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Whereas the membrane-bound hydrogenase from Alcaligenes eutrophus H16 is an integral membrane
protein and can only be solubilized by detergent treatment, the membrane-bound hydrogenase of Alcaligenes
eutrophus type strain was found to be present in a soluble form after cell disruption. For the enzyme of A.
eutrophus H16 a new, highly effective purification procedure was developed including phase separation with
Triton X-114 and triazine dye chromatography on Procion Blue H-ERD-Sepharose. The purification led to
an homogeneous hydrogenase preparation with a specific activity of 269 U /mg protein (methylene blue
reduction) and a yield of 45%. During purification and storage the enzyme was optimally stabilized by the
presence of 0.2 mM MnCl,. The hydrogenase of A. eutrophus type strain was purified from the soluble
extract by a similar procedure, however, with less specific activity and activity yield. Comparison of the two
purified enzymes revealed no significant differences: They have the same molecular weight, both consist of
two different subunits (M, = 62000, 31000) and both have an isoelectric point near pH 7.0. They have the
same electron acceptor specificity reacting with similar high rates and similar X, values. The acceptors
reduced include viologen dyes, flavins, quinones, cytochrome ¢, methylene blue, 2,6-dichlorophenolin-
dophenol, phenazine methosulfate and ferricyanide. Ubiquinones and NAD were not reduced. The two
hydrogenases were shown to be immunologically identical and both have identical electrophoretic mobility.
For the membrane-bound hydrogenase of A. eutrophus H16 it was demonstrated that this type of
hydrogenase in its solubilized, purified state is able to catalyze also the reverse reaction, the H, evolution
from reduced methyl viologen.

Introduction

The ability of aerobic hydrogen oxidizing
bacteria to yield energy and reduction equivalents
from the utilization of molecular hydrogen is
mediated by two kinds of hydrogenases, a soluble
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NAD-linked enzyme [1] and a membrane-bound
one, linked to the respiratory chain [2]. Most
hydrogen bacteria contain only the latter enzyme
and just a few organisms e.g. Alcaligenes eutrophus
contain both enzymes. On the other hand, only
Nocardia opaca 1b was found to contain just the
soluble NAD-reducing hydrogenase [3].

Within the recent years, the membrane-bound
hydrogenases from several hydrogen bacteria have
been isolated and highly purified. These were the
enzymes from Alcaligenes eutrophus H16 [2],
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Pseudomonas pseudoflava GA3 [4], Paracoccus de-
nitrificans [5] and from the hydrogen oxidizing
and nitrogen fixing bacterta Xanthobacter auto-
trophicus GZ29 [6], Rhizobium japonicum [7-9]
and Alcaligenes latus [9,10). All these hydro-
genases are integral membrane proteins and cata-
lyze the reduction of methylene blue with high
velocity. The viologen dyes, however, are rather
poor substrates in the most cases and pyridine
nucleotides cannot be reduced at all.

Some remarkable properties led our attention
to the type strain of A. eutrophus: (i) its mem-
brane associated hydrogenase activity was de-
scribed to be very low [11]; (ii) in contrast to other
hydrogen oxidizing bacteria A. eutrophus type
strain was found to require always NADH for the
electron transport from H, to O, [12].

It was therefore one aim of this work to answer
the question whether this organism contains only
small amounts of the membrane-bound hydro-
genase in vivo or a hydrogenase that is only weakly
attached to the membrane surface or even not at
all. We also compare the properties of this enzyme
with those of the membrane-bound hydrogenase
isolated from A. eutrophus H16.

Materials and Methods

Organisms and cultivation. Alcaligenes eutrophus
H16 (ATCC 17699) and Alcaligenes eutrophus type
strain (ATCC 17697) were cultivated in a mineral
salts medium as described [13] in a 10-1 fermenter
(Braun, Melsungen, F.R.G). The gas atmosphere
contained 10% O,, 10% CO, and 80% H,. Cells
were harvested at the beginning stationary growth
phase at an Ay, of 40, washed twice with 50
mM potassium phosphate buffer (pH 7.0) and
kept frozen at —25°C in a suspension adjusted to
A 436nm Of approx. 300.

Preparation of membranes and soluble crude ex-
tract. The cell suspensions were thawed and dis-
rupted by an ultrasonicator (Schoeller, Frankfurt /
Main, F.R.G.). The sonication time was 30 s per
m! at 20 kHz and 60% amplitude. The sonication
vessel was cooled continuously to —20°C. Mem-
brane particles and whole cells were removed by
centrifugation for 1 h at 100000 X g (Micron ul-
tracentrifuge, Christ, Osterode, F.R.G). For the
purification of the type strain membrane-hydro-

genase the cell-free supernatant was used. Mem-
branes from A. eutrophus H16 were isolated by
removing the upper part of the pellet with a
spatula and suspended in 50 mM potassium phos-
phate buffer (pH 7.0) (30 ml per g wet weight).

