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HupUV Proteins of Rhodobacter capsulatus Can Bind H2:
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The H-D exchange reaction has been measured with the D2-H2O system, for Rhodobacter capsulatus JP91,
which lacks the hupSL-encoded hydrogenase, and R. capsulatus BSE16, which lacks the HupUV proteins. The
hupUV gene products, expressed from plasmid pAC206, are shown to catalyze an H-D exchange reaction
distinguishable from the H-D exchange due to the membrane-bound, hupSL-encoded hydrogenase. In the
presence of O2, the uptake hydrogenase of BSE16 cells catalyzed a rapid uptake and oxidation of H2, D2, and
HD present in the system, and its activity (H-D exchange, H2 evolution in presence of reduced methyl viologen
[MV1]) depended on the external pH, while the H-D exchange due to HupUV remained insensitive to external
pH and O2. These data suggest that the HupSL dimer is periplasmically oriented, while the HupUV proteins
are in the cytoplasmic compartment.

The photosynthetic bacterium Rhodobacter capsulatus con-
tains a membrane-bound hydrogenase, encoded by the hupSL
genes, which is part of the respiratory chain (2, 16), functions
physiologically in H2 uptake (18), and has Ni at its active site
(5). The R. capsulatus enzyme is dimeric and belongs to the
class of [NiFe]hydrogenases (20). The hupTUV operon (8, 9) is
part of the cluster of hup and hyp genes necessary for the
synthesis of hydrogenase (4). The hupUV genes are expressed
from the hupT promoter and are involved, with hupT, in neg-
ative control of hydrogenase synthesis (9). The hupT gene
product belongs to the superfamily of protein histidine kinases,
which act as sensors in bacterial two-component regulatory
systems. The product of hupU has 20% similarity to the small
subunit (HupS), and that of hupV has 29% similarity to the
large subunit (HupL) of R. capsulatus hydrogenase. HupU
lacks the signal peptide of HupS, and HupV lacks the C-
terminal sequence of HupL, which is cleaved during hydroge-
nase processing, so the HupUV dimer is expected to be a
soluble cytoplasmic protein. The hupU and hupV gene prod-
ucts also share a significant degree of identity with the cyto-
plasmic [NiFeSe]hydrogenase of Desulfovibrio baculatus (now
termed Desulfomicrobium baculatus) (15). The HupU protein,
rich in cysteine, contains all of the Cys residues involved in the
binding of the three Fe/S clusters in the small subunit of De-
sulfovibrio gigas hydrogenase (19). The HupV protein contains
at its N-terminal and C-terminal ends (9) the Cys arrange-
ments found at the same locations in the large subunit of
[NiFe]hydrogenases and shown by X-ray diffraction to bind Ni
(19). Therefore, the HupUV dimer might be expected to have
hydrogenase activity or at least bind H2. Hydrogenase activity

can be measured by the proton-deuterium (H-D) exchange
reaction. In the D2-H2O system, molecular D2 is split at the
active site of the enzyme and is replaced by HD and H2 by
exchange with protons of the solvent, H2O. This method was
used for the first time by Yagi et al. (21) to determine the
intrinsic activity of the purified membrane-bound hydrogenase
from Desulfovibrio vulgaris. The H-D exchange activity of the
HupUV proteins was tested in vivo. It is shown here that the
H-D exchange due to HupUV is distinguishable from the H-D
exchange resulting from HupSL activity; in particular, it is
insensitive to the external pH.
The R. capsulatus strains used were the wild-type strain, B10

(14); the hupSL mutant, JP91 (3); and the Hup(UV)2 mutant,
BSE16, which exhibits hydrogenase activity (9). Plasmid
pAC206, which carries the hupTUV operon, can complement
in transHup(UV)2mutants (9); it was introduced into JP91 by
triparental mating (7). All of the strains were grown anaero-
bically in the light with 30 mM DL-malate as a C source and 7
mM ammonium sulfate as an N source (MN medium) (6) to
prevent the synthesis of nitrogenase, the activity of which
would otherwise interfere with the H-D exchange measure-
ments, since nitrogenase can reduce protons and catalyze the
formation of H2 (12). The H-D exchange reaction, measured at
308C, was monitored continuously in the aqueous phase of cell
suspensions by a mass spectrometric method (12, 22). Cells
grown overnight in MN medium were collected by centrifuga-
tion, resuspended in 1/10 volume of water, and stored under
H2. The reaction vessel was filled with 1.7 ml of the cell sus-
pension (optical density at 660 nm of 10) and then sparged with
Ar and then with D2 until saturation. Changes in gas concen-
tration, D2 (mass, 4 Da), HD (mass, 3 Da), H2 (mass, 2 Da),
and, when used, O2 (mass, 32 Da) were automatically scanned
by a peak jumping system and continuously recorded in a PC
computer, immediately after the vessel was closed. The rates of
D2 consumption and of H2 and HD production were corrected
for simultaneous consumption by the mass spectrometer (first-
order kinetics) with the velocity constants kD2 5 0.0990 z min21

and kH25 0.1086 z min21 determined for D2 and H2 consump-
tion, respectively, in the absence of cells. The buffers (50 mM)
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used were phosphate-HCl at pH 5 and 7 and Tris-HCl at pH 9.
O2 was generated by additions of 3% H2O2 (5 ml).
The observed rates of HD and H2 formation with

