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Rhodobacter capsulatus synthesizes two homologous protein complexes capable of activating molecular H,, a
membrane-bound [NiFe] hydrogenase (HupSL) linked to the respiratory chain, and an H, sensor encoded by
the hupUV genes. The activities of hydrogen-deuterium (H-D) exchange catalyzed by the hupSL-encoded and
the hupUV-encoded enzymes in the presence of D, and H,O were studied comparatively. Whereas HupSL is in
the membranes, HupUYV activity was localized in the soluble cytoplasmic fraction. Since the hydrogenase gene
cluster of R. capsulatus contains a gene homologous to hoxH, which encodes the large subunit of NAD-linked
tetrameric soluble hydrogenases, the chromosomal hoxH gene was inactivated and hoxH mutants were used to
demonstrate the H-D exchange activity of the cytoplasmic HupUYV protein complex. The H-D exchange reaction
catalyzed by HupSL hydrogenase was maximal at pH 4.5 and inhibited by acetylene and oxygen, whereas the
H-D exchange catalyzed by the HupUV protein complex was insensitive to acetylene and oxygen and did not
vary significantly between pH 4 and pH 11. Based on these properties, the product of the accessory hypD gene
was shown to be necessary for the synthesis of active HupUV enzyme. The kinetics of HD and H, formed in
exchange with D, by HupUYV point to a restricted access of protons and gasses to the active site. Measurement
of concentration changes in D,, HD, and H, by mass spectrometry showed that, besides the H-D exchange
reaction, HupUV oxidized H, with benzyl viologen, produced H, with reduced methyl viologen, and demon-
strated true hydrogenase activity. Therefore, not only with respect to its H, signaling function in the cell, but

also to its catalytic properties, the HupUV enzyme represents a distinct class of hydrogenases.

In the photosynthetic bacterium Rhodobacter capsulatus, the
ability to use H, as an electron donor is conferred by an
H,-uptake hydrogenase, a membrane-bound [NiFe] hydroge-
nase linked to the respiratory chain (31) and encoded by the
hupSL genes (21).

The hupSL genes are part of a cluster of hup (for hydrogen
uptake) and hyp (for hydrogenase pleiotropic) genes necessary
for the biosynthesis of the hupSL-encoded hydrogenase (7).
The hup and hyp gene products bear significant structural iden-
tity to hydrogenase gene products from Escherichia coli, Ral-
stonia eutropha (formerly Alcaligenes eutrophus), Rhizobium
leguminosarum, Bradyrhizobium japonicum, and Azotobacter
vinelandii. Some of these products are necessary for matura-
tion of the enzyme, some for Ni insertion at the active site, and
some for regulation of hupSL gene expression (reviewed in
references 17 and 42).

The hup-hyp cluster comprises the hupTUV operon, the
products of which exert a negative control on hupSL gene
expression. The hupU gene product shares 20% amino acid
sequence similarity with the small subunit (HupS) of the
hupSL-encoded hydrogenase, and that of hupl shares 29%
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similarity with the large subunit (HupL) (12, 15). It is thought
that HupU and HupV proteins function as a complex, since
mutants with inactivated hupU or hupV or deleted hupUV
genes have the same phenotype (12). The HupUV protein
complex can catalyze the hydrogen-deuterium (H-D) exchange
reaction in the presence of D, gas and was suggested to func-
tion as a cellular H, sensor (40). The hupT gene product is
a protein histidine kinase (13, 15). With the response regula-
tor HupR, it forms the two-component HupT-HupR system,
which regulates the synthesis of HupSL hydrogenase in
R. capsulatus (16). In the absence of H,, HupT represses the
transcription of hydrogenase (hupSL) genes by phosphorylat-
ing HupR (16).

We demonstrate in this study that the H-D exchange reac-
tion catalyzed by the HupUYV protein complex can be differ-
entiated from that of the HupSL hydrogenase by different
relative rates of H, and HD formation in exchange with D,
a different sensitivity to acetylene, and a different in situ re-
sponse to oxygen. Thus, this report defines specific features of
a new type of hydrogenase, the H,-signaling HupUV hydroge-
nase.

