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Two distinct hydrogenases, hereafter referred to as "uptake" and "reversible"
hydrogenase, were extracted fromAnabaena sp. strain 7120 and parially purified.
The properties of the two enzymes were compared in cell-free extracts. Uptake
hydrogenase was largely particulate, and although membrane bound, it could
catalyze an oxyhydrogen reaction. Particulate and solubilized uptake hydrogenase
could catalyze H2 uptake with a variety of artificial electron acceptors which had
midpoint potentials above 0 mV. Reversible hydrogenase was soluble, could
donate electrons rapidly to electron acceptors of both positive and negative
midpoint potential, and could evolve H2 rapidly when provided with reduced
methyl viologen. Uptake hydrogenase was irreversibly inactivated by 02, whereas
reversible hydrogenase was reversibly inactivated and could be reactivated by
exposure to dithionite or H2. Reversible hydrogenase was stable to heating at
700C, but uptake hydrogenase was inactivated with a half-life of 12 min at this
temperature. Uptake hydrogenase was eluted from Sephadex G-200 in a single
peak of molecular weight 56,000, whereas reversible hydrogenase was eluted in
two peaks with molecular weights of 165,000 and 113,000. CO was competitive
with H2 for each enzyme; the Ki's for CO were 0.0095 atm for reversible hydro-
genase and 0.039 atm for uptake hydrogenase. The pH optima for H2 evolution
and H2 uptake by reversible hydrogenase were 6 and 9, respectively. Uptake
hydrogenase existed in two forms with pH optima of 6 and 8.5. Both enzymes had
very low K,m's for H2, and neither was inhibited by C2H2.

Heterocystous cyanobacteria are reported to
contain three separate enzymes capable of me-
tabolizing H2 (13). Nitrogenase evolves H2 uni-
directionally in an ATP-dependent reaction. An
uptake hydrogenase has been identified (3) that
can deliver electrons to 02 with the electron
transfer coupled to ATP synthesis (21) or that
can donate electrons to nitrogenase through
photosystem 1 (5, 22). Tel-Or et al. (25) exam-
ined the cellular localization of H2 uptake and
H2 evolution in Anabaena cylindrica and Nos-
toc muscorum, and their work suggests that
uptake and evolution may be catalyzed by dif-
ferent enzymes. Recently Hallenbeck and Be-
nemann (13) reported the partial purification
and characterization of a reversible hydrogenase
from A. cylindrica. Nonetheless, suggestions
persist that only 1 hydrogenase exists in Ana-
baena and that the H2-evolving capability may
be a non-physiological artifact of cell disruption
(4, 10).
The following report compares the properties

of the uptake hydrogenase with those of the
t Present address: Biology Department, Brookhaven Na-

tional Laboratory, Upton, Long Island, NY 11973.

reversible hydrogenase in cell-free preparations
from Anabaena sp. strain 7120 in an effort to
distinguish between these two enzymes.

MATERIALS AND METHODS
Organism and growth conditions. Anabaena sp.

strain 7120 (ATCC 27893, Nostoc muscorum) was
grown photoautotrophically in 80-liter batches in mod-
ified Allen and Arnon medium (1) with continuous
sparging with air at a rate of 10 liters/min. The sparg-
ing gas was supplemented with 0.5% CO2. The algae
were harvested with a Sharples centrifuge and stored
in liquid N2 until used. If uptake hydrogenase was
desired, the cells were grown in the absence of com-
bined nitrogen, and the medium contained 4 mM
phosphate. If reversible hydrogenase was desired, the
cells were grown on 6 mM NH4Cl, and the medium
was buffered with 8 mM phosphate. Ammonia re-
presses heterocyst formation and the associated activ-
ities of nitrogenase and uptake hydrogenase that
otherwise may complicate experimental interpretation
(8, 10). To derepress the reversible hydrogenase the
sparging gas was changed to N2-CO2 (99.5:0.5) for 24
h before harvest.