Solubilization and purification of enzymes. To
the membrane suspensions of A. eutrophus H16
1% Triton X-114, 10% sucrose and 0.2 mM MnCl,
were added. The mixture was stirred for 30 min at
0°C before the membranes were removed by
centrifugation (1 h at 100000 X g). The super-
natant, which contained the solubilized proteins,
was used for the phase separation procedure [14].
The protein solution was incubated for 10 min at
30°C and then centrifuged for 3 min at 4000 rpm
(also at 30°C). Under these conditions the crude
solubilizate separated itself into an oily, reddish
detergent phase at the bottom of the tube and an
aqueous upper phase. The detergent phase was
discarded and the aqueous phase was further
purified by ammonium sulfate precipitation
(30-60% saturation).

The ammonium sulfate precipitate was dis-
solved and dialysed against 25 mM potassium
phosphate buffer (pH 7.0) + 0.2 mM MnCl, and
then applied to a DEAE-Sephacel column (2.5 X
40 c¢m, 200 m! volume), which was equilibrated
with the same buffer. Hydrogenase did not bind
to DEAE and could be washed off the column
with the equilibration buffer. The vast majority of
proteins, however, bound tightly and had to be
washed off the column by treatment with 1 M
KCL At a flow rate of 48 ml per h, 6-ml fractions
were collected. The most active fractions were
combined and concentrated to 5 ml.

This partially purified hydrogenase was then
applied to a small affinity-chromatography col-
umn (1.6 X 20 cm) with 20 ml Procion Blue H-
ERD-Sepharose 4B. The column was equilibrated
with 50 mM potassium phosphate buffer (pH 7.0)
+ 0.2 mM MnCl,. Contaminating protein was
removed by washing with the equilibration buffer.
Hydrogenase was eluted with a linear 0-2 M KCl
gradient prepared in the equilibration buffer. Flow
rate and fraction volume were 20 ml per h and 3
ml, respectively. Fractions that contained pure
hydrogenase were combined and concentrated by
ultrafiltration in an Amicon diaflo cell using a PM
30 membrane.



The purification of the hydrogenase from the
A. eutrophus type strain started with the cyto-
plasmic supernatant obtained after cell disruption
and ultracentrifugation.

To the DEAE-Sephacel and the Procion Blue-
Sepharose column, which were performed as de-
scribed, an FPLC-step was added. The FPLC-col-
umn contained the strong anionic exchanger Mono
Q HR 5/5 and was equilibrated with 15 mM
potassium phosphate buffer (pH 8.0). The hydro-
genase sample (17 mg protein in 0.5 ml) was
eluted from the column with a phosphate gradient
(15-30 mM, pH 8.0, 30 ml total volume). The
pressure was held constantly at 3 MPa. Flow rate
and fraction size were 2 ml per min and 1 ml,
respectively. The most active fractions were com-
bined and concentrated to 5 mg protein per ml.

Preparation of lysozyme-membranes. Lysozyme
protoplasts were prepared and osmotically dis-
rupted as described [15].

Enzyme assays. Hydrogenase activity was mea-
sured photometrically in anaerobic cuvettes at
30°C. Each assay contained 2 ml H,-saturated
buffer, electron acceptor as listed below, 50-100
#M sodium dithionite and hydrogenase. The fol-
lowing buffers and electron acceptors were used:
0.3 mM FMN and 0.3 mM FAD in 50 mM
potassium acetate buffer (pH 3.5); 20 mM benzyl
viologen in 50 mM potassium phosphate buffer
(pH 7.5); 20 mM methyl viologen in 50 mM
glycine potassium hydroxide buffer (pH 9.5); 0.2
mM methylene blue, 0.2 mM ferricyanide and 0.5
mM DCPIP in 50 mM potassium phosphate buffer
(pH 5.5); 0.2 mM cytochrome ¢ in 35 mM potas-
sium citrate phosphate buffer (pH 4.0); 0.70 mM
menadione in 50 mM potassium acetate buffer
(pH 35.5); 0.2 mM duroquinone in 10 mM potas-
sium acetate buffer (pH 3.5); and 0.26 mM
phenazine methosulfate in 50 mM potassium
citrate phosphate buffer (pH 5.0). The wave-
lengths used were: FMN and FAD, 446 nm;
DCPIP, methyl viologen und benzyl viologen, 546
nm; methylene blue, 578 nm;. ferricyanide, 405
nm; cytochrome ¢, 354 nm; phenazine methosul-
fate, 388 nm; menadione, 360 nm; duroquinone,
255 nm. H, uptake activities with methylene blue
and various quinones were also measured mano-
metrically. The Warburg vessels contained: 50 mM
buffer, 6 mM acceptor and an appropriate amount
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of enzyme. Quinones were added from 120 mM
stock suspensions in 0.5% Triton X-100. Naph-
thoquinones were assayed in 50 mM acetate buffer
(pH 5.5), while 10 mM potassium acetate buffer
(pH 3.5), was used with the benzoquinones. The
hydrogenase activity with methylene blue was
measured in 50 mM potassium phosphate buffer
(pH 5.5). The Warburg vessels were equilibrated
with pure H, for 30 min and the reaction was
started by tipping the enzyme from the side arm
into the main compartment. H, production was
monitored by gas chromatography [16,17]. A War-
burg vessel contained: 5 ml of 100 mM potassium
phosphate buffer (pH 7.0) containing 3 mM methyl
viologen in the main compartment, 200-250 pg A.
eutrophus H16 membrane-bound hydrogenase in
one sidearm and 250 pmol sodium dithionite in
the second side arm. The vessel was gassed with
pure N,. After the reduction of the methyl violo-
gen by dithionite, the reaction was started with the
enzyme. Samples were withdrawn from the gas
atmosphere and injected into a gas chromatograph
(Packard-Becker, Delft, The Netherlands).