MATERIALS AND METHODS

Bacterial strains and cultures. The strains and plasmids used in this work are
listed in Table 1. R. capsulatus strains were grown heterotrophically either anaer-
obically in the light or aerobically in darkness at 30°C as described previously (7)
in minimal salts RCV medium (43) supplemented with 30 mM Na pL-malate as
a carbon source and either 7 mM ammonium sulfate (MN medium) or 7 mM
glutamate (MG medium) as a nitrogen source. The concentrations of the anti-
biotics used were as follows: kanamycin, 10 pg ml~!, tetracycline, 1 pg ml~'; and
streptomycin, 25 wg ml L
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TABLE 1. Bacterial strains and plasmids used in this study

R cu();;s;ll(;tslrt;i(sjtram Relevant genotype or phenotype fgflé 1:;2;
Strains
B10 Wild type, Hup™ Nif* 26
BSE16 AhupUV 12
JPI91 hupSL 6
RCC12 hypD 7
RCC44 A(hoxH, ORF2 hupTUV hypF) This work
JBC12 Sm" hoxH This work
JBC13 Sm" hoxH hupSL This work
Plasmids
pAC142 Tc'; pPHU234 with 730-bp HindII1-Xholl insert containing a phupS::lacZ fusion 8
pAC206 Tc'; pPHU231 with 4.8-kb Sal/l-HindIII insert containing the hupTUV operon 12
pAC63 Tc'; pRK292 with 9.6-kb HindIII-HindIIl insert containing the hypAB hupR hypCDE genes 7
pAC171 Ap"; pUCIS8 with a 2.2-kb HindIII-HindIII insert containing the hoxH gene This work
pAC229 Tc', pPHU281 with a 6.0-kb BamHI-Pst] deletion replaced by an omega cassette This work

DNA manipulations and bacterial mating. DNA preparation and cloning were
carried out according to reference 34. Restriction endonucleases and DNA-
modifying enzymes were used by following the instructions of the manufacturers.
Plasmids were introduced in R. capsulatus by the helper plasmid pRK2013 (10),
as described earlier (5). The hoxH gene carried on plasmid pAC171 was inacti-
vated by insertion of an omega cassette at the HindllI site, and the mutated gene
was exchanged with wild-type hoxH in the chromosome by double recombina-
tion. Two mutant strains having the chromosomal #oxH gene inactivated were
isolated. The first, termed JBC12, was obtained from the wild-type strain B10,
and the second, termed JBC13, was obtained from the hupSL mutant JP91.
Strain JBC13 is therefore an Hup(SL)™ HoxH ™~ double mutant. The RCC44
mutant was obtained from B10 by exchange with the insert of plasmid pAC229,
which has the 6.0-kb BamHI-PstI fragment carrying the hoxH, open reading
frame 2 (ORF2), hupTUV, and hypF genes replaced by an omega cassette.

Enzyme assays and protein determination. Hydrogenase activity was assayed
by the rate of H, (or D,) uptake, H, production, or H, and HD formed in
exchange with D, (H-D exchange). Hydrogen uptake was determined spectro-
photometrically by using methylene blue (MB) (0.15 mM) (9) or by mass spec-
trometry with oxidized benzyl viologen (BV>*) or MB (4 mM) as an electron
acceptor. One unit of hydrogenase activity is 1 nmol of H, (D,) consumed
(produced)/min/mg of protein. The rates of H, uptake with BV>", of H, pro-
duction by reduction of protons in the presence of Zn-reduced methyl viologen
(MV™), and of H, and HD formed in exchange with D,, measured at 30°C, were
monitored continuously in the aqueous phase of cell suspensions (either whole
cells, membranes, or soluble cytoplasmic fraction) by the mass spectrometric
method described in detail previously (19, 41).

B-Galactosidase activity was assessed from the rate of o-nitrophenol (ONP)
released from o-nitrophenyl-B-p-galactopyranoside (ONPG) at 30°C, according
to Miller (29) as described previously (8). One unit of B-galactosidase activity is
1 wmol of ONP formed min/mg of protein.

mep B A hoxH hupTU V

The protein concentration of whole cells was estimated by the empirical
relationship optical density at 660 nm (ODyq)/S = mg of protein ml~! (27), and
that of membranes and cell free extracts (obtained by cell breakage in a French
pressure cell followed by two successive centrifugations at 20,000 X g for 30 min
and then 100,000 X g for 70 min) was estimated by the bicinchoninic acid protein
assay (Bio-Rad Laboratories, Hercules, Calif.) with bovine serum albumin as a
standard.