Reversible hydrogenase preparation. To pre-
pare partially purified reversible hydrogenase, 50 g of
frozen NH4+-grown cell paste was thawed in 150 ml of
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HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid) buffer (40 mM, pH 7.5) and sonicated at
full power for 10 min (Heat Systems-Ultrasonics Inc.,
standard probe, 230 W power input; 30 min of pulsed
sonication on 33% duty cycle). The extract from bro-
ken cells was centrifuged for 1 h at 16,000 x g, and
acetone (precooled to -20°C) was added slowly with
stirring to the supernatant to a final concentration of
33% (vol/vol). The acetone-treated supernatant was
centrifuged at 30,000 x g for 30 min. This supernatant
was applied to a column (4.5 by 14 cm) of DEAE-
cellulose (Whatman DE52) which had been preequi-
librated with 0.1 M KCI in 20 mM Tris, adjusted to
pH 7.4 with HCI. The column was washed with 0.1 M
KCI in Tris, and then hydrogenase was eluted with a
gradient of 0.1 to 0.3 M KCI in Tris. Hydrogenase was
eluted by approximately 0.22 M KC1. Active fractions
were pooled, precipitated by adding solid (NH4)2SO4
to a concentration of 70% saturation at 0°C, and
suspended in HEPES buffer. At this stage reversible
hydrogenase was purified about 10-fold and had a
specific activity of approximately 300 nmol of H2
evolved per mg of protein per min. Preparations were
stored at -20°C and retained activity for several
months.

Heterocyst isolation and preparation of up-
take hydrogenase. All steps in the preparation of
uptake hydrogenase were conducted under an anaer-
obic gas phase, and 1 mM Na2S20O was included in all
steps after the initial heterocyst isolation. Fifty grams
of cell paste from N2-fixing cells was combined with 50
ml of Tris-EDTA buffer (20 mM Tris, 20 mM EDTA,
pH 7.5) and 200 mg of lysozyme. The suspension was
incubated at 300C for 1 h and then was sonicated in
30-ml batches (90-W power input for 1.5 min, 3 min
on 50% duty cycle) to break vegetative cells. The
remaining intact heterocysts were washed by centri-
fuging three times for 5 min at 150 x g in HEPES
buffer. They finally were suspended in 30 ml of
HEPES containing 1 mM Na2S204. To obtain partic-
ulate cell-free preparations of uptake hydrogenase, the
heterocyst suspension was passed twice through a
French press at 20,000 lb/in2. The broken-cell prepa-
ration then was centrifuged at 40,000 x g for 1 h, and
the pellet was suspended in HEPES buffer plus 1 mM
Na2S204. Soluble preparations were obtained by soni-
cating 30 ml of isolated heterocysts at full power. A
sonication time of 22 sec/ml of heterocysts broke most
of the heterocysts and partially solubilized the hydro-
genase. Continuing sonication for 40 s/ml almost com-
pletely solubilized the uptake hydrogenase. The soni-
cated extract was centrifuged at 40,000 x g for 1 h,
and this supernatant was used as soluble uptake hy-
drogenase.
Hydrogenase assays. Unless otherwise noted, the

reversible hydrogenase was assayed by measuring H2
evolution in 50 mM PIPES [piperazine-N,N'-bis(2-
ethanesulfonic acid)] (pH 6.8) containing 5 mM
methyl viologen plus 10 mM Na2S204. The H2 pro-
duced was analyzed either in an H2-02 electrode (15)
or on a gas chromatograph equipped with a thermal
conductivity detector. Unless otherwise noted, H2 up-
take was measured by following H2 consumption with
the H2 electrode in PIPES plus 20 uM H2 with 1 mM
methylene blue as electron acceptor.

pH profiles. pH profiles were measured in a buffer
system containing 30 mM glutamate, 30 mM 2-(N-
morpholino)ethanesulfonic acid (MES), and 30 mM
N-2-hydroxyethylpiperazine-N'-propanesulfonic acid
(HEPPS) titrated to the proper pH between 4 and 10.
All assays were conducted with the H2 electrode as
described. The true pH was measured after addition
of all reactants.
02 inactivation. To measure irreversible inactiva-