Protein determination. Protein contents were de-
termined with a modified biuret method [18].

Polyacrylamide electrophoresis and determination
of the isoelectric point. Polyacrylamide electro-
phoresis was carried out as described [3]). The
isoelectric point was determined using the chro-
matofocussing method. The hydrogenase sample
(5 mg protein in 1 ml volume was applied to a
column (1 X 40 cm) with 30 ml chromatofocussing
gel equilibrated with 25 mM Tris acetate buffer
(pH 8.3). The column was eluted with a mixture of
15 ml ‘polybuffer 96’, 35 ml ‘polybuffer 74’ and
450 ml H,0. The ‘polybuffers’ were commercial,
preprepared solutions from Pharmacia. The pH of
this mixture was adjusted to 5.0. Flow rate and
fraction volume were 18 ml/h and 0.3 ml, respec-
tively.

Preparation of ubiquinone Q-8. Ubiquinone Q-8
was extracted from H16 membrane material as
described [19].

Preparation of anti-hydrogenase-antiserum. Pure
membrane hydrogenase from H16 (3.5 mg pro-
tein) was mixed with 0.5 ml Freunds complete
adjuvant and injected into the leg of a young
rabbit. The booster injection was performed after
8 days with 1.8 mg hydrogenase, injected in-
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travenously. The antiserum was obtained after one
month and the Ig G fraction was purified on a
Protein A Sepharose column as described [20].

Immunodiffusion test. Ouchterlony-immunodif-
fusion tests were conducted in 50 mM diethyl-
barbiturate /acetate buffer, (pH 8.2), solidified
with 1% agarose, on microscopic slides [21].

Chemicals. Barbital, ubiquinone Q-10, Nitro-
blue Tetrazolium, Triton X-114, Coomassie bril-
liant blue R-250 and Hepes were obtained from
Serva (Heidelberg, F.R.G.). FMN, phenazine
methosulfate, duroquinone and Tris were bought
from Sigma (Miinchen) and DEAE-Sephacel,
chromatofocussing gel, polybuffers and Sepharose
4B were from Pharmacia (Uppsala, Sweden).
Methyl-p-benzoquinone, obtained from Merck
(Darmstadt, F.R.G.), was recrystallized twice from
ethanol to remove impurities. The Procion dyes
were a gift from ICI Deutschland (Frankfurt/
Main). The Procion Blue Sepharose was prepared
as described [22]. The sources of the other chem-
icals are listed elsewhere [1].

Results

Localization of the NAD-independent hydrogenase
in Alcaligenes eutrophus type strain

After ultrasonic disruption of the A. eutrophus
type strain cells and centrifugation at 100000 X g,
the H,-dependent NAD-reducing activity was
located exclusively in the soluble fraction (Fig. 1).
This activity was caused by a soluble NAD-linked
hydrogenase, which has been found also in other
A. eutrophus strains [1]. H,-dependent methylene
blue reducing activities could be detected in the
membrane pellet and in the soluble fraction. The
relatively low membrane-bound activity was un-
doubtly due to a NAD independent and mem-
brane-bound hydrogenase because the membranes
did not reduce NAD. The high methylene blue-re-
ducing activity in the supernatant, however, could
be caused by both hydrogenases because both
react with methylene blue. The NAD-independent
membrane-bound hydrogenase could have been
solubilized by the ultrasonic treatment. To assign
the methylene blue-reducing activity of the super-
natant to one or the other hydrogenase, it was
necessary to separate both hydrogenases. This sep-
aration was achieved by chromatography on small
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Fig. 1. Sonication kinetics of Alcaligenes eutrophus type strain
cells. 10-ml portions of a cell suspension from A. eutrophus
type strain were sonicated at 20 kHz and 60% amplitude. The
sonicated extracts were centrifuged for 1 h at 100000 x g. The
supernatant was tested for NAD-reducing hydrogenase activity
(m) and protein content (a). The membranes were resuspended
in 25 mM potassium phosphate buffer (pH 7.0) and tested for
membrane-bound, NAD-independent hydrogenase (O) as
methylene blue reduction. The two hydrogenases in the super-
natant were separated by columns with 10 ml DEAE-Sephacel
in 25 mM potassium phosphate buffer (pH 7.0). 5 ml of the
supernatant were loaded on each column and the NAD-inde-
pendent hydrogenase could be eluted quantitatively by 5 ml of
the same buffer and was tested for methylene blue reduction
(®). No reduction could be found in the eluates. MBH, mem-
brane-bound hydrogenase.