RESULTS

The hydrogenase hup-hyp gene cluster of R. capsulatus can
encode more than one hydrogenase. The gene organization at
the hup locus of the chromosome of R. capsulatus (strain B10)
is shown in Fig. 1. The hup-hyp gene cluster comprises the
structural hydrogenase genes for H, uptake (hup) and acces-
sory genes for the synthesis of active hydrogenase(s) (hup and
hyp genes). The hupSLC operon encodes the membrane-bound
H,-uptake [NiFe] hydrogenase (HupSL) (21) and HupC, a
cytochrome b, which links HupSL to the respiratory chain (3).
It is expressed from the hupS promoter (phupS) (8), which
depends on ¢’ factor (16). The hupTUV operon encodes pro-
teins that negatively control hupSL gene expression (12). The
hupU gene product, homologous to the small hydrogenase
subunit HupS, lacks the long twin-Arg signal peptide present at
the N terminus of HupS. This type of signal peptide has been
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FIG. 1. Gene organization at the hup locus of the chromosome of R. capsulatus. The coding region at the hup locus of R. capsulatus chromosome comprises 21
ORFs, all contiguous and transcribed from the same strand. At the 5" end, it is separated by around 500 nt from the mcpA and mcpB genes transcribed in the opposite
direction (28). The positions of known promoters and plasmid inserts are shown. B, BarmHI; H, HindIII; P, PstI; S, Sall.
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FIG. 2. Nitrogenase-mediated H, and HD production, in the presence of D, and H,O, by the RCC44 mutant. The RCC44 mutant (lacking the hoxH, hupTUV, and
the hypF genes) was grown photoheterotrophically in either MN medium (A) or MG medium (B). (A) The MN culture (1.5 ml, 0.7 mg of protein) was sparged with
D,, and the reaction vessel was closed at the time indicated by the vertical dotted line. The curves (not corrected for the consumption of gasses of the apparatus) exhibit
the real changes with time in D, (====), H, (——-), and HD (* ¢ *) concentrations in the reaction chamber. (B) The MG culture (1.5 ml, 0.6 mg of protein) in the
reaction chamber was sparged with D,. At the time indicated by the vertical dotted line, the cell was closed and the H-D exchange reaction in whole cells was measured
under light (light on) or in darkness (light off) and after addition of 10 mM ammonium sulfate, as indicated by arrows. The curves have been corrected for gas

consumption by the mass spectrometer.

shown in E. coli to lead to the export of dimeric hydrogenase
to the periplasm by the Tat system (33, 35). Indeed, evidence
is given below that, in contrast to the membrane-bound,
periplasmically oriented HupSL hydrogenase, the HupUV
protein complex is localized in the cytoplasm. Upstream from
the AupTUV operon lies an ORF, termed hoxH, whose pre-
dicted product shares significant similarity with the large sub-
unit of [NiFe] hydrogenases, in particular with HoxH, the
B-subunit of the tetrameric soluble NAD-linked hydrogenase
(39). The genes encoding the other three subunits of the tet-
rameric NAD-linked hydrogenases were not found in the hy-
drogenase gene cluster. Downstream from /oxH, ORF2 can
encode a protein of 181 amino acids, which shares no signifi-
cant similarity with known proteins. Upstream from hoxH,
separated by approximately 500 nucleotides (nt) and tran-
scribed in the opposite direction, are the mcpA and mcpB
genes capable of encoding methyl-accepting-type chemorecep-
tors (28).

It is not known whether hoxH is expressed and, if so, under
what conditions. The genes encoding a tetrameric, reversible,
NAD-linked hydrogenase have not yet been identified in the
(nearly completely sequenced) genome of R. capsulatus (B.
Billoud, A. Colbeau, and P. M. Vignais, unpublished data).
However, it is possible that the product of hoxH can function
with some subunits of complex I, as suggested by Appel and
Schulz (1). To eliminate any interference with the putative
HoxH protein, the hoxH gene was inactivated in the chromo-
some of R. capsulatus, and the mutants were used to study
HupUYV activity in the cell.

The H-D exchange activity catalyzed by the HupUV protein
complex is not sensitive to oxygen. After the discovery of the
presence of hoxH in the hydrogenase gene cluster, and because
HupUYV has a low level of activity (40), special care was taken
to assess the cellular H-D exchange activity. A mutant strain,
RCC44, with the DNA encompassing hoxH, orf2, hupTUV, and
hypF deleted (Fig. 1), was constructed and used in control
experiments. In the absence of the hypF gene product (4),
there was no active membrane-bound (HupSL) hydrogenase.
When grown under nitrogenase-repressing conditions (in MN
medium), there was no H-D exchange reaction at all and no
formation of HD and H, in exchange of D,, and the curves