tion by 02, 1-ml active samples of uptake and reversi-
ble hydrogenase, previously stored under Ar in the
presence of 1 mM Na2S204, were placed in 6-ml serum
bottles and exposed to the atmosphere. Samples were
continuously shaken at 150 strokes per min at 30°C
and were periodically assayed for activity. Reversible
hydrogenase was injected into a H2 evolution asaay
mixture, and H2 evolution was measured. Uptake hy-
drogenase was injected into the H2 electrode chamber
containing buffer plus 0.2 mM Na2S204. After a 30-s
preexposure to dithionite, 1 mM methylene blue was
added, and H2 uptake was measured.
Carbon monoxide inhibition. Carbon monoxide

inhibition was measured in stoppered cuvettes con-
taining 2 ml of PIPES buffer (pH 6.8) plus 100 ,uM
methylene blue. The Km for methylene blue for each
enzyme is below 10 uM. The head space of each
cuvette was approximately 13 ml and contained the
desired gas phase. H2 was present at from 2 to 4%, CO
was present at from 0 to 6% for reversible hydrogenase
and from 0 to 40% for uptake hydrogenase, and the
balance was Ar. After addition of enzyme, methylene
blue reduction was followed at 600 nm, and it pro-
ceeded until all H2 in solution was consumed. Velocity
at several different H2 concentrations was determined
by drawing tangents to the progress curve. Data were
computer-fitted according to Cleland (7).

RESULTS
When isolated heterocysts are broken with a

French press, most of the uptake hydrogenase
activity is recovered in the particulate fraction.
Table 1 shows the distribution of activity with
02 and benzoquinone as acceptors. 02 is acti-
vated by a terminal oxidase to react with elec-
trons transferred from H2 through an electron
transport chain (21). Because this transport
chain is no longer coupled to hydrogenase when
hydrogenase is released from the membrane,
only particulate hydrogenase reacts with 02.
Reactivity with hydrophilic acceptors increases
when hydrogenase is solubilized; activity with 1
mM methlyene blue increased fivefold upon sol-
ubilization of uptake hydrogenase by sonication
or with 0.5% Triton X-100 (data not shown).
Therefore, to measure accurately the distribu-
tion of activity between particles and the soluble
fraction, a lipophilic acceptor is required. Ben-
zoquinone is such an acceptor, and it reacts
equally well with hydrogenase before and after
cell breakage and solubilization.

Reversible hydrogenase appears in the soluble
fraction after cells are broken by sonication.
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TWO HYDROGENASES FROM ANABAENA 217

When an extract from NH,+-grown celis was
centrifuiged at 144,000 x g for 90 min, 94% of the
hydrogenase activity was recovered in the su-
pernatant (data not shown). Sonication times of
40 s/ml of cell suspension were required to 801-
ubilize uptake hydrogenase. In contrast to this,
only 2.7 s/ml of cell suspension was required to
disrupt NH4+-grown filaments to yield a soluble
extract of reversible hydrogenase. This suggests
that reversible hydrogenase is soluble in vivo
and does not require a solubilization treatment.
Table 2 shows the relative reactivities and

reversibilities of preparations of the two hydro-
genases with a variety of electron acceptors.
Reversible hydrogenase can consume H2 in the
presence of electron acceptors covering a wide
range of midpoint potentials. It also effectively
catalyzes H2 evolution from reduced methyl or
benzyl viologens. Other mediators tested with
the reversible hydrogenase that were totally un-
reactive in supporting either H2 evolution or H2
uptake included ferredoxin from spinach chlo-
roplasts or Anabaena sp. strain 7120, Fwo (low-
potential deazaflavin-type e- carrier from meth-

TABLz 1. Distribution ofuptake hydrogenase
activity after breaking heterocysts

% Activity with acceptor.
Fraction 1

m
35 .M 02 qumone

Whole heterocysts 100 0
Total pellet 62 64
Supernatant 0 25

' Heterocystb isolated from frozen cells were broken
by two passe through a French press. The extract
was centrifuged at 5,000 x g for 10 min, and the
supernatant from this step was centrifuged at 160,000
xg for 2 h. The activity ofthe two pellets was summed
and is reported here as "total pellet."