DEAE-Sephacel columns, which bound the
NAD-linked hydrogenase but did not bind the
NAD-independent enzyme. And indeed, the
amount of NAD-independent hydrogenase, eluted
from this column was surprisingly large. Of the
total MB-reducing activity, caused by the NAD-
independent enzyme, 70-90% were localized in
the soluble fraction (Fig. 1, Trace 3) and in good
accordance, 5-20% of this activity was still bound
to the membranes. Prolonged sonication led to
inactivation of all activities and a decreasing pro-
tein content in the supernatant due to denatura-
tion of proteins.

In some preparations the membranes were even
void of methylene blue-reducing activity. Even
more gentle methods of cell disruption, like French
press or lysozyme treatment, did not alter the
distribution of the activities significantly. At least



60% of the activity could always be recovered in
the supernatant.

Immunological comparison by the Ouchterlony
double-diffusion technique showed, that the
NAD-independent hydrogenase from the mem-
branes and from the soluble fractions were identi-
cal proteins. Therefore the enzyme present in the
soluble fractions does not represent a new type of
a soluble NAD-independent hydrogenase. It is
only a soluble form of the originally membrane-
bound enzyme.

Stabilization and purification of membrane-bound
hydrogenase

For the membrane-bound hydrogenase of A.
eutrophus H16, two purification procedures have
been described [2,23] and final specific activities
of 170 and 40 units/mg protein have been re-
ported. We tried both procedures several times
and obtained specific activities of 30-90 units/ mg
protein. In our hands the membrane-bound hy-
drogenase was not (particularly) O,-sensitive but
generally labile. It lost the complete activity in the
crude solubilizate within 5 days even at 4°C.
Therefore, in order to stabilize the enzyme during
the purification, we added different reagents to
the crude solubilizate. Protease inhibitors were not
effective. Some metal ions (0.5 mM NiCl,, 2 mM
CoCl,) and high ionic strength (1 M phosphate
buffer or ammonia sulfate) did not stabilize suffi-
ciently (residual activity 50~60%). A perfect and
apparently specific stabilizing effect was observed
in the presence of 0.2-2 mM MnCl,. The hydro-
genase did not loose any activity within the ex-
perimental time period under these conditions.

For the purification procedure we added there-

TABLE 1
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fore 0.2 mM MnCl, to all buffers used. We ad-
ditionally included three further improvements: (i)
We replaced the nonionic detergent Triton X-100
by Triton X-114, which has the same solubilizing
abilities but separates itself at room temperature
into a hydrophilic and a hydrophobic phase [14].
Using this phase separation procedure, 95% of the
hydrogenase activity could be recovered in the
hydrophilic phase which contained only 25% of
the total solubilized protein, resulting in a 4-fold
increase of the specific activity. The appearance of
membrane-bound hydrogenase in the hydrophilic
phase in an unexpected behavior, because this
type of hydrogenase is without any doubt an
integral membrane protein. Obviously, this en-
zyme contains hydrophilic regions which are pre-
dominant over the hydrophobic ones. (i) With
DEAE-Sephacel a kind of negative chromatogra-
phy was used. The MBH did not bind to this ion
exchanger and came off the column with the equi-
libration buffer, but, as the majority of the pro-
teins were firmly bound, this method was not only
very rapid but also quite effective. (iii) Affinity
chromatography on Triazine-dye-agarose has been
successfully used with other hydrogenases [23] and
also the membrane-bound hydrogenase of H16
could be purified effectively with Procion Red
HE-3B-agarose. But to improve the purification
procedure, we tested 24 other triazine dyes for
affinity to the membrane-bound hydrogenases.
Among them, Procion Blue H-ERD had the
highest affinity and consequently the best resolv-
ing power as affinity-chromatography gel. Applied
as the last purification step, several remaining
minor contaminants could be removed. The final
enzyme preparation was homogeneous and had a

PURIFICATION OF THE MEMBRANE-BOUND HYDROGENASE OF A. EUTROPHUS H16

Step Total Total Specific activity Purification Yield
protein activity (units/mg (-fold) (%)
(mg) (units) protein)
Membrane fraction 2506 7592 3.0 1.0 100
Solubilization 1571 7269 4.6 1.5 96
Phase separation 359 6505 18.1 6.0 86
(NH,),S0, (30-60% satd.) 119 5446 45.6 15.2 75
DEAE-Sephacel 28 3738 133 443 51
Procion Blue H-ERD-Sepharose 12.6 3392 269 89.7 45
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specific activity of 269 units/mg protein and a
yield of 45% of the total activity. Both values
surpassed those of other procedures, described
earlier, significantly. We feel that this was mainly
due to the stabilizing effect of MnCl,. The data of
the whole purification procedure are summarized
in Table I.