displayed in Fig. 2A show only the consumption of D,, H,, and
HD by the mass spectrometer (in this experiment, H, and HD
were brought as contaminants of D,—hence the difference in
scales). On the other hand, RCC44 cells grown photohetero-
trophically in MG medium (nitrogenase-inducing conditions)
catalyzed an H-D exchange reaction due to nitrogenase activity
(19). Figure 2B shows the pattern of H, and HD formation in
exchange with D,, and also some proton reduction, catalyzed
by the nitrogenase complex. The typical features of the nitro-
genase-catalyzed H-D exchange are that it requires light (for
the regeneration by photophosphorylation of the ATP needed
for nitrogenase activity) and it is completely inhibited by am-
monia. These two simple tests (insensitivity to darkness and to
ammonia) were used to check that the H-D exchange activities
measured in our experiments represented hydrogenase and not
nitrogenase activity. Moreover, for in vivo experiments, the
cells were systematically grown in MN medium, although the
synthesis of the HupSL hydrogenase is strongly repressed un-
der such conditions.

The H-D exchange activity of HupUV was also determined
in strain JP91 (hupSL mutant) and in its derivative, in which
the hoxH gene has been inactivated, JBC13 (hupSL hoxH dou-
ble mutant). Figure 3 shows that, although feeble, the rates of
HD and H,, formed in the course of the H-D exchange reaction
catalyzed by HupUV in JBC13 cells could be determined. The
initial rates of H, and HD formation were determined for
three time intervals following gassing by D, and then closing of
the reaction chamber: between 5 and 6 min (interval 1), be-
tween 22 and 23 min (interval 2), and between 35.3 and 36.5
min (interval 3). Light was off for intervals 2 and 3, and O, was
present in interval 3 when the rates of HD and H, formation
were determined. The initial rates were 0.8, 0.9, and 0.8 nmol
of H, formed/min and 1.4, 1.5, and 1.4 nmol of HD formed/min
for intervals 1, 2, and 3, respectively. This experiment shows
that (i) the H-D exchange proceeded in the absence of light;
(ii) the initial rates were reproducible and unchanged in the
presence of O,; and (iii) the H-D exchange reaction was due to
HupUYV, since JBC13 cells have no hoxH or hupSL genes.
There were no significant differences between the cellular ac-
tivities of JBC13 (hoxH hupSL mutant) and JP91 (hupSL mu-
tant). Thus, either hoxH was not expressed in cells grown
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FIG. 3. Time course of H, and HD production in the D,-H,O system by the
HupUYV protein complex in JBC13 cells. Cells were grown anaerobically in the
light in MN medium. The H-D exchange reaction in whole cells of JBC13 (hupSL
hoxH double mutant) (3.7 mg of protein) was measured in 1.5 ml of 50 mM
Tris-HCI buffer (pH 8.0). After gassing the cell suspension with D,, the reaction
chamber was closed (vertical grey lines), and the H-D exchange reaction was
allowed to proceed. At 18 min, the reaction chamber was regassed with D,; at 22
min, the light was turned off and the vessel was closed; at 27 min, H,O, (5 pl,
0.3%) was added and O, was liberated by decomposition (the lower trace shows
O, concentrations measured at a mass of 32 Da); at 30 min, the chamber was
regassed with D,; at 35 min, the light was turned off, the vessel was closed, and
there was new addition of H,O, (10 wl, 0.3%). The figure shows the real gas
concentrations of H, (=====), HD (* * ¢ ¢), and O, (===) in the reaction cham-
ber.

anaerobically in the light in MN medium or, if it was expressed,
the level of expression was even lower than that of the hupUV
genes and was not detectable in our tests.

Unlike the membrane-bound HupSL hydrogenase, the Hu-
pUV H, sensor is a soluble cytoplasmic enzyme. The lack of a
signal peptide at the N terminus of HupU predicted that the
hupUV gene products are cytoplasmically located. The exper-
iments shown in Fig. 4 demonstrate that the HupUV protein
complex in cells of the ~AupSL mutant JP91 cannot transfer H,
electrons to O, or to the impermeant electron acceptor ferri-
cyanide, in contrast to HupSL in the hupU) mutant, BSE16.
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Figure 4A shows that the initial rate of H, formation (14.6
nmol/min/mg of protein) was higher than that of HD (7.5
nmol/min/mg of protein) in the HupSL-catalyzed H-D ex-
change reaction (in BSE16 cells). On the other hand, for the
HupUV-catalyzed H-D exchange reaction [in JP91(pAC206)
cells], the reverse was observed (initial HD production rate, 5.3
nmol/min/mg of protein > initial H, rate, 3.7 nmol/min/mg of
protein) (Fig. 4B). Upon addition of a small amount of O,,
there was immediate and rapid uptake by HupSL of the three
isotopic forms of hydrogen gas, D,, HD, and H,. The forma-
tion of H, and HD resumed when all O, had been consumed,
and a further addition of ferricyanide immediately reoxidized
the three hydrogen species (Fig. 4A). Neither the addition of
O, nor that of ferricyanide affected significantly the H-D ex-
change reaction catalyzed by the HupUV protein complex
(Fig. 4B). (On the figure, the decrease in HD concentration is
due to the further exchange of HD with protons and not to an
inhibition by O, or ferricyanide.) The same types of results
were observed with JP91 cells without pAC206 (not shown)
and with JBC13 (hupSL hoxH double mutant) (Fig. 3). This is
further evidence that HupSL transmits H, electrons to O,
through the respiratory chain and that HupUV is not directly
connected to the cytoplasmic membrane.