anogens), and pyridine nucleotides. Flavins (0.5
mM flavin adenine dinucleotide or flavin mon-
onucleotide) supported uptake at rates approxi-
mately 11 to 12% the rates with 1mM methylene
blue. Uptake hydrogenase, whether particulate
or solubilized by sonication, reacted rapidly only
with acceptors of positive midpoint potentiaL
Once hydrogenase was solubilized, its ability to
couple H2 uptake to 02 consumption was lost.
Neither particulate nor solubilized uptake hy-
drogenase evolved H2 at an appreciable rate
when provided with reduced methyl viologen.
Although solubilized uptake hydrogenase

could react with ferricyanide and dichloro-
phenol-indophenol, these acceptors rapidly in-
activated the enzyme during the course of an
assay. The halftime of inactivation was between
15s and 1 min for these acceptors, and reactivi-
ties could be determined only by measurng the
initial rate of H2 uptake with the H2 electrode.
Inactivation was accelerated above pH 7.5, and
it is for this reason that H2 uptake was measured
at pH 6.8 rather than at the pH optimum of 8.5.
Reactions were linear at pH 6.8 with methylene
blue as electron acceptor, and much slower in-
activation occurred at higher pH. Neither par-
ticulate uptake hydrogenase nor reversible hy-
drogenase was inactivated by these electron ac-
ceptors during H2 uptake aSSays.
A pH profile for H2 evolution from reduced

methyl viologen and for H2 uptake to 1 mM
methylene blue catalyzed by reversible hydro-
genase is shown in Fig. 1A. With solubilized
uptake hydrogenase, the pH optimum was 8.5,
but the portion of the curve between 5 and 7
varied considerably with different preparations
of the enzyme. Figure 1B shows two extremes of
this type of behavior obtained from the same
preparation of enzyme before and after several
days of storage in liquid N2. The apparent pres-

TABLE 2. Relative reaction rates with cell-free preparations of reversible and uptake hydrogenasesa
Relative reaction rate of hydrogenase:

Mediator E`' (V) Reversible Solubilized uptake Particulate uptake

Evolution Uptakeb Evolution Uptakec Evolution Uptake"
10 mM methyl viologen -0.44 63 24 0.14 0.0 0.18 0.0
5 mM benzyl viologen -0.34 17 47 0.13 0.5 0.0
1 mM methylene blue +0.01 - 100 - 37 25
1 mMDCPIP ......... +0.22 70 - 22 - 100
1 mMferricyanide ... +0.34 - 68 - 100 83

30FM 02 .............. +0.81 0 - 0 30
All hydrogen uptake assays were conducted with the H2 electrode with 20 EiM H2 at pH 6.8. H2 evolution

was also measured at pH 6.8, and Na2S204 was provided at a concentration of 10 mM.
b 100% - 3,855 nmol of H2-minifml-' of extract.
e100% - 1,460 nmol of H2.minif.Ml-' of extract.
d 100% - 401 nmol of H2.min-"ml-' of extract.
e -, Not run.
fDCPIP, Dichlorophenol-indophenol.
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ence of two forms of the enzyme having pH
optima at 6 and 8.5 will be examined more
closely below.
There was about 15% loss of activity in 20 min

when reversible hydrogenase, previously main-
tained anaerobically and stored in the presence
of 1 mM NaA&O4, was exposed to air. This small
amount of activity was lost irreversibly upon
initial exposure to air, and activity was stable
thereafter at about 80% of initial activity. Once
exposed to 02 the reversible hydrogenase exists
in a reversibly inactive state. It can be reacti-
vated by removal of 02 and addition of 1 mM
Na2A%04. Figure 2 shows the results of hydrogen
uptake and evolution assays before and after
preactivation with dithionite. Enzyme exposed

so60

w 40t18 \olt0

w

4 6 8 I0 4 6 8 I0
pH

FIG. 1. (A)pHprofies ofH2 evolution (0) and H2
uptake (0) catalyzed by reversible hydrogenase (100
- 2,480 nmol of H2.min.mr' of extract). (B) pH
profiles for solubilized uptake hydrogenase (100 -

1,340 nmol of H2min-'mC1 of extract). The soluble
enzyme obtained after disruption of heterocysts by a
French press was assayed for H2 uptake immediately
(U) or after 3 days of storage in liquid N2 (0). Assay
conditions were as described in the text.
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to 02 is inactive and incapable of catalyzing H2
uptake. It can catalyze H2 evolution only after a
lag during which the excess dithionite in the H2
evolution asay mixture activates the enzyme. If
the enzyme is first activated with dithionite, it
can evolve H2 without a lag and can catalyze H2
uptake.