Purification of the NAD-independent hydro-
genase from the A. eutrophus type strain turned
out to be more difficult (and time-consuming),
mainly, because the purification had to start with
the cytoplasmic fraction after the cell disruption.
Therefore, the specific activity in the crude extract
was low (0.6 units/mg), compared to the mem-
brane-bound hydrogenase activity in the mem-
brane fraction of H16 (3.2 units/mg) and conse-
quently more chromatography steps were required
for the purification of the type strain enzyme
(Table II). Moreover, the type strain hydrogenase
could not be stabilized as successfully with MnCl,
as the H16 membrane-bound hydrogenase. Fol-
lowing the same procedure as described for the
H16 membrane-bound hydrogenase, the type
strain enzyme was only about 25% pure. There-
fore, we introduced as additional purification step
an FPLC-column with Mono Q and gained a
preparation with a purity grade of about 80%. We
disclaimed to purify this hydrogenase further, be-
cause it appeared to be sufficiently pure for the
electrophoretic and other studies described in this

paper.

Molecular weight, subunit structure and isoelectric
point

The H16 membrane-bound hydrogenase and
the NAD-independent hydrogenase of the type
strain had the same molecular weight (95000 +

TABLE II

3000) as determined by electrophoresis. Both
showed identical electrophoretic mobility in the
presence and absence of SDS and both had the
same dimeric structure. The molecular weights
were 61000 £ 3000 per larger subunit and 30000
+ 2000 per small subunit. The variations of these
values were dependent on experimental condi-
tions, i.e. in the kind of SDS treatment or in the
protein or acrylamide concentration, respectively.
Our data on molecular weights agree fairly well
with those published earlier for the membrane-
bound hydrogenases of H16 [2,27] and of other
hydrogen oxidizing bacteria [4,9,10]. Fig. 2 shows
the elution profile of the type strain hydrogenase
from the chromatofocussing column. The enzyme
came off the column in two peaks at 6.9 and 6.5,
respectively. Because the fractions around 6.9 were
contaminated with cytochrome ¢, the value of 6.5
appears to be more realistic and it is in fact more
in agreement with the isoelectric point found for
the H16 membrane-bound hydrogenase [2].

pH and temperature optima

The methylene blue-reducing activity of the
H16 membrane-bound hydrogenase had a broad
optimal pH region (7-8.5), when the enzyme is
bound to the membrane and undergoes a shift to a
more pronounced optimum at pH 5.5 after solu-
bilization [2]. While we were able to reproduce this
phenomenon with H16 membrane-bound hydro-
genase, the type strain hydrogenase behaved dif-
ferently (Fig. 3). The soluble form had a sharp pH
optimum of 5.3, while the membrane form had an
optimum between pH 5.7 and 6.1. This is signifi-
cantly more acidic and less broad than the optimal
region of H16 membranes.

As reported for other hydrogenases the enzyme

PURIFICATION OF THE MEMBRANE-BOUND HYDROGENASE OF 4. EUTROPHUS TYPE STRAIN

Step Total Total Specific activity Purification Yield
protein activity (units/mg (-fold) (%)
(mg) (units) protein)

Crude extract 7686 4361 0.6 1.0 100

(NH,),S0,(30-60% satd.) 3940 3597 1.1 1.8 82

DEAE-Sephacel 857 2259 2.6 44 52

Procion Blue H-ERD-Sepharose 117 554 4.7 79 13

Mono Q (FPLC) 17 310 18.2 304 7
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Fig. 2. Determination of the isoelectric point of the solubilized
type strain hydrogenase. Type strain hydrogenase was ad-
sorbed to a 30 ml chromatofocussing column and eluted by a
buffer mixture, described in Materials and Methods. 0.3 ml
fractions were collected and measured for pH value (®) and
hydrogenase activity with methylene blue (O).

reactions of the membrane-bound hydrogenases
from H16 and type strain were remarkably stable
at high temperatures and their highest activity
were at 55° C (Fig. 4). The enthalpies of activation
were calculated to be 10.8 kcal /mol for the type
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Fig. 3. Dependence of hydrogenase activities from the pH
value. Activities were measured in 50 mM potassium phos-
phate buffer using methylene blue as electron acceptor. Assay
conditions were as described in Materials and Methods. The
pH values were varied as indicated in the figure. Curve 1 (@),
activity of solubilized type strain hydrogenase. Curve 2 (O),
activity of membrane-bound type strain hydrogenase. Curve 3
(a), activity of membrane-bound H16-hydrogenase.
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Fig. 4. Temperature dependence of the activity (methylene blue

reduction) of the membrane-bound hydrogenases of H16 and

type strain. The assays were performed as described in Materi-

als and Methods at a reaction temperature as indicated. ®, type

strain hydrogenase (partially purified from the soluble crude

extract); O, H16 hydrogenase (partially purified sample,
DEAE-eluate).

strain hydrogenase and 9 kcal/mol for the H16
membrane-bound hydrogenase.