JP91(pAC206) cells were similar at the three external pH val-
ues of 5, 7, and 9 (Table 1 and Fig. 1A and B). Since in the H-D
exchange reaction, D2 gives rise to HD plus H2, the rate of
exchange can be determined from the rate of D2 uptake. In
JP91 cells harboring plasmid pAC206, this D2 uptake rate was
three- to fourfold higher than that of JP91 cells, in agreement
with the fact that the latter contain a single chromosomal copy
of the hupUV genes, while in JP91(pAC206) there are four to
five additional copies brought by the plasmid. The insensitivity
of the reaction to external pH indicates that the HupUV pro-
teins are located in the cytoplasmic compartment. In one ex-
periment, Triton X-100 was added to equilibrate the pH be-
tween the cytoplasmic and the external compartments, and the
H-D exchange was remeasured at pH 5. The rates of HD and
H2 formation and of D2 uptake were found to be slightly lower
than those before Triton X-100 addition, an indication that
Triton might affect the stability of the putative HupUV dimer
besides permeabilizing the membrane. The rate of H-D ex-
change in B10 and BSE16 was highest at acid pH (Table 1).
The patterns of H2 and HD formation in BSE16 are differ-

ent from those obtained with cells containing the HupUV
proteins (Fig. 1). In the H-D exchange reaction catalyzed by
the hupSL-encoded hydrogenase of B10 (not shown) and
BSE16 (Fig. 1C and D), H2 was formed at a rate higher than
HD. An H2/HD ratio higher than 1.0, already reported when
chromatophores from R. capsulatus were used (12), has also
been observed with the cytoplasmic hydrogenase from D. bacu-
latus (10). It has been speculated (10, 17) that an H2/HD ratio
greater than 1 is a signature of the [NiFeSe]hydrogenase, since
H2/HD ratios lower than 1 were obtained with [NiFe]hydro-
genases from Desulfovibrio species. In the [NiFeSe]hydroge-
nase of D. baculatus, one of the sulfur ligands to nickel is
replaced by the selenium atom of a selenocysteine (11), and
this selenocysteine has been suggested to be the real interme-
diate involved in the exchange of H atoms from hydrogen gas
with the protons of the solvent (1). However, the [NiFe]hydro-
genase from R. capsulatus is shown here to catalyze an ex-
change which leads to a H2/HD ratio greater than 1, although
the nucleotide sequence of the gene encoding the large subunit
(HupL), which provides the ligands to Ni, does not indicate
that a Cys has been replaced by a SeCys (13). The rate of H2
formation is linked to the rate of exchange with the solvent, as
illustrated by the strong isotope effect observed for the R.
capsulatus hydrogenase in the H2-D2O system, in which the
rate of HD formation became higher than that of D2 (12). It is
not known yet whether it is the structure of the active site and
of a putative proton channel or the nature of the amino acids

liganding the metal atoms (Ni and Fe) of the active site which
is responsible for that isotope effect. Unexpectedly, it was the
hupSL-encoded hydrogenase of R. capsulatus which exhibited
H-D exchange kinetics of the type produced by the cytoplasmic
hydrogenase from D. baculatus (10) and not the HupUV pro-
teins, which share significant similarity with the D. baculatus
enzyme. The H-D exchange catalyzed by HupUV was rather of
the type exhibited by the periplasmic hydrogenases from D.

FIG. 1. H2 and HD production in exchange with D2 uptake catalyzed by
whole cells of JP91(pAC206) at pH 9 (A) and 5 (B) and of BSE16 at pH 9 (C)
and 5 (D). At the time indicated by arrows, the vessel was closed, and the
concentrations of H2 (– – –), HD (. . .), and D2 (™) were recorded. The vertical
line indicates the time of H2O2 addition; the increase in O2 concentration
(– z z –) was monitored at mass 32 Da. The figure shows the real concentrations
of the hydrogen species and of O2 present in the vessel.