If reversible hydrogenase is incubated anaer-
obically under H2, autoactivation will occur. If
methyl viologen is included in the solution, the
autoactivation process can be followed spectro-
photometrically by measuring the appearance of
reduced methyl viologen. Lag times between 50
and 125 min were observed and were found to
be inversely proportional to the hydrogenase
activity in the assay system. Addition of 10 mM
dithiothreitoL 50 mM glucose plus 1 mg of glu-
cose oxidase per ml, or 1 mM NADH decreased
the lag to about one-third of the value in the
control lacking these 02-scavenging or reducing
agents.
While in whole filaments, the uptake hydro-

genase catalyzing the oxyhydrogen reaction is
resistant to atmospheric 02 levels (10); however,
inactivation becomes marked with increasing
disruption of the system. 02 inactivation began
to occur in isolated heterocysts during assays
with 02 levels above 120 IM. With cell-free
particulate hydrogenase, inactivation began to
occur at about 30 AM 02. Once uptake hydro-
genase was solubilized, the sensitivity of the
enzyme to 02 increased dramatically. Figure 3
shows a semilogarithmic plot of the time course
of inactivation of uptake hydrogenase upon ex-
posure to atmospheric 02 levels. If the enzyme
was assayed at pH 6.8, inactivation was clearly
biphasic, with half times of inactivation of 2 min
and 14 min. Approximately 70% of the activity
was lost in the initial rapid phase. If activity was
assayed at pH 8.5, more than 95% of the activity

-10

J iE
ENZYME PREACtIVATED WITH DITHIONITEENZYME EXPOSED TO OXYGEN

-O

FIG. 2. H2 electrode and strip chart recorder tracings of H2 evolution and H2 uptake. Enzyme was added
at the arrows.
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FIG. 3. Loss of activity upon exposure of uptake
hydrogenase to atmospheric 02. An exposed sampk
of enzyme was assayed in 50 mM PIPES, pH 6.8
(closed circles), or in 50 mM Tricine, pH &5 (open
circles)* (100% - 2,430 nmol of H2.mWn-'.ml' of ex-
tract).

was lost in the rapid phase. These data, coupled
with the pH profiles (Fig. 1B), suggest that there
are two forms of uptake hydrogenase: one with
a pH optimum of 8.5 which is inactivated by 02
with a half-life of 2 min, and another with a pH
optimum of 6 which is inactivated by 02-with a
half-life of 14 min. Before 02-exposed samples

were assayed, they were preincubated with 0.2
mM Na2S2O4 as described in Materials and
Methods. Considerably less activity was ob-
served when there had been no preexposure to
dithionite; this reveals some reversible inhibition
by 02 as well as the irreversible inactivation
shown in Fig. 3.
Uptake and reversible hydrogenases differ in

their thermal stabilities. Reversible hydrogenase
retained complete activity for 1 h at 70°C. Up-
take hydrogenase that had been solubilized
either by sonication or with 5% Trton X-100
was inactivated with a half-life of 12 min at
700C.
The molecular weights ofreversible hydrogen-

ase and solubilized uptake hydrogenase were
determined by chromatography on calibrated
Sephadex columns. Uptake hydrogenase was
eluted as a single peak with a molecular weight
of 56,000. A small amount of hydrogenase activ-
ity also was eluted in the void volume of Seph-
adex G-100 or G-200 columns. This void-volume
activity was not inactivated by ferricyanide dur-
ing H2 uptake assays, and this identifies it as

uptake hydrogenase still bound to particles.
When reversible hydrogenase was chromato-
graphed on Sephadex G-200, two separate peaks

of activity were eluted with molecular weights
of 113,000 and 165,000; about two-thirds of the
activity resided in the 165,000 peak. If reversible
hydrogenase first was heated to 70°C for 1 h, a
third peak carrying activity appeared at a posi-
tion corresponding to a molecular weight of
55,000. The catalytic and physical properties of
this 55,000 unit were similar to those of the other
reversible hydrogenase peaks and differed from
those of the uptake hydrogenase of 56,000 mo-
lecular weight in the ways previously described.