Reduction of electron acceptors with H,

The purified membrane hydrogenase from A.
eutrophus H16 has been reported earlier to react
only with the artificial electron acceptors methyl-
ene blue, phenazine methosulfate, menadione and
pyocyanine [2]. With ferricyanide, dependent on
the enzyme preparation, no or only traces of activ-
ity were found [2]. Later on, conditions were
described, which enabled a cytochrome ¢ reduc-
tion although at a low rate (1.5% of the methylene
blue reduction) [24]. In this paper we studied the
electron carrier specificity in more detail and by
improving the reaction conditions (buffer system,
pH, substrate concentration) we enhanced the re-
action rates with ferricyanide and cytochrome ¢
and we demonstrated that the membrane hydro-
genases of H16 and type strain also reacted with
2,6-dichlorophenolindophenol (DCPIP), flavins,
methyl viologen and benzyl viologen, menadione
and duroquinone (Table III). The pH optima, the
reaction rates, and K_ values of the different
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TABLE 111

REDUCTION OF ELECTRON ACCEPTORS BY PURI-
FIED HYDROGENASES

The hydrogenase activity with different electron acceptors was
measured photometrically. Wavelengths, buffer systems, accep-
tor concentrations and further details of the enzyme assays are
described in Materials and Methods. For these studies the
DEAE eluates were used. 100% activity corresponds to a
specific activity of 133 U/mg of protein (H16) and 8 U/mg of
protein (type strain).

Electron acceptor pH Activity (%) K, (mM)

opti- 16 type  H16  type
mum

strain strain

Methylene blue 5.5 100 100 1.3 1.3
Ferricyanide 5.5 1.55 nd. n.d. n.d.
2,6-Dichloro-

phenol-

indophenol 55 28 n.d. n.d. n.d.
Phenazine

methosulfate 5.0 87 75 0.004 0.004
Cytochrome ¢ 4.0 8 7 0.1 0.1
FAD 35 13 10 0.3 0.3
FMN 35 11 10 0.2 0.2
Benzyl viologen 8.0 9 12 44 9.5
Methyl viologen 9.5 0.9 05 28 6.3
Menadione 5.5 40 31 2.0 1.0
Duroquinone 35 0.96 08 008 0.08

n.d., not determined.

electron acceptors were remarkably similar for
both enzymes. It is interesting that the pH optima
of the different substrates can be subdivided into
three groups: cytochrome ¢, flavins and
duroquinone had pH optima at a distinctly acidic
pH (3.5-4), while methylene blue, DCPIP, menad-
ione and ferricyanide reacted best at pH values
around 5.5. The pH optima for benzyl viologen
and methyl viologen were, however, found to be
alkaline (pH 7.5-9.5). We did not observe an
inactivation of the hydrogenase at high pH values
as observed with the hydrogenase from Azoto-
bacter vinelandii [25]. In contrast, the affinity of
the H16 membrane-bound hydrogenase to methyl
viologen increased with increasing pH. For exam-
ple, the K for methyl viologen was 26 mM at pH
7.0 but only 2.8 mM at pH 9.5. The lowest K
value was determined for phenazine methosulfate
(4 pM) but despite its high affinity its reaction
rate just reached 70-80% of the reduction rate of
methylene blue which had a rather high K value

(1.3 mM). Among the substrates, DCPIP and fer-
ricyanide were the most difficult to handle, be-
cause: (1) the reactions with these acceptors were
strongly inhibited by high substrate concentra-
tions. The acceptor concentrations had to be cho-
sen as low as possible. (ii) These reactions were
markedly dependent on the grade of reductive
activity of the enzyme. The hydrogenase had to be
preincubated for at least one hour to achieve
maximal reaction rates. The immediate reduction
of the enzyme with H, and 50 puM dithionite
directly in the assay mixture was not sufficient. If
measured at a concentration between 0.1-1.2 mM
ferricyanide, the initial rate of reduction increased
with decreasing acceptor concentration. However,
because of the low absorption coefficient of ferri-
cyanide (0.9 at 405 nm), we could not perform
sufficient reliable measurements below 0.2 mM.
But even at this concentration we reached with
ferricyanide the highest activity of all acceptors,
tested. This was 155% of the methylene blue re-
duction rate (see Table I1I). With DCPIP similar
results were obtained, but the reduction rates were
lower. The most convenient DCPIP concentration
was 0.13 mM.

The reactivity of the H16 membrane-bound
hydrogenase towards quinones was examined by

TABLE IV

H,-UPTAKE ACTIVITY OF THE MEMBRANE-BOUND
HYDROGENASE OF 4. EUTROPHUS H16 WITH
QUINONES

Hydrogenase activity with different quinones was measured
manometrically as described in Materials and Methods. As
enzyme preparation partially purified hydrogenase (DEAE
eluate) was used and methylene blue served as reference.