TABLE 1. Rate of the H-D exchange reaction in R. capsulatus cells
at three pH valuesa

Strain

D2 consumption (mmol/
min) at pH

H2 formation
(mmol/min) at pH

5 7 9 5 7 9

B10 0.37 0.23 0.19 0.20 0.12 0.09
BSE16 0.56 0.31 0.17 0.30 0.13 0.08
JP91 0.12 0.12 0.13 0.07 0.05 0.07
JP91(pAC206) 0.47 0.49 0.47 0.16 0.17 0.15

a D2 consumption and H2 formation result from the H-D exchange reaction.
The values are initial rates corrected for gas consumption by the mass spectrom-
eter.
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gigas (10) or from Thiocapsa roseopersicina (22). The fact that
the H-D exchange due to HupSL activity was sensitive to the
external pH (it increased from pH 9 to pH 5) (Table 1) sug-
gests that the hupSL-encoded hydrogenase is oriented towards
the periplasm of R. capsulatus cells.
In presence of oxygen or an appropriate electron acceptor,

the membrane-bound hydrogenase, encoded by hupSL, can
quickly oxidize the three species of hydrogen present in the
system. Upon O2 addition, H2 and HD, which had accumu-
lated by exchange of D2 with protons, were quickly absorbed
(oxidized) and D2 uptake, due also to D2 oxidation, was con-
siderably enhanced (Fig. 1C and D). D2 oxidation by cells from
BSE16 (Fig. 1) and from B10 (not shown) already rapid at pH
5, was 4.1 and 3.3 times as fast, respectively, at pH 9. Under the
same conditions, the H-D exchange catalyzed by the HupUV
proteins remained unchanged in the presence of O2 (Fig. 1C
and D). The H-D exchange reactions catalyzed by the HupSL
proteins, on the one hand, and by the HupUV proteins, on the
other hand, could therefore be distinguished from the differ-
ence in response to O2.
The absence of H2 and HD uptake after O2 addition to JP91

cells confirms that the strain lacks the membrane-bound up-
take hydrogenase. The rapid O2 consumption by JP91(pAC206)
cells (Fig. 1A and B) indicates that O2 is used for the oxidation
of endogenous substrates (other than hydrogen). Although the
data of Fig. 1 suggest that the H-D exchange catalyzed by the
HupUV proteins is insensitive to O2, it is very probable that
because of the very rapid oxygen consumption by the dense cell
suspensions, the internal compartment has remained anaero-
bic during the first minutes of the test.
In conclusion, by the use of strain JP91 devoid of the hupSL-

encoded hydrogenase and of plasmid pAC206 from which the
hupUV genes are expressed, it has been possible to demon-
strate that the HupUV proteins catalyze in vivo an H-D ex-
change reaction. Thus, the HupUV proteins can detect and bind
hydrogen gas, a prerequisite for HupUV to function as an H2
sensor. The H-D exchange reaction catalyzed by the HupUV
proteins is distinguishable from the exchange catalyzed by
HupSL in strains B10 and BSE16: (i) the former is insensitive
to changes in the external pH, while the H-D exchange linked
to HupSL activity was found to be higher at pH 5 than at pH
9, and (ii) the former did not respond to oxygen, while in the
presence of O2 the membrane-bound hydrogenase (hupSL en-
coded) catalyzed a very rapid hydrogen uptake and oxidation.
Finally, the hydrogenase activity of HupSL, which responds to
the external pH, suggests that the R. capsulatus membrane-
bound hydrogenase is oriented towards the periplasmic space.
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Commissariat à l’Energie Atomique (CEA).

REFERENCES

1. Albracht, S. P. J. 1994. Nickel hydrogenases: in search of the active site.
Biochim. Biophys. Acta 1188:167–204.

2. Cauvin, B., A. Colbeau, and P. M. Vignais. 1991. The hydrogenase structural

operon in Rhodobacter capsulatus contains a third gene, hupM, necessary for
the formation of a physiologically competent hydrogenase. Mol. Microbiol.
5:2519–2527.

3. Colbeau, A., J. P. Magnin, B. Cauvin, T. Champion, and P. M. Vignais. 1990.
Genetic and physical mapping of a hydrogenase gene cluster from
Rhodobacter capsulatus. Mol. Gen. Genet. 220:393–399.

4. Colbeau, A., P. Richaud, B. Toussaint, J. Caballero, C. Elster, C. Delphin,
R. L. Smith, J. Chabert, and P. M. Vignais. 1993. Organization of the genes
necessary for hydrogenase expression in Rhodobacter capsulatus. Sequence
analysis and identification of two hyp regulatory mutants. Mol. Microbiol.
8:15–29.

5. Colbeau, A., and P. M. Vignais. 1983. The membrane-bound hydrogenase of
Rhodobacter capsulatus is inducible and contains nickel. Biochim. Biophys.
Acta 748:128–138.