Plots ofcarbon monoxide inhibition are shown
in Fig. 4. For each enzyme, inhibition by CO was
competitive versus H2. The reversible hydrogen-
ase was more sensitive to CO inhibition than the
uptake hydrogenase and showed a K3 of 0.0095
atm compared to a K5 of 0.039 atm for uptake
hydrogenase. The Km's for H2 also were deter-
mined from the data in Fig. 4. Reversible hydro-
genase had a Km of 2.3 uM, and uptake hydro-
genase had a Km of 0.92 pM.
Although C2H2 has been reported to inhibit

uptake hydrogenase in Anabaena (6), we failed
to observe any inhibition of the oxyhydrogen
reaction in whole filaments or isolated hetero-
cysts by up to 0.6 atm C2H2. Purified eXtracts of
reversible hydrogenase also were examined for
C2H2 inhibition and, in agreement with the re-
ports of others (13), no inhibition was observed
at C2H2 levels up to 0.6 atm.

DISCUSSION
Several particulate uptake hydrogenases have

been reported from N2-fixing organisms. Hynd-
man et al. (14) recovered a cell-free particulate
preparation of hydrogenase from Azotobacter
vinelandii. Dixon (9) compared the particulate
hydrogenases ofRhizobium bacteroids andAzo-
tobacter and found that each enzyme could react
only in the uptake direction and was unable to
reduce low potential acceptors. In preparations
from N. muscorum and A. cylindrica (25) most
of the H2-consuming activity was recovered in
the particulate fraction with 10-fold greater ac-
tivity in heterocysts as compared with vegetative
celLs. In isolated heterocysts (21) and crude ex-
tracts (4) prepared from Anabaena this uptake
hydrogenase was found to couple only slowly to
low potential acceptors. The distribution of up-
take hydrogenase between soluble and particu-
late fractions reported in Table 1 is simila to
that observed in Rhizobium japonicum bacte-
roids by Arp and Burrs (2). It is uncertain
whether the soluble form of the uptake hydro-
genase is present in vivo or is an artifact of cell
breakage. The fact that reactivity with hydro-
philic but not with hydrophobic electron accep-
tors increases several fold upon solubilization
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08 02 0-4 06 08
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FIG. 4. Double-reciprocal plot of methylene blue

reduction by (A) solubilized uptake hydrogenase or

(B) reversible hydrogenase in the presence of fixed
levels of CO (indicated at right-hand margin in at-
mospheres). Velocity is expressed in micromoles ofH2
consumedper minute per milliliter of extract.

suggests that the active site may be partially
buried in the membrane. Because this enzyme

presumably couples with a membrane-bound
electron transport chain, such a possibility is not
surprising.
There are only a few reports of soluble revers-

ible hydrogenases from cyanobacteria. The en-

zyme from Spirulina maxima (18) was partially
purified and characterized after extraction from
frozen cells without mechanical disruption. Fu-
jita et al. (12) obtained a reversible, soluble
hydrogenase after acetone extraction of anaero-
bically adapted A. cylindrica. Tel-Or et al. (25)
found H2 evolution activity in N. muscorum and
A. cylindrica to be confined mainly to the solu-
ble fraction after cell disruption. Hallenbeck and
Benemann (13) obtained a soluble hydrogenase
from A. cylindrica by sonication. We used a
similar method to prepare extracts of reversible
hydrogenase from Anabaena sp. strain 7120. In
addition to being reversible this enzyme also
differs from uptake hydrogenase in that it can

react with electron acceptors covering a wide
range of midpoint potentials.
Whereas Hallenbeck and Benemann reported