The use of detergents brought another piece of evidence of
the cytoplasmic localization of HupUV. Whereas treatment of
B10 or BSE16 cells by sodium dodecyl sulfate plus chloroform
(the same treatment used for B-galactosidase assays) abolished
the H-D exchange activity of HupSL hydrogenase, the activity
of the HupUYV protein complex only dropped from 3.9 to 3.3
nmol of HD produced/min/mg of protein after that treatment.
Finally, it is demonstrated below that the HupUV H-D ex-
change activity was found in the soluble cytoplasmic fraction
obtained after breakage of the cells and removal of the mem-
branes by centrifugation.

The H-D exchange reaction catalyzed by HupUYV is distin-
guishable from that of HupSL by its insensitivity to acetylene.
Typically, as shown in Fig. 3 and 4, in the H-D exchange
catalyzed by HupUYV, the initial rate of HD formation was
higher than that of H,. Then, as the D, concentration de-
creased, HD further exchanged with protons and H, became
predominant. We show now (Fig. 5) that acetylene inhibited
the H-D exchange reaction catalyzed by HupSL, but not that
catalyzed by HupUV. The hupSL-encoded hydrogenase of
BSE16 (AhupUV) cells was 95% inhibited after a 1-h 40-min
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FIG. 4. Time course of H, and HD production and D, consumption in the D,-H,O system by the HupSL (A) and HupUV (B) protein complexes. Cells were grown
anaerobically in the light in MN medium. The H-D exchange reaction in whole cells of BSE16, a AhupUV mutant (2.5 mg of protein) (A), and in whole cells of
JP91(pAC206), a hupSL mutant, with the ~upTUV operon-containing plasmid pAC206 (5.2 mg of protein) (B), was measured in 50 mM citrate-phosphate buffer (pH
7.0). At the time indicated by the vertical dotted line, the reaction vessel was closed, and the concentrations of D, (s====), H, (- - --), and HD (---*) were recorded.
The arrows indicate the time of O, appearance in the medium after H,O, addition (2 wl of 0.3% H,0,) and the time of ferricyanide addition (10 mM). The changes
in O, concentration were monitored at a mass of 32 Da (data not shown). The figure shows the real concentrations of the hydrogen species present in the vessel.
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FIG. 5. Effect of acetylene on the H-D exchange reaction catalyzed by the hupSL-encoded hydrogenase (A) and by the AupUV-encoded hydrogenase (B). The
conditions were the same as those in Fig. 4, with cells grown overnight anaerobically in the light in MN medium. H, (===) and HD (- - --) production in exchange with
D, (- —--) uptake catalyzed by whole cells of BSE16 (2.5 mg of protein) (A) and JP91(pAC206) (5.2 mg of protein) (B) was measured at pH 7 after the cells had been
incubated for 1 h at room temperature under a gas phase of C,H,-Ar (1:1). The figure shows the real concentrations of the hydrogen species in the vessel.

incubation under a gas phase containing a 1:1 mixture of acet-
ylene and argon (Fig. 5A), while under the same conditions,
the H-D exchange activity of the HupUV protein was practi-
cally not inhibited by acetylene (Fig. 5B). The lack of an acet-
ylene effect on HupUV was not due to a lack of acetylene
penetration in the cytoplasmic compartment, since acetylene is
the substrate commonly used to measure the activity of nitro-
genase, which is also cytoplasmically located (19). Acetylene,
which inhibits the H-D exchange activity of Thiocapsa roseo-
persicina hydrogenase, had been shown earlier to interact with
the Ni atom of the hydrogenase active site (abolishing the
electron paramagnetic resonance signal due to Ni-C and sta-
bilizing it in an electron paramagnetic resonance-silent state)
(44). Thus, apparently acetylene cannot reach the active site of
HupUYV as it can do for T. roseopersicina hydrogenase.

