JOURNAL OF BACTERIOLOGY, Feb. 1979, p. 824-829
0021-9193/79/02-0824,/06$02.00/0

Vol. 137, No. 2

Regulation of Hydrogenase in Rhizobium japonicum

ROBERT J. MAIER,* FRANK J. HANUS, anp HAROLD J. EVANS
Laboratory for Nitrogen Fixation Research, Oregon State University, Corvallis, Oregon 97331

Received for publication 27 November 1978

Factors that regulate the expression of an H, uptake system in free-living
cultures of Rhizobium japonicum have been investigated. Rapid rates of H,
uptake by R. japonicum were obtained by incubation of cell suspensions in a Mg-
phosphate buffer under a gas phase of 86.7% N, 8.3% H,, 4.2% CO,, and 0.8% O..
Cultures incubated under conditions comparable with those above, with the
exception that Ar replaced H,, showed no hydrogenase activity. When H, was
removed after initiation of hydrogenase derepression, further increase in hydro-
genase activity ceased. Nitrogenase activity was not essential for expression of
hydrogenase activity. All usable carbon substrates tested repressed hydrogenase
formation, but none of them inhibited hydrogenase activity. No effect on hydro-
genase formation was observed from the addition of KNO; or NH,CI at 10 mM.
Oxygen repressed hydrogenase formation, but did not inhibit activity of the
enzyme in whole cells. The addition of rifampin or chloramphenicol to derepressed
cultures resulted in inhibition of enzyme formation similar to that observed by O,
repression. The removal of CO, during derepression caused a decrease in the rate
of hydrogenase formation. No direct effect of CO. on hydrogenase activity was

observed.

The Rhizobium-legume symbiosis utilizes en-
ergy produced from photosynthate to fix Ny,
allowing the plant to grow without added nitrog-
enous compounds. The ATP-dependent evolu-
tion of H,, by the nitrogenase reaction appears
to be a significant means whereby energy is lost
during the N,-fixing process (8, 18). The evolu-
tion of H, during N, fixation apparently is an
inherent characteristic of the nitrogenase reac-
tion (14). Some strains of Rhizobium, however,
produce nodules containing an uptake hydrogen-
ase which is involved in a recycling process that
utilizes the H, produced from the nitrogenase
reaction (5, 18). The oxidation of H, by nodule
bacteroids can protect nitrogenase from O, in-
activation, provide energy for ATP synthesis (6,
7), and conserve carbon substrates within the
bacteroids (11). These beneficial effects may re-
sult in significant increases in plant dry matter
(19). Little is known about the regulation of
hydrogenase in Rhizobium. The hydrogenase
system in Rhizobium is complex, catalyzing the
activation and oxidation of H, through a series
of unidentified electron transport components
yielding water as the final product. The term
“hydrogenase” in the paper therefore includes
the entire system involved in H, uptake and
oxidation.

Hydrogenase activity can be readily demon-
strated in the H,-uptake positive strains of R.
Jjaponicum bacteroids isolated from legume nod-

ules. Recently, the conditions required for
expression of hydrogenase in free-living R. ja-
ponicum were described (12). Low concentra-
tions of carbon substrates and a low partial
pressure of O, (1% in the gas phase) were re-
quired for high H; uptake activities. These re-
sults suggest that carbon substrates and O, may
be involved in the regulation of hydrogenase
synthesis. Hydrogenase activity in R. japonicum
cultures was dependent upon a preincubation
period of the cells in the presence of H,. Prein-
cubation with H,, however, was not required
under conditions where nitrogenase activity was
expressed. From these results it appears that H,
participates in the control of hydrogenase syn-
thesis. Nitrogenase activity in Rhizobium cells,
however, is not necessary for hydrogenase for-
mation and expression. Since H, apparently was
necessary for induction of hydrogenase, an in-
vestigation of the factors that regulate hydrog-
enase formation in free-living cultures of R. ja-
ponicum seemed necessary.

