from the control illustrated in Fig. 5B.

DISCUSSION

Hydrogenase synthesis in a number of facultatively H,-oxi-
dizing bacteria, including A. hydrogenophilus (18), Azotobacter
vinelandii (26), B. japonicum (23), Paracoccus denitrificans
(33), and R. capsulatus (50), depends on the availability of H,.
The H, concentration in the habitat of aerobic hydrogeno-
trophs is fairly low, since only traces of the anaerobically pro-
duced H, escape to oxic environments (41). Hence, the devel-
opment of a regulatory system in which hydrogenase synthesis
depends on the availability of consumable carbon and energy
sources, as found in A. eutrophus (21) and Acidovorax facilis
(52), may have a selective advantage for those organisms. These
bacteria are well prepared to utilize H, instantaneously as a
supplementary source of energy and reductant under condi-
tions of general nutrient limitation, a situation they likely meet
in their natural environments.

To learn more about the molecular signals which drive hydro-
genase gene expression in response to either H, or the energy
status of the cell, we selected two phylogenetically closely re-
lated species as representatives of the two divergent regulatory
regimens. Synthesis of both hydrogenases of A. eutrophus H16
is derepressed coordinately during growth on slow-growth-sup-
porting substrates like glycerol. On preferentially utilized car-
bon sources such as succinate, synthesis of SH and MBH is
almost completely repressed (21). On the other hand, expres-
sion of the two hydrogenases in A. hydrogenophilus strictly
correlates with the presence of external H, (18).

In this communication we report on a DNA region of the A.
hydrogenophilus-borne plasmid pHG21-a, which shows remark-
able similarity with respect to the arrangement and number of
open reading frames within a regulatory DNA region on plas-
mid pHG1 of A. eutrophus H16 (16) (accession no. U82564). A
hoxA-like gene was identified in A. hydrogenophilus by heter-
ologous complementation of an A. eutrophus hoxA deletion
mutant. The transconjugants were restored in autotrophic
growth on H, and contained a normal level of SH activity. The
lack of MBH activity may be explained by a low-transcription-
stimulating function of the recombinant HoxA at the MBH
promoter. Despite this partial deficiency, sequence analysis
confirmed the expected overall homology of the A. hydro-
genophilus-derived hoxA gene product and the corresponding
regulatory proteins of A. eutrophus (13), B. japonicum (48), E.
coli (46), R. capsulatus (37), and S. typhimurium (9). The typical
N-terminal phosphorylation domain of HoxA predicts interac-
tion with a cognate histidine protein kinase (36, 45). Based on
previous studies with A. eutrophus (29) and B. japonicum (48),
the product of hoxX, a gene located immediately upstream of

hoxA, was discussed as a possible modulator of HoxA activity.
However, it was emphasized that no convincing overall or local
homology to histidine protein kinases was found (29). Ex-
tended sequence analysis of a region 3’ of hoxA revealed three
additional open reading frames, hoxB, hoxC, and hoxJ, present
in both A. eutrophus (16) (accession no. U82564) and A. hydro-
genophilus.

Unlike HoxX, the hoxJ products of A. hydrogenophilus and
A. eutrophus showed almost perfectly the consensus elements
of histidine protein kinases. Thus, HoxJ appeared to be an
excellent candidate for a sensor protein which might interact
with HoxA via phosphorylation-dephosphorylation. Although
autophosphorylation of HoxJ needs to be experimentally
proven, the results obtained in this study showed for the first
time that the introduction of a complete set of A. hydro-
genophilus-derived hoxA, B, C, and J genes caused a severe
repression of SH and MBH formation in A. eutrophus when H,
was absent. This epistatic effect was dependent on a functional
hoxJ product of A. hydrogenophilus. HoxJ homologs have so far
been reported only for R. capsulatus (HupT) (15), Rhodobacter
sphaeroides (HupT) (22), E. coli (HydH) (46), and S. typhi-
murium (HydH) (9). Insertional inactivation of the hupT gene
in R. capsulatus led to overexpression of the structural gene
operon, and the authors discussed an involvement of HupT in
repression of hydrogenase synthesis (15). The behavior of the
merodiploid transconjugants also pointed to a negative effect
of the A. hydrogenophilus-derived HoxJ on hydrogenase gene
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FIG. 5. Regulatory phenotype of A. hydrogenophilus hoxJ demonstrated in an
RNA dot blot analysis. Total RNA isolated from A. eutrophus derivatives grown
in FGN medium was hybridized with a hupL fragment of A. hydrogenophilus (A)
and with HF157 total DNA as a control (B). The amount of RNA spotted on the
membranes was, from top to bottom, 2, 1, 0.5, and 0.25 ng. Lanes 1, HF157; lanes
2, HF423; lanes 3, HF423(pGE303).
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expression in 4. eutrophus, although the results were difficult to
interpret in view of the merodiploid background.

To avoid possible cross talk between the heterologous reg-
ulatory components, we investigated the function of HoxJ in a
derivative of A. eutrophus H16 cured of its indigenous plasmid
pHG1 but containing instead the A. hydrogenophilus-borne
megaplasmid pHG21-a. Inactivation of hoxJ by an in-frame
deletion released hydrogenase gene repression in the absence
of H,. This result was in agreement with the conclusions drawn
from the merodiploid analysis. Moreover, RNA dot blot anal-
ysis showed that HoxJ exerts its regulatory function on the
transcriptional level. Disruption of hoxJ did not generate a
constitutive phenotype, since the formation of both hydro-
genases was tightly regulated in mutant HF423. This regula-
tion, however, was directed by the availability of the carbon
and energy source. Thus, a mutation in hoxJ converted the
H,-specific control to a more global, substrate-responding phe-
notype.

In both regulatory systems HoxA and the RpoN-like sigma
factor of RNA polymerase are essential for hydrogenase gene
expression (13, 32, 38). This indicates that there may exist a
second, HoxJ-independent form of HoxA modulation. In fact,
we have preliminary evidence that A. eutrophus escaped H,-
dependent control by a mutation in #oxJ while HoxA maintains
its transcription-stimulating activity (28a).

It is unlikely that the newly discovered hoxBC products di-
rectly interfere with HoxA. The predicted proteins show typi-
cal sequence motifs of dimeric [NiFe] hydrogenases (51). Cys-
teine residues of the small electron-transferring subunit which
are supposed to coordinate Fe-S clusters are well conserved in
HoxB. The HoxC polypeptide contains the consensus elements
(R-X-C-G-X-C and D-P-C-X-X-C) (Fig. 2) which are consid-
ered to be important in the formation of the [NiFe]-active site
buried inside the large subunit (51). Nevertheless, two major
structural differences are apparent: HoxB is devoid of an N-
terminal leader sequence which normally directs translocation
of the dimeric hydrogenase, and HoxC is lacking the C-termi-
nal extension which is essential for stable metal center assem-
bly and maturation of [NiFe] hydrogenases (30, 49). Although
more experimentation is required to elucidate the function of
HoxB/C, it is an attractive hypothesis that these polypeptides
act as the primary receptor of H, and are instrumental in
relaying this environmental stimulus to HoxA via the putative
protein kinase HoxJ. HoxB/C homologs have been found in B.
japonicum (HupU/V) (4) and R. capsulatus (HupU) (15). hupV’
was shown to be necessary for transcriptional activation of
hydrogenase gene expression in B. japonicum, and the authors
suggested a sensing function for HoxU/V, although a HoxJ-like
protein kinase remains to be reported for this bacterium.
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