6. Colbeau, A., and P. M. Vignais. 1992. Use of hupS::lacZ gene fusion to study
regulation of hydrogenase expression in Rhodobacter capsulatus: stimulation
by H2. J. Bacteriol. 174:4258–4264.

7. Ditta, G., S. Stanfield, D. Corbin, and D. R. Helinski. 1980. Broad host range
DNA cloning system from Gram-negative bacteria: construction of a gene
bank of Rhizobium meliloti. Proc. Natl. Acad. Sci. USA 77:7347–7351.

8. Elsen, S., P. Richaud, A. Colbeau, and P. M. Vignais. 1993. Sequence
analysis and interposon mutagenesis of the hupT gene, which encodes a
sensor protein involved in repression of hydrogenase synthesis in
Rhodobacter capsulatus. J. Bacteriol. 175:7404–7412.

9. Elsen, S., A. Colbeau, J. Chabert, and P. M. Vignais. 1996. The hupTUV
operon is involved in negative control of hydrogenase synthesis in
Rhodobacter capsulatus. J. Bacteriol. 178:5174–5181.

10. Fauque, G. D., Y. M. Berlier, M. H. Czechowski, B. Dimon, P. A. Lespinat,
and J. LeGall. 1987. A proton-deuterium exchange study of three types of
Desulfovibrio hydrogenases. J. Ind. Microbiol. 2:15–23.

11. He, S. H., M. Teixeira, J. LeGall, D. S. Patil, I. Moura, J. J. G. Moura, D. V.
DerVertanian, B. H. Huynh, and H. D. Peck, Jr. 1989. EPR studies with
77Se-enriched [NiFeSe]hydrogenase of Desulfovibrio baculatus. J. Biol.
Chem. 264:2678–2682.

12. Jouanneau, Y., B. C. Kelley, Y. Berlier, P. A. Lespinat, and P. M. Vignais.
1980. Continuous monitoring, by mass spectrometry, of H2 production and
recycling in Rhodopseudomonas capsulata. J. Bacteriol. 143:628–636.

13. Leclerc, M., A. Colbeau, B. Cauvin, and P. M. Vignais. 1988. Cloning and
sequencing of the genes encoding the large and the small subunits of the H2
uptake hydrogenase (hup) of Rhodobacter capsulatus. Mol. Gen. Genet.
214:97–107. (Erratum, 215:368, 1989.)

14. Marrs, B. L. 1974. Genetic recombination in Rhodopseudomonas capsulata.
Proc. Natl. Acad. Sci. USA 71:971–973.

15. Menon, N. K., H. D. Peck, Jr., J. Le Gall, and A. E. Przybyla. 1987. Cloning
and sequencing of the genes encoding the large and small subunits of the
periplasmic (NiFeSe) hydrogenase of Desulfovibrio baculatus. J. Bacteriol.
169:5401–5407. (Erratum, 170:4429, 1988.)

16. Paul, F., A. Colbeau, and P. M. Vignais. 1979. Phosphorylation coupled to
H2 oxidation by chromatophores from Rhodopseudomonas capsulata. FEBS
Lett. 106:29–33.

17. Teixeira, M., G. Fauque, I. Moura, P. A. Lespinat, Y. Berlier, B. Prickril,
H. D. Peck, Jr., A. V. Xavier, J. LeGall, and J. J. G. Moura. 1987. Nickel-
[iron-sulfur]-selenium-containing hydrogenases from Desulfovibrio baculatus
(DSM 1743). Eur. J. Biochem. 167:47–58.

18. Vignais, P. M., A. Colbeau, J. C. Willison, and Y. Jouanneau. 1985. Hydro-
genase, nitrogenase, and hydrogen metabolism in the photosynthetic bacte-
ria. Adv. Microbiol. Physiol. 26:155–234.

19. Volbeda, A., M.-H. Charon, C. Piras, E. C. Hatchikian, M. Frey, and J.
Fontecilla-Camps. 1995. Crystal structure of the nickel-iron hydrogenase
from Desulfovibrio gigas. Nature 373:580–587.

20. Wu, L.-F., and M. A. Mandrand. 1993. Microbial hydrogenases: primary
structure, classification, signatures and phylogeny. FEMS Microbiol. Rev.
104:243–270.

21. Yagi, T., M. Tsuda, and H. Inokuchi. 1973. Kinetics studies of hydrogenase.
Parahydrogen-orthohydrogen conversion and hydrogen-deuterium exchange
reactions. J. Biochem. 73:1069–1081.

22. Zorin, N. A., B. Dimon, J. Gagnon, J. Gaillard, P. Carrier, and P. M. Vignais.
1996. Inhibition by iodoacetamide and acetylene of the H-D–exchange re-
action catalyzed by Thiocapsa roseopersicina hydrogenase. Eur. J. Biochem.
241:675–681.

292 NOTES J. BACTERIOL.