MATERIALS AND METHODS

Chemicals. Sodium gluconate, L-arabinose, sodium
glutamate, rifampin, and chloramphenicol were ob-
tained from Sigma Chemical Co., St. Louis, Mo. So-
dium citrate, glycerol, sorbitol, and potassium nitrate
were obtained from Mallinckrodt, Inc., St. Louis, Mo.
Sodium succinate and sucrose were obtained from J.
T. Baker Chemical Co., Phillipsburg, N.J.

Hydrogenase derepression. R. japonicum strain
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USDA 122 (DES) used in all these experiments is a
small colony derivative of USDA 122 which was iso-
lated by David Emerich of this laboratory using a
detergent dilution procedure (9). Strain 122 (DES)
was inoculated onto agar slants of a medium specifi-
cally designed for expression of hydrogenase activity
(12). After 5 days of growth at 26°C in air, the cells
were washed off the slants with 5 ml of Mg-phosphate
buffer (0.05 M potassium phosphate-2.5 mM MgCl,
adjusted to pH 7.0). The cells were suspended by
agitation, and diluted to an optical density at 540 nm
of 0.5 with Mg-phosphate buffer. This corresponds to
approximately 4 X 10° viable cells per ml. A 6-ml
portion of the cell suspension was added to a 245-ml
prescription bottle, and the bottle was sealed with a
serum stopper and then flushed with N, until no
remaining O could be detected by gas chromatogra-
phy. The 6-ml cell suspension resulted in about 3-cm
depth of liquid in the bottle, allowing rapid gas equil-
ibration into the culture. Sufficient H;, CO,, and O,
were added to each bottle to obtain an atmosphere
composed of 86.7% N, 8.3% Ha, 4.2% CO,, and 0.8%
O, and then bottles were incubated at 26°C. The
conditions for testing repression by organic com-
pounds are described in footnote a of Table 2.

H; uptake assays. Rates of H, uptake were mea-
sured amperometrically by methods described previ-
ously (18, 20). The 6-ml portion of the suspension of
hydrogenase-derepressed cells from a 245-ml bottle
was pipetted into a 21-ml serum vial which was flushed
with N,. The cells were transferred by syringe to the
5.8-ml cuvette of the amperometric device, and 62
nmol of O; and 37.7 nmol of H; (as saturated solutions
of these gases) were added to the cuvette to initiate
the assay. These concentrations of gases were suffi-
cient for saturation of the H; uptake reaction. After
the H, uptake measurement, the optical density of the
suspension at 540 nm was measured and the cell
number was determined from standard curves based
upon plate counts.

RESULTS

Induction by H:. An investigation of the
regulation of hydrogenase in R. japonicum re-
quired relatively high H, uptake rates of cells
from liquid culture. In our previous investiga-
tions of hydrogenase expression in free-living
cultures of R. japonicum, cells were cultured on
agar slants and assayed for activity without re-
moval from the medium (12). Our preliminary
attempts to obtain hydrogenase activity in free-
living liquid cultures gave low H, uptake rates.
High hydrogenase activity in liquid cultures was
obtained by incubating suspensions of cells in
Mg-phosphate buffer under a gas phase com-
posed of 86.7% N, 8.3% H,, 4.2% CO,, and 0.8%
Q.. Under these conditions the kinetics of hy-
drogenase induction were easily monitored (Fig.
1). Hydrogenase activity was first detected ap-
proximately 3 h after addition of H: to the
suspension, and activity continued to increase at
a rapid rate until 21 h (data points beyond 15 h
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are not shown). This method for derepressing
hydrogenase did not result in a detectable level
of nitrogenase activity. Consequently, the
expression of hydrogenase activity was depend-
ent upon the addition of exogenous H; during
the derepression period (Table 1). Cultures in-
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Fic. 1. Effect of removal of H: on hydrogenase
induction. Cultures were grown and then derepressed
for 6 h (arrow) in an atmosphere of 86.7% N2, 8.3% H,,
4.2% CO,, and 0.8% O, as described in the text. Each
point in the figure represents an independent H»
uptake assay of 6 ml of cells from one bottle. At 6 h
each bottle was flushed with N (arrow). Gases were
then injected into the bottles to obtain an atmosphere
composed of 86.7% N,, 8.3% H,, 4.2% CO,, and 0.8%
0., and the time courses of H. uptake was monitored
(A——A\). After flushing with N. at 6 h another series
of cultures received gases to obtain an atmosphere
composed of 86.7% N», 8.3% Ar, 4.2% CO., and 0.8%
O, and H; uptake rates were monitored (A- - - -A).