This ability of acetylene to specifically inhibit the hupSL-
encoded hydrogenase was then used to demonstrate that the
synthesis of the hupUV-encoded enzyme necessitates the prod-
uct of the accessory iypD gene (24). The RCC12 mutant con-
tains an in-frame deletion of 54 bp within the AypD gene. It is
complemented by plasmid pAC63, which provides in trans the
wild-type form of HypD. In the mutant, the AupSL genes are
transcribed, but the hydrogenase is not processed and thus not
active (7). It is shown here that the AiypD RCC12 mutant also
lacks the active HupUV protein complex and that complemen-
tation of the mutant restored HupUV activity. Table 2 pro-
vides the rates of H, and HD formation in cells of the wild-type
strain B10, the hupSL mutant JP91, and the AypD mutant
RCC12. The RCC12 cells have no H-D exchange activity; the
experimental values given in Table 2 (experiment 4) indicate
the sensitivity of the measurements. The presence of plasmid
PAC63 in the hypD mutant restored H-D exchange activity to
a level even higher than that in wild-type B10 cells, for the
plasmid also provided additional copies of the transcriptional
activator HupR (Fig. 1 and Table 2) (16, 38). The residual
activity measured in RCCI12(pAC63) cells incubated with
C,H,-Ar (1:1), which was not significantly diminished by ad-
dition of O, (not shown), was attributed to HupUV (insensi-
tive to acetylene; Fig. 5). The data demonstrate that the AypD
gene product was required for the synthesis of mature and
active HupSL and HupUYV enzymes.

The catalytic properties of the HupUV protein complex are
those of hydrogenase enzymes. Not only can HupUV activate
the H, molecule, as indicated by the H-D exchange reaction,
but it can also catalyze the other hydrogenase partial reactions,

namely H, production and H, oxidation. Cell extracts were
used to overcome the permeability barrier to electron accep-
tors or donors and to measure HupUYV activity as a function of
pH. To ascertain whether the activity was due to HupUYV, it
was systematically checked whether the presence of plasmid
pAC206 containing the hupTUV operon that produces active

TABLE 2. Restoration of HupSL and HupUYV activities in the
complemented AypD mutant RCC12 as seen by the H, and
HD production in exchange with D, uptake
and the effect of acetylene”

Formation
(nmol - min~! - mg
Expt Strain Conditions of protein~!) of:
H, HD
pH 4
1 BI10 (wild type)  Zero time 203 11.3
B10 2 h under C,H,-Ar 0.9 1.7
2 JPI1 (hupSL) 0.8 1.7
3 JP91(pAC206) Zero time 2.5 5.6
JP91(pAC206) 2 h under C,H,-Ar 2.6 5.7
4  RCCI12 (hypD) 0.03 0.03
5 RCCI2(pAC63)  Zero time 65.5 30.5
RCC12(pAC63) 2 h under C,H,-Ar 4.9 4.2
pH 7
6 B0 (wild type)  Zero time 3.1 2.8
B10 1 h 30 min under C,H,-Ar 1.5 2.0
7 JP91(pAC206) Zero time 3.7 52
JP91(pAC206) 1 h 30 min under C,H,-Ar 39 5.1
8 RCCI2(pAC63) Zero time 11.1 6.4
RCC12(pAC63) 1 h 30 min under C,H,-Ar 1.6 2.1
9  BSE16 (AhupUV) Zero time 13.9 6.0
BSE16 1 h 30 min under C,H,-Ar 0.3 0.2

¢ Cells were grown photoheterotrophically in MN medium to an ODyg, of ca.
2.4 and collected by centrifugation. The initial rates of H, or HD formation were
determined in whole cells, in 50 mM citrate-phosphate buffer, at time zero, and
after incubation under C,H,-Ar (1:1) as indicated.
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FIG. 6. HupUYV hydrogenase activities in the soluble cytosolic fraction of JP91(pAC206) cells as a function of pH. JP91(pAC206) cells grown photoheterotrophically
in MN medium were broken by passage through a French pressure cell. The soluble cytoplasmic fraction obtained by centrifugation at 100,000 X g for 70 min was used
to determine HupUYV hydrogenase activities. (A) H, production linked to MV oxidation at pH 4.0. The phosphate-citrate buffer (1.25 ml, final concentration of 100
mM) in the reaction chamber was first sparged with argon to remove O,, and then the reaction vessel was closed, and 0.25 ml of soluble cytosolic fraction (0.9 mg of
protein) was added. Two minutes later, MV™" (50 pl, final concentration of 120 mM) was injected into the reaction vessel. (B) pH dependence of MV™*-mediated H,
production and H, and HD formation in exchange with D,. Initial rates determined for the first minute of H, (O) and HD (@) production (in 1.5 ml, 0.8 mg of protein)
are plotted versus pH. To measure the H-D exchange, the reaction vessel was sparged first with D,. H, (@) was formed by proton reduction with MV™". The buffers
used (final concentration of 100 mM) were phosphate-citrate (pH 2.9 to 7.0), phosphate-Tris (pH 6.6 to 8.5), phosphate-glycine-NaOH (pH 7.5 to 10), and