Electron acceptor H, uptake Relative

(pl/min)  activity

(%)
Methylene blue 800 100
1,4-Naphthoquinone 520 65
2-Hydroxy-1,4-naphthoquinone 160 20
S-Hydroxy-1,4-naphthoquinone 160 20
Menadione 320 40
p-Benzoquinone 70 9
Methyl-p-benzoquinone 180 23
Ubiquinone Q-10 (bovine heart) 0 0
Ubiquinone Q-8 (A. eutrophus H16) 0 0




measuring the H,-uptake rates manometrically
(Table IV) and for two representatives,
duroquinone and menadione also photometric ac-
tivity assays have been established (Table III). It
was found, that several quinone derivatives re-
acted with hydrogenase. The naphthoquinone de-
rivatives were in general more reactive than the
benzoquinones and the highest activities were ob-
served with 1,4-naphthoquinone and menadione.
Remarkably, the only quinone which did not react
was ubiquinone, which has been proposed to be
the electron acceptor of the MBH in vivo {26]. The
hydrogenase was neigher active with the commer-
cially available ubiquinone Q-10 nor with Q-8,
isolated from H16 membranes. Attempts to dem-
onstrate hydrogenase activity with Q-8 photomet-
rically at 275 nm varying the pH values between
3.5 and 7.0 were also unsuccessful.

H, evolution from reduced methyl viologen
Although the membrane-bound hydrogenase of
H16 has been assumed to be an ‘unidirectional’
enzyme, we could demonstrate, that the purified
enzyme is also capable of evolving molecular H,
from reduced methyl viologen. The rate of H,
production was linearly dependent on the enzyme
concentration. The pH optimum of this reaction
was at 7.0 and differed distinctly from the optimal
pH of the H,-uptake reaction with methyl violo-
gen as electron acceptor, which was at pH 9.5. The
rates of the H, evolution were low; specific activi-
ties of about 1 U/mg protein were determined,
which was only 1% of the H,-uptake reaction,

R

Fig. 5. Immunological comparison of the membrane-bound

hydrogenase (MBH) enzymes of H16 and type strain by double

diffusion. The central well contained 0.48 mg anti-H16-MBH

antibodies; wells 1, 2 and 5 each contained 23 pg H16-MBH;

well 4 contained 92 pg protein of a partially purified sample of
the type strain-MBH; wells 3 and 6 remained empty.
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Fig. 6. Inhibition of hydrogenase activity by anti-H16-MBH
antibodies. To 100 pl purified H16 (46 pg) or type strain-MBH
(80 pg) anti-H16-MBH-antiserum and 0.15 M NaCl were
added to give a total volume of 125 ul. The hydrogenase-anti-
body mixtures were preincubated for 50 min at 30 ° C, shaken
and measured for methylene blue reduction. C, membrane-
bound hydrogenase of type strain; ®, membrane-bound hydro-
genase of H16.

obtained with methylene blue as electron acceptor.
It has to be emphasized, that only the solubilized
enzyme, independent of the purity grade, was able
to catalyze the H, evolution from methyl viologen.
No H, evolution could be catalyzed by the mem-
brane material.

Immunological comparison

Rabbit antibodies were raised against the pure
H16 membrane-bound hydrogenase to compare
the relationship between the H16 membrane-
bound hydrogenase and the type strain hydro-
genase. In the Quchterlony double-diffusion test
[21], the precipitation lines were completely fused
and no spurs were observed (Fig. 5). Moreover,
both enzymes were inhibited by the antibodies
and the degree of inhibition as well as the KX,
values of the antiserum were almost identical (Fig.
6). These results indicate that the two hydro-
genases are serologically identical proteins.

Discussion

Among the H,-oxidizing bacteria the A.
eutrophus strains belong to a small group that
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contains two catalytically, structurally and im-
munologically different hydrogenases. One is
located in the cytoplasmic fraction, contains FMN
and reacts specifically with NAD, while the other
hydrogenase is coupled to the respiratory chain, of
less complex structure and unable to reduce NAD.
The existence of both enzymes has been demon-
strated in several A. eutrophus strains [27]. In this
stains, so far investigated, the cytoplasmic fraction
catalyzes the H,-dependent reduction of methyl-
ene blue and NAD due to the presence of the
soluble hydrogenase, and the membrane particles
just catalyze the reduction of methylene blue
caused by the membrane-bound hydrogenase. In
the most cases, the methylene blue-reducing activ-
ities of the membranes and the cytoplasmic frac-
tions were about the same and in H16 the mem-
brane-bound methylene blue-reducing activity was
even predominant (70% of the total activity [2]). A
completely different result, however, was obtained
with the Alcaligenes eutrophus type strain in an
early investigation [11]. 90% of the total methylene
blue-reducing activity could be found in the super-
natant. Qur observations are in agreement with
this result; we also found most of the methylene
blue-reducing activity in the supernatant. In
addition, by chromatography with DEAE-Seph-
acel we could separate two different hydrogenase
activities from the cytoplasmic fraction and show
that most of the methylene blue-reducing activity
was caused by a NAD-independent hydrogenase.