a molecular weight of 230,000 for reversible hy-
drogenase from A. cylindrica (13), we observed
two peaks that eluted from Sephadex G-200 at
positions corresponding to molecular weights of
113,000 and 165,000. These could be a dimer and
trimer of the 55,000 peak that is eluted from
Sephadex G-200 after heat treatment; however,
proof of this requires preparation of a homoge-
neous enzyme. It is possible that proteolytic
enzymes present as contaminants degraded a

polymeric form of hydrogenase. We have ob-
served no larger aggregation forms. Although
the 55,000 form of reversible hydrogenase, ap-
pearing after a heat treatment, has a molecular

weight similar to that of the solubilized uptake
hydrogenase (56,000), this form of the enzyme
still differs from uptake hydrogenase in its re-
versibility, thermal stability, 02 sensitivity, and
electron acceptor specificity. One cannot recon-
cile these results by suggesting that there is a
single hydrogenase subunit with properties mod-
ified by the addition of secondary subunits.

Reversible hydrogenase from Anabaena sp.
strain 7120 can be added to a growing list of
hydrogenases that are stable to 02 and can be
purified aerobically (16, 23, 24, 28); however, this
enzyme is not catalytically active until 02 is
removed. Exhaustive degassing will not reacti-
vate the enzyme, and this suggests that inacti-
vation may be due to oxidation of an allosteric
site or to inhibition by a very tightly bound 02
molecule. The shortening of the lag for autoac-
tivation by a glucose-glucose oxidase 02 trap
lends support to the latter proposal. Similar
behavior has been observed for the soluble (24)
and particulate hydrogenases (23) of Alcali-
genes eutrophus.

Unlike reversible hydrogenase, uptake hydro-
genase from Anabaena sp. strain 7120 is irre-
versibly inactivated by O2. The biphasic inacti-
vation profiles coupled with the pH profiles for
uptake hydrogenase suggest that two forms of
this enzyme exist which differ in pH optima and
stability to O2. Other reports of biphasic time
courses for inactivation of hydrogenases by O2
(17, 27) also have been explained as supporting
two forms of the enzyme with differing O2 sen-
sitivities. Evidence recently reported by Peschek
(19, 20) supports the existence of two function-
ally distinct particulate hydrogenases catalyzing
photosynthetic and respiratory H2 uptake inAn-
acystis nidulans. Photosynthetic and respira-
tory H2 uptake also have been reported in An-
abaena sp. stain 7120 (26). The two forms of
solubilized uptake hydrogenase may be separate
enzymes catalyzing functionally distinct reac-
tions or may simply arise from a conformational
change that occurs upon removal of the enzyme
from the membrane.

In the H2 uptake assay, CO was competitive
with H2; the reversible and the uptake hydro-
genase of Anabaena sp. strain 7120 had Ki's of
0.0095 atm and 0.039 atm, respectively. Compet-
itive inhibition also has been reported for hydro-
genase from Clostridium pasteurianum with a
Ki of 0.0066 atm (11).

It is generally assumed that a low Km for H2
indicates that the physiological function of the
hydrogenase is in the uptake direction (4). The
low Km's measured here for both the reversible
and uptake hydrogenases suggest that these en-
zymes are both well suited to consume H2 in
vivo. In contrast, C. pasteurianum hydrogenase,
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an enzyme known to evolve H2 physiologically,
has a Km of 380 ,uM for H2 (corresponds to 0.49
atm at 25°C) (11). The situation in Anabaena
sp. strain 7120 is similar to that reported in
Alcaligenes eutrophus, an organism that also
possesses a soluble reversible hydrogenase (24)
and an irreversible membrane-bound enzyme
(23), both of which have low Km's for H2 and
consume H2 physiologically.
When attempting to determine the capabili-

ties ofAnabaena for H2 metabolism or the prop-
erties of its hydrogenases, it is essential to rec-
ognize the existence of multiple hydrogen-me-
tabolizing enzymes. Although the data strongly
indicate that two hydrogenases are present in
Anabaena sp. strain 7120, further purification of
the enzymes and tests with antigen-antibody
techniques and genetic techniques could furnish
confirming information. The present comparison
of the hydrogenases should prove useful in dis-
tinguishing between these enzymes and in elu-
cidating their metabolic roles and capabilities.
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