glycine-NaOH (pH 9.0 to 12.8).

HupUYV protein complex (12) resulted in an increase (three- to
fourfold) in hydrogenase activity of JP91(pAC206) cells com-
pared to JP91 cells. H, production by HupUV upon addition
of MV™ (Fig. 6A) was observed at acidic pH, even at pH 4,
where proteins precipitated. It occurred within a narrow range
of acidic pH, in contrast to the H-D exchange activity, which
did not vary significantly between pH 5 and 11 (Fig. 6B). The
lack of pH dependence of the H-D exchange reaction cata-
lyzed by HupUYV is in contrast with the sharp pH dependence
of the H-D exchange reaction catalyzed by the HupSL hydro-
genase (Fig. 7) and other membrane-bound hydrogenases, e.g.,
in T. roseopersicina (44) and in Paracoccus denitrificans (41).
The rates of HupSL-catalyzed HD and H, formation peaked at
around pH 4.5 and were close to zero at pH 9 with BSE16
membranes. The apparent maximal rate of H, production by
HupSL was also around pH 4 to 5, in agreement with what was
observed for other [NiFe] hydrogenases, such as the hydroge-
nase 1 of T. roseopersicina (44), but was sevenfold lower than
the H-D exchange reaction (Fig. 7).

The H,-uptake activities of HupSL and HupUYV, as a func-
tion of pH, were determined by using BV>" or MB as an
electron acceptor. Maximal uptake activity of HupSL was in
the range of pH 8.5 to 9.0, while the uptake activity of HupUV
paralleled that of the HupUV H-D exchange activity (not
shown). At pH 8.7, the initial rate of hydrogen uptake with MB
as an electron acceptor was 260 nmol of D,/min/mg of protein
for HupSL in BSE16 (AhupUV) cells and 21 nanomoles of
D,/min/mg of protein for HupUV in the soluble fraction of
JP91(pAC206) cells with BV>" as an electron acceptor. If we
take into account an estimated 3-fold increase in HupUV pro-
tein complex brought by plasmid pAC206, there would be a
30-fold difference in activity between HupSL and HupUV.

In short, the HupUV protein complex exhibited all of the
typical hydrogenase reactions, and thus HupU and HupV form
an active hydrogenase. However, the measured H, uptake and
H,-activating activities are very low, near the limit of detection,
and more than 10 times lower than those measured for HupSL.
Differences in the expression levels of the hupTUV operon and
the hupSLC operon, monitored by the lacZ reporter gene,

have also been observed. The ratio of phupT::lacZ to phupS::
lacZ expression was between 1/50 and 1/100 (8, 12). Therefore
the low HupUYV activity found in situ may be due to a low level
of protein, although it is also quite possible that HupUV has a
low specific activity. The main feature of HupUV hydrogenase
is the pH insensitivity of the H-D exchange reaction, while the
H-D exchange catalyzed by HupSL showed a strong pH de-
pendence with a sharp peak at around pH 4.5.

DISCUSSION

This work deals with the H-D exchange properties of the
energy-transducing hydrogenase, HupSL, and the H, sensor,
HupUV. Since a gene homologous to hoxH of R. eutropha (39)
was found in the hydrogenase gene cluster of R. capsulatus,
new mutants with an inactivated hoxH gene were constructed

T T T T 20
301

=)

E 11s

c 3

= i H ]
oE 20 z 3
j<a) 3T
ST 4102"
b 5 H-D exchange 5o
£ wt1or g
o NT &
Qg 38
IR # A 15 25
Ig o b > %3

H D
§ @
[ H}, 70

H2 production

2 4 6 8 10
pH

FIG. 7. pH dependence of the H-D exchange reaction and H, production
catalyzed by the hupSL-encoded hydrogenase in BSE16 membranes. The exper-
imental conditions were the same as those in Fig. 6. H, (O) and HD (@) were
produced by the H-D exchange reaction and 0.4 mg of protein. Production of H,
(w) was measured with MV* and 0.8 mg of protein.
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and studied comparatively with the AupUV and hupSL mu-
tants. No detectable change in H-D exchange was found in the
hoxH mutants. Thus, either the hoxH gene was not expressed
under the growth conditions used (repressing conditions for
HupSL synthesis), or the activity of the hoxH gene product was
too low to be detected.