We compared this soluble NAD-independent
hydrogenase with the H16 membrane-bound hy-
drogenase and we could not detect any significant
difference between them; they had the same
molecular weights, subunit structure and immuno-
logical properties and the isoelectric points and
kinetic properties were comparable within experi-
mental limits. In an earlier publication, the EPR
spectra of the two hydrogenases were already
shown to be very similar indicating that they have
the same types and arrangements of redox centres
[28]. From this accordance of properties, we con-
clude that the soluble NAD-independent hydro-
genase of the type strain and the membrane-bound
hydrogenase of H16 represent the same type of
enzyme and that in the A. euwtrophus type strain
the originally membrane-bound hydrogenase is not
integrated into the membrane. This finding would

explain the results of an investigation by Ishaque
and Aleem [12], who found, that the presence of
NAD was necessary to maintain an electron flow
in A. eutrophus type strain membranes under au-
totrophic conditions. The lacking or incomplete
integration of the type strain enzyme into the
membrane could have four reasons: (i) the enzyme
has a modified conformation and/or an altered
primary structure in the lipophilic region. Such
modifications of an enzyme, however, should in-
fluence the immunological, biochemical and cata-
lytical properties, which was not the case. (ii) A
second possible difference in the protein structure
could be the absence of a subunit which normally
functions as a membrane intrinsic anchor protein.
The membrane-bound hydrogenases consists of a
large 60-kDa subunit and a small 30-kDa subunit,
the latter of which could be this anchor. However,
the type strain enzyme does not lack any of these
subunits as could be demonstrated electrophoreti-
cally and immunologically (Lorenz and Schneider,
unpublished results). It cannot, however, be com-
pletely excluded, that both subunits just represent
the catalytic part of the enzyme whereas the anchor
protein got lost during solubilization in H16 or
did not work at all in the type strain cells. The
existence of those hypothetical anchor poly-
peptides has never been proved, but it is possible
that they are bound to tightly to the membranes to
become solubilized together with the 60-kDa and
the 30-kDa subunit upon detergent treatment.
Such an anchor protein was found in the fumarate
reductase and succinate dehydrogenase of
Escherichia coli [29]. The fumarate reductase, for
example, consists of a membrane extrinsic domain
composed of a catalytic dimer (‘catalytic head’)
with 69-kDa and 27-kDa subunits and a mem-
brane intrinsic or anchor portion composed of
15-kDa and 13-kDa subunits [30]. Provided, the
membrane-bound hydrogenases are of an analo-
gous structure, the absence of such a low-molecu-
lar-weight anchor protein or a defect at the bind-
ing site of this protein or of the catalytic dimer
might prevent the binding of the active enzyme to
the membrane. (ii1) Alternatively, the non-integra-
tion or incomplete integration into the membrane
might be due to a deficient membrane structure
with the enzyme staying intact. (iv) A further
possible explanation is that the insertion into the



cytoplasmic membrane is not spontaneous but
actively regulated by a leader polypeptide se-
quence, which binds to a specific receptor in the
membrane and becomes cleaved off the enzyme
after the integration into the membrane [31]. If
such a regulator system exists for the membrane-
bound hydrogenase, it might be defective in A.
eutrophus type strain. In Azotobacter vinelandii a
short DNA-sequence has been found that is as-
sumed to encode for the hydrogenase leader se-
quence [32]. At present it cannot be answered,
which of these four possibilities is true.

The isolated and purified membrane-bound hy-
drogenase of A4. eutrophus H16 reduced many
electron acceptors but it did not react with the
ubiquinones Q-8 and Q-10. These components are
part of the respiratory chains in hydrogen oxidiz-
ing bacteria. In the case of Paracoccus denitrificans
ubiquinone has been proposed to accept the elec-
trons directly from the membrane-bound hydro-
genase [26). Obviously this direct reduction of
ubiquinone does not occur in vitro. It would be
premature, however, to conclude just from this
result that the reduction could not take place in
vivo, because the hydrogenase might undergo a
conformational shift upon solubilization which
could prevent the reaction with ubiquinone.

It has also to be considered that respiratory
chains are of very complex structure. For example,
the mitochrondrial succinate dehydrogenase has a
function comparable to that of membrane-bound
hydrogenase, it is, however, a much more complex
enzyme system containing iron-sulfur centres,
FAD and an ubiquinone binding subunit [33). It is
possible therefore that the membrane-bound hy-
drogenase requires a similar binding protein to
react with ubiquinone. Such a protein, which of
course is lacking in the isolated hydrogenase, might
contain (an) additional electron transferring com-
ponent(s). Recent studies with respiratory mem-
branes of A. eutrophus H16 [34] and A. latus [35]
that included the use of inhibitors and redox-spec-
troscopy of the ubiquinone did not give any evi-
dence for the direct reaction of the membrane-
bound hydrogenase with ubiquinone. It has been
postulated that at least one electron carrier ‘X’ is
located between hydrogenase and ubiquinone [34].
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