TaBLE 1. Effect of H,, CO,, rifampin, and
chloramphenicol on hydrogenase induction

Hydrogenase
activity
Conditions of derepression (nmol of H, X
h™' x 10°
cells™)
Complete, Hy, CO2, low O2% ... ... ... .. ... 64+ 5
H; omitted ... ... .. ... ... ... ... . .. .. . 0
CO, omitted ............ ... ... 30+ 3
Complete plus rifampin ... ... .. .. 0
Complete plus chloramphenicol .. ... .. . 0

¢ Cells were cultured, collected, and derepressed for
15 h in the presence of a gas phase composed of
(complete condition) 86.7% N, 8.3% H, 4.2% CO,, and
0.8% O, as described in the text. Rates of H, uptake
were determined as described in the text. Results are
mean * standard error of the mean for three inde-
pendent cultures. The minimum detectable quantity
of H, oxidized was estimated as 0.5 nmol X h™' x 10
cells™' and values below this are reported as zero. Both
rifampin and chloramphenicol were added at a con-
centration of 25 ug/ml. When H; or CO; was omitted
from the gas phase sufficient Ar was added to obtain
1 atmosphere.
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cubated under conditions comparable with those
mentioned above, with the exception that Ar
replaced H; in the atmosphere, showed no hy-
drogenase activity. In addition to the require-
ments for H; and a low O, partial pressure during
derepression, the addition of CO, at the same
time that H, was added to initiate derepression
resulted in a stimulation of hydrogenase activity
(Table 1). In all experiments therefore, 4.2% CO,
was added to the gas phase above cultures for
the entire induction period.

Previously we observed that it was necessary
to preincubate non-N,-fixing cultures of R. ja-
ponicum with H, to demonstrate H, uptake ac-
tivity (12). To investigate the apparent induction
of the hydrogenase system by H,, the effect of
the addition and removal of H; on expression of
hydrogenase activity was examined (Fig. 1).
When H; was removed after 6 h of induction,
further increase in hydrogenase activity ceased
within 3 h, indicating an H, requirement for
hydrogenase induction. The addition of rifampin
or chloramphenicol to cells subjected to dere-
pressing conditions resulted in no detectable hy-
drogenase activity (Table 1). The incubation of
previously induced cultures with rifampin or
chloramphenicol, however, caused no decrease
in hydrogenase activity. From these results we
conclude that H, does not regulate hydrogenase
by activation of a preformed component of the
hydrogenase system but is required for hydrog-
enase synthesis.

Repression by organic compounds. It is
well known that organic compounds repress hy-
drogenase in the H,-oxidizing bacteria (17). The
greatest hydrogenase activities were observed in
cultures of R. japonicum grown on a medium
with a low concentration of carbon substrates
(12). Therefore several carbon sources were
tested for their ability to repress hydrogenase,
and all carbon compounds tested, with the ex-
ception of sorbitol, completely repressed hydro-
genase formation (Table 2). No growth of R.
Japonicum was observed, however, on a medium
identical to that described (2), with the excep-
tion that sorbitol was substituted for mannitol.
Repression by glutamate was probably associ-
ated with its utilization as a source of carbon
rather than N, since neither KNO; or NH,Cl
repressed hydrogenase formation (Table 2).