HupUYV has a low hydrogenase activity, but its activity is
detectable with a mass spectrometer by the measurement of
changes in the concentrations of D,, H,, and HD in cell sus-
pensions. Production of H, by extracts of cells lacking HupSL
[JP91, JP91(pAC206), and JBC13] could be observed at acidic
pH values after addition of MV ™. The rate of H, production by
HupUYV at pH 4 was twice as high as the rate of H-D exchange
(Fig. 6), unlike with HupSL, whose specific activity for H,
production was sevenfold lower than the H-D exchange reac-
tion at pH 4 (Fig. 7). The insensitivity of HupUV to acetylene
and oxygen is probably due to limited gas access to the HupUV
active site (30). The lack of pH effect on the H-D exchange
reaction may also reflect the poor physical connection of the
active site to the surface of the protein or a narrow putative
proton channel. Thus, besides its specific cellular function in
signal transduction, the HupUV hydrogenase displays catalytic
(and probably structural) features specific to this new class of
hydrogenases.

The product of the accessory hypD gene is necessary for the
synthesis of active HupSL and HupUV hydrogenases (Table
2). This implies that HupUV requires the same posttranslation
activation as other [NiFe] hydrogenases (24, 25) and thus has
a Ni atom at its active site. Indeed, the presence of Ni and of
the ligands to the Fe atom of the active site, CN and CO (18),
has been demonstrated in the homologous HoxBC protein of
R. eutropha (32). In a very recent report, Kleihues et al. (20)
have proposed that these H, sensors form a new subclass of
so-called “regulatory hydrogenases.”

The demonstrated hydrogenase activity of HupUV is a first
step for understanding how the HupUV H, sensor and the
protein histidine kinase HupT communicate and interact to
control the transcriptional induction of hydrogenase (hupSL)
genes in response to H, (12, 15). H, sensing systems homolo-
gous to HupUV have been found in bacteria other than R.
capsulatus. They include HupUV in B. japonicum (2), HoxBC
in Alcaligenes hydrogenophilus (23), and HoxBC in R. eutropha
(22), shown to be necessary, as in R. capsulatus, for hydroge-
nase gene expression in response to Ho.

In cells lacking hupT, maximal AupSL derepression was ob-
served in the presence of O,. A region of the phupS regulatory
region similar or very close to the binding site of HupR ap-
pears to be involved in O, derepression of hupSL gene expres-
sion (38). Either the transcriptional factor RegA, which re-
sponds to redox and binds to the same phupS region (14),
HupR, or both control hupSL expression in response to oxy-
gen. It is not known whether the HupUV protein complex
could also be involved. The sensor kinase HupT has been
shown recently to belong to the PAS domain-containing su-
perfamily of proteins (37). PAS domains are signaling modules
that detect changes in light, redox potential, oxygen, small
ligands, and overall energy level of a cell. According to Taylor
and Zhulin (37), most PAS domains in prokaryotes are in
histidine kinase sensor proteins, and their primary role is sens-
ing oxygen, redox potential, and light. The sensing function of
PAS proteins is commonly associated with the binding of spe-
cific cofactors. The flavoprotein NifL of A. vinelandii, a PAS
protein, is a redox sensor which regulates nitrogen fixation by
modulating the activity of the transcriptional factor NifA in
response to oxygen and to fixed nitrogen (11). It is believed
that the oxidation state of the prosthetic group flavin adenine
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dinucleotide (FAD) acts as a switch to control transcriptional
activation by NifA. FAD binds to the N-terminal region of
NifL in the PAS core region (36), alignable to the PAS core of
HupT (37). Does HupT contain a redox-sensitive chromo-
phore reducible by the HupUV hydrogenase, such as FAD
or NAD, or is the PAS core of HupT a domain involved in
protein-protein interaction between the histidine kinase HupT
and the sensory HupUV protein complex?

The three-dimensional structure of the H,-signaling HupUV
hydrogenase should reveal the features able to account for the
inaccessibility of acetylene to the active site and for the re-
stricted proton access reflected by the lack of pH sensitivity of
HupUYV activity; hopefully, this structure will also provide mo-
lecular basis for the specific function of HupUV hydrogenase
in signal transduction.
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