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Cell-free Hydrogenase from Chlamydomonas 1,2
Fredrick B. Abeles3

Botany Department, University of Minnesota, Minneapolis 14

Introduction
In 1931, Stephenson and Strickland (26) pro-

posed that hydrogen utilization by microorganisms
involved a specific enzyme. The first report of its
occurrence in organisms other than the bacteria was
made by Gaffron in 1939 when he discovered that
certain algal strains have the ability to utlize hydrogen
and CO2 when illuminated (8). Since that time
hydrogenase has been reported in Chlorophyta,
Cyanophyta, Phaeophyta, Rhodophyta by Frenkel (7)
and Euglenophyta by Krasna and Rittenberg (15).
Recently Kanai et al. (14) have shown that the acti-
nomycete, Streptomyces autotrophicus, also contains a
hydrogenase. Except for the unconfirmed report by
Boichenko (3) the enzyme has not been found in
higher plants.

Cell-free hydrogenase has been obtained from bac-
teria (17). However, a comparable preparation
from algae has not been reported previously. The
present paper describes some characteristics of a cell-
free hydrogenase obtained from Chlamydomonas.

Materials and Methods
Cultures of Chlamnydomonas eugamnetos Moewus

(+ strain) were grown on me(liunm containing: 3
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mmoles NaNO3, 0.2 mmole CaCl,, 0.6 nmnmole MgSO4,
0.4 mmole NaCl, 0.4 mmole K2HPO4, 1.3 nmmoles
KH2PO4, 30.6 ,umoles ZnSO4, 7.31 wpmoles MlnCl2,
6.29 prmoles CuSO4, 4.96 pmoles MIoO3, 1.69 ptmoles
Co(NO3)2, and 67 mg ferric ammcnium citrate per
liter. Cultures were grown at 23±20 over a bank
of 36-inch 30-w fluorescent tubes suspended 1 inch
from each other and 10 cm below the bottom of the
culture flasks. These flasks were shaken continuously
80 times a minute at an excursion of 5 cim and( were
flushed with a mixture of 5% CO2 in air.

Cells were harvested by centrifugation and re-
suspended in 80 ml of disruption medium (0.125 al
sucrose, 0.05 M potassium phosphate buffer pH 7.3,
and 0.01 M KCl) to give an 8% by cytocrit volume
suspension. This suspension was flushed withl hy-
drogen and permitted to adapt for 1 hour at 230 before
sonication with a 10 kc Raytheon magnetostrictor
oscillator under argon for 3 minutes. Sonicated ma-
terial was then transferred by syringe into four 13 ml
Spinco centrifuge tubes fitted with gas tight aluminum
caps. Unless otherwise stated, material was centri-
fuged for 15 minutes at 300 X g to remove whole
cells. After centrifugation portions of the superna.
tant fluid were examined microscopically to insure
that it contained no whole cells. Occasionally when
whole cells were found in the supernatant fluid, they
were removed by recentrifugation. Unless other-
wise indicated, 1 ml supernatant fluid was added to
each Warburg vessel.

All manipulations were carried out under condi-
tions of strict anaerobicity since extremely small
quantities of 02 irreversibly inactivated the prepara-
tions. For example, sonication equipment, syringes,
and centrifuge tubes were flushed with argon before
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use and all transfers were made with syringes. Stor-
age of such preparations in ice was satisfactory; only
10 to 20% of the activity was lost in 24 hours. A
Gilson Medical Electronics Warburg apparatus
(model RWBP3) equipped with 30-w reflector spot
lamps was used for manometric measurements.
A Nier-Consolidated mass spectrometer (model

21-201) was used to monitor the gas phase of a
Warburg type flask. Design and use of the equip-
ment has been described previously (5, 13).

Results and Discussion

Exchange Reactions. It has been shown (15,16,
24) that hydrogenase can catalyze an exchange re-
action between hydrogen gas and deuterium oxide.
This reaction can be represented as follows:

H2 + HDO RHD + H20
The exchange reaction was measured by placing

either whole cells or cell-free preparations of Chlamy-
domonas in 20% D20 under H2 and measuring the
increases in mass 3 (HD) and 4 (D2) in the gas
phase with the mass spectrometer. No increase in
mass 3 or 4 occurred when H2 or HDO were omitted
or when preparations were either boiled or given a
prior exposure to 02. An example of representative
exchange data for a cell-free preparation of Chlamy-
domonas is shown in figure 1.