The possibility must be considered that car-
bon sources directly affected hydrogenase by
competing for electron carriers. To examine this
possibility the organic compounds of Table 2
were added to cells that were actively oxidizing
H.,. Experiments of this type conducted with the
amperometric device showed no direct effect of
the components listed in Table 2 on H, oxida-

J. BACTERIOL.

TaBLE 2. Effect of carbon and nitrogen sources on
H,-mediated derepression of hydrogenase in R.

Jjaponicum*
Hydrogenase
activity
Addition (nmol of H, X
h™!x 10"
cells ')
None 55
Sodium gluconate 0
L-Arabinose 0
Sodium citrate o 0
Sodium glutamate 0
Sodium succinate 0
Glycerol 0
Sucrose . 0
Sorbitol 51
Potassium nitrate (10 mM) 60
Ammonium chloride (10 mM) 58

“ Portions (5 ml) of cells in Mg-phosphate buffer
(approximately 4 X 10° cells per ml) were added to 30-
ml serum vials. The carbon source at pH 7.0 in the
Mg-phosphate buffer was added to the vial at a final
concentration of 15 mM. After 30 min of incubation
with the carbon source, the vials were stoppered and
flushed thoroughly with N,, and gases were injected
to obtain an atmosphere of 84% N.-10% H.-5%
CO,-1% O,. After 15 h, the vials were flushed with N»
and assayed amperometrically for H. uptake activity
as described in the text. The minimum detectable rate
of H, uptake was judged to be 0.5 nmol X h™' x 10°
cells™'. Cells were grown on agar medium as described
previously (12) and washed off the medium in Mg-
phosphate buffer as described in the text.

tion. Therefore, the carbon sources used do not
appear to directly or rapidly inhibit hydrogenase
activity. The addition of some of the organic
compounds to H,-utilizing cultures caused an
immediate increase in O, uptake rates (deter-
mined amperometrically). These organic com-
pounds therefore were utilized by the cells. The
addition of 15 mM succinate, for example, re-
sulted in an immediate twofold increase in O,
uptake rate, yet no change in the H, uptake rate
was detected.

The repressing effect by carbon substrates was
further investigated in experiments in which car-
bon compounds were added 6 h after the begin-
ning of hydrogenase induction. For the induction
experiments, cells were cultured in a medium
containing arabinose and gluconate and then
were removed and suspended in Mg-phosphate
buffer, and H, was added to initiate induction.
In tests of the effect of adding arabinose after 6
h of derepressing conditions, hydrogenase induc-
tion continued for about 3 h before ceasing (Fig.
2). An effect similar to that obtained from the
addition of arabinose was observed when sodium
gluconate was added at 6 h. Both carbon sub-
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Fic. 2. Effect of addition of arabinose, oxygen,
and rifampin on hydrogenase induction. Cultures
were grown and derepressed as described in the text.
Each point in the figure represents an independent
H; uptake assay of 6 ml of cells from one bottle. After
6 h the repressor was added (arrow), and ampero-
metric H, uptake assays were conducted at 9, 12,
and 15 h. Symbols A——A, No addition at 6 h;
A- - - -A, addition of 15 mM arabinose in Mg-
phosphate buffer at 6 h, ®@——@, O, partial pressure
increased to 20% at 6 h; O——CO, addition of rifampin
(25 pg/ml) at 6 h. The repression effect from addition
of sodium gluconate (15 mM) was similar to that
obtained from adding arabinose. Results reported
are typical of those obtained in three additional
experiments.

strates repressed induction, but the repression
failed to occur immediately after their addition.

Repression by O.. Since greater H, uptake
rates were observed when R. japonicum was
grown under decreased (1%) O, partial pressures
(12), O, was tested as a possible repressor of
hydrogenase synthesis. When the O. partial
pressure in the atmosphere was increased to 20%
in bottles containing cells previously induced for
6 h, hydrogenase induction ceased abruptly (Fig.
2). The addition of either rifampin or chloram-
phenicol to suspensions after the induction was
initiated resulted in inhibition of enzyme for-
mation similar to that observed by O; repression
(Fig. 2). Control experiments ruled out the pos-
sibility that the addition of O; to H.-utilizing
suspensions inactivated the hydrogenase sys-
tem.

Effect of CO;. When the optimum conditions
for induction of hydrogenase were established,
a twofold stimulation of hydrogenase activity
was obtained when 4.2% CO, was added to the
gas phase above cultures (Table 1). It is possible
that added CO, was needed for maximum
expression of hydrogenase activity in the CO.-
deficient culture. To test for a possible direct
effect of CO. on H, uptake rates, cells were
induced for hydrogenase activity in the absence
of added CO,, then monitored for rates of H,
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uptake in the presence and absence of added
CO.. The addition of CO; to suspensions of cells
from these cultures during a 30-min assay in the
amperometric device had no effect on hydrogen-
ase activity. Therefore, there seems to be no
direct effect of CO. on the rate of H; uptake.
To study the effect of CO, on hydrogenase
formation, CO, was removed from cultures
which previously had been induced in the pres-
ence of H, and CO,. Hydrogenase activity was
then monitored periodically after CO; removal.
Removal of CO; from the cultures resulted in a
decrease in the rate of hydrogenase formation
when activities were based upon either cell num-
ber (Fig. 3) or protein content. Added CO; ap-
parently stimulated hydrogenase formation. To
test the hypothesis that CO; exerted its effect at
the level of enzyme synthesis, CO; and chlor-
amphenicol together were added to induced cul-
tures at 6 h, and then hydrogenase activity was
measured at 15 h. Hydrogenase activity after 15
h of induction was essentially the same as that
measured at 6 h (data not shown). Since a CO,
requirement for growth of several Rhizobium
species has been demonstrated (10), the stimu-
latory effect of CO, could be due to some uni-
dentified positive physiological effect on cellular
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Fi6. 3. Effect of CO. removal on hydrogenase in-
duction. Cultures were grown and derepressed as
described in the text. Each point in the figure repre-
sents an independent H, uptake assay of 6 ml of cells
from one bottle. After 6 h of derepressing conditions
each bottle was flushed with N, (arrow). Gases were
injected to make an atmosphere composed of 86.7%
N,, 8.3% H,, 4.2% CO,, and 0.8% O,, and H: uptake
rates were monitored (A——A). After flushing with
N, at 6 h another series of cultures received 5 ml of
5% NaOH (added to a test tube [10 by 100 mm] inside
the bottle and containing a filter paper wick). The
gas phase in these cultures was the same as listed
above except that Ar replaced CO.. H, uptake rates
in these cultures were then monitored (A- - - -A).
Results presented are typical of those obtained in
three independent experiments.
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metabolic processes rather than to a specific
effect on hydrogenase formation. Oxgen uptake
rates were compared, therefore, in cultures de-
repressed in the presence and in the absence of
CO,. Cultures derepressed in the presence of
added CO. exhibited no greater rates of O, up-
take than those derepressed without added CO..

DISCUSSION

The results clearly demonstrate that H, is
required for the synthesis of some essential com-
ponents of the H, uptake system in R. japoni-
cum. The removal of H, or the addition of H,
plus rifampin or chloramphenicol to hydrogen-
ase-depressed cultures terminated further in-
creases in hydrogenase activity. Whether H, per
se or some metabolite resulting from H., oxida-
tion (such as ATP) is needed for synthesis of the
H, uptake sustem has not been established. Ox-
idizable substrates such as succinate repressed
hydrogenase synthesis and, therefore, their ca-
pacity to provide energy for support of hydro-
genase synthesis could not be determined. When
R. japonicum was grown under conditions where
nitrogenase was not detected, a preincubation
period in the presence of H, was required to
obtain hydrogenase activity (12). Since an active
nitrogenase system in cells produces H; as a by-
product, the induction of the H, uptake system
in Rhizobium may be indirectly regulated by
nitrogenase activity.

The repression effect on hydrogenase in R.
Jjaponicum by organic compounds is similar to
that observed for hydrogenase repression in au-
totrophic H,-oxidizing bacteria (1, 17). All usable
carbon sources tested repressed hydrogenase
formation. The organic compounds did not ap-
pear to directly inhibit hydrogenase activity, but
inhibited synthesis of hydrogenase. The synthe-
sis of hydrogenase in R. japonicum as well as in
autotrophic H,-oxidizing bacteria (17) could be
controlled by factors related to the utilization of
organic compounds, such as the cellular pool size
of ATP or NADH. Since sucrose and organic
acids repressed hydrogenase formation in free-
living cultures, it is of interest to note that these
organic compounds are major photosynthetic
products translocated from the nodules of soy-
beans (3).

Oxygen strongly repressed hydrogenase syn-
thesis in R. japonicum but did not inhibit activ-
ity of the enzyme in whole cells. It was consist-
ently observed that addition of 20% O, caused a
more rapid rate of repression than addition of
arabinose. It appears, therefore, that the mech-
anism of repression by carbon substrates is dif-
ferent from that by O.. It is not known whether
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O, per se or a secondary factor resulting from O,
exposure is the actural repression effector. The
rapid repressive effects of O, and inhibition of
synthesis by rifampin and chloramphenicol are
all similiar, indicating that new proteins pro-
duced in response to O. are not needed for
hydrogenase repression. The repression charac-
teristics by O, on hydrogenase in R. japonicum
are analogous to those by O. on nitrogenase
synthesis in Klebsiella pneumoniae (15). In con-
trast, the repression by O. on hydrogenase in-
duction in the hydrogen bacterium Aquaspiril-
lum autotrophicum is slow; hydrogenase activity
continued to increase after O, addition although
at a diminished rate (1).

Carbon dixoide is somehow involved in the
stimulation of synthesis of the H, uptake system
in R. japonicum. Stimulation of H, uptake by
added CO, has been observed in some auto-
trophic H;-oxidizing bacteria (4, 16, 17) and in a
Rhizobium trifolii mutant (11). The CO, en-
hancement (known as Bartha effect) on hydro-
genase in the autotrophic H.-oxidizing bacteria
presumably has been attributed to a direct en-
hancement of hydrogenase activity (16, 17). In
free-living R. japonicum however, the addition
of CO, does not directly stimulate H, uptake and
does not activate preformed hydrogenase. The
stimulation of hydrogenase formation by CO.
and the observation that increased CO. fixation
occurred when free-living R. japonicum was in-
duced for hydrogenase (H. J. Evans et al., Pro-
ceedings of a Workshop Conference, Gottingen,
W. Germany, in press) indicates that some in-
terrelationship exists between hydrogenase syn-
thesis and CO, fixation in R. japonicum.

The regulation of hydrogenase formation in
free-living R. japonicum includes induction by
H., repression by organic compounds and O,
and stimulation of induction by added CO.. The
regulation of hydrogenase synthesis, therefore,
is complex and may prove to be important in the
control of activity within the bacteroids where
hydrogenase may play an important physiologi-
cal role in nodule metabolism. Now that mutant
strains of R. japonicum have been obtained that
lack ability to utilize H, [R. J. Maier, J. R.
Postgate, and H. J. Evans, Nature (London), in
press; R. J. Maier, Proceedings of the Steenbock-
Kettering International Symposium on N, Fix-
ation, Abstr. no. C75 1978] their characterization
should aid in our understanding of the bio-
chemical factors involved in the H, uptake sys-
tem and perhaps hydrogenase regulation.
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