Hydrogenase- Assays. The reduction of dyes,
including methylene blue, benzylviologen, and methyl-
viologen, have been used as assays for bacterial hy-
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FIG. 1. Exchange reaction with hydrogenase from

*lsalamydomcmas e'ugametos. 150, 100 Fmotes PO>, pH
7'2, 250 i&moles sucrose, 206 D20, H2 gas phase, 2 ml
liquid volume.
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FIG. 2. Comparison of 2 hydrogenase assays. 20°,

100 &moles PO4, pH 7.7, 250 pmoles sucrose, H2 gas
phase for methylene blue, N2 gas phase for reduced
methylviologen, 2.2 ml liquid volume.

drogenase activity. In addition Tamiya (28) and
Peck and Ge'st (22) have shown that hydrogenase
preparations from bacteria can also catalyze the evolu-
tion of hydrogen from reduced methylviologen. Fig-
ure 2 presents manometric data of hydrogen uptake
with methylene blue and hydrogen evolution from re-
duced methylviologen by aliquots of a cell-free prep-
aration from Chlamydomonas. Both methylviologen
and benzylviologen also were reduced by molecular
hydrogen though the rates of gas uptake with these
oxidants were one-tenth that shown for methylene
blue.

Attempts to use ferricyanide as an oxidant for
hydrogenase assays were unsuccessful. It was found
that concentrations of ferricyanide as low as 2 X
10-4 M would completely inhibit hydrogenase activity
as measured by benzylviologen reduction. The reason
for inhibition by ferricyanide is not known, although
it is possible that it was due to oxidation by ferri-
cyanide of the active site on the enzyme.

Oxygen Inhibition. Figure 3 shows the effect of
02 on the rate of methylene-blue reduction. In this
experiment, flasks were loaded under hydrogen with
enzyme and substrate. Then, by suitable manipula-
tion of the manometers known quantities of air were
introduced to supply oxygen.

The inhibitory effect of 02 was irreversible. Re-
moving 02 with a hydrogen gas flush did not restore
the initial activity of the enzyme. Attempts to re-
activate oxidized hydrogenase by reduced pyridine

|I MASS 4 (D2)J.__ . *~~~~~~~~
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FIG. 3. Effect of 02 on rate of hydrogen uptake dur-
ing methylene blue reduction. 20°, 100 ,umoles P04, pH
7.7, 250 ,tmoles sucrose, 4 ztmoles methylene blue, 2 ml
liquid volume.

nucleotides, ascorbic acid, reduced glutathione and
cysteine, were unsuccessful.

The initial change in slope of the curve at lowv
02 pressures probably is significant. The relative
insensitivity of the enzyme to low 02 concentrations
may be due to the presence of a protective oxy-hy-
drogen reaction. However, the relatively low sensi-
tivity of the manometric method did not permit di-
rect determination of an oxy-hydrogen reaction since
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FIG. 4. Mass spectrographic determination of the
oxy-hydrogen reaction with cell free preparations from
Chlamydomonas eugaimetos. 150, 100 gmoles P04, pH
7.7, 250 Ztmoles sucrose, 2 ml liquid volume.

under these conditions a change of 2 to 3 mm of
Brodie fluid would represent maximum gas uptake.

Because of its greater sensitivity, the mass spectro-
meter was used to measure the oxy-hydrogen reaction.
Figure 4 gives the results of a representative experi-
ment showing the change in mass 32 under hydrogen
and helium gas phases in the presence of hydrogenase.
This figure shows that there was an uptake of 02 in
the presence of hydrogen due to an oxy-hydrogen
reaction. In the control experiment performed under
helium the rate of 02 uptake was significantly lower.

Temtperature. Figure 5 demonstrates the effect
of temperature on hydrogenase activity with methylene
blue in the form of an Arrhenius plot. From these
data an energy of activation of 9.8 Kcal/mole was
determined. From exchange reactions, Goldsby (11)
has found that the energy of activation for Scene-
desmnus obliquus hydrogenase was 7.65 Kcal. Com-
parable experiments with Proteus vulgaris hydro-
genase have given values of 7.7 Kcal (12).

pH Effects. The pH optimum of methylene blue
reduction by hydrogen via Chlamydomonas hydro-
genase was studied using phosphate, glycylglycine,
borate, and carbonate buffers. Similar results were
obtained with all buffers. From pH 6 to the optimum
at 9.5 the rate of reduction increased linearly. Above
9.5, however, the rate fell off sharply and at pH 10.5
there was no measurable hydrogenase activity.

Effect of Cations on Methylene Blue Reduction.
Attempts to find ions which might stimulate the action
of hydrogenase were unsuccessful. The following
cations at a concentration of 10-3 M were examined
for their effect on the reduction of methylene blue:
Ca+2 Co+2 Fe+2, Mg+4, Mn+2, Mo+6, Na+l, and
Zn+2. Of the ions tested, none stimulated hydro-
genase preparations. The ions had either no effect at
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FIG. 5. Effect of temperature on rate of hydrogen
uptake during methylene blue reduction. 100 pmoles P04,
pH 7.7, 250 ,tmoles sucrose, 4 Rmoles methylene blue, H2
gas phase, 2 ml liquid volume.
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all, or they inhibited hydrogenase action. Of the
ions w,hich inhibited, Ca an(d Mn had the greatest
effect (about 50% inhibition).

These results indlicate that none of the cations
teste(l function as a cofactor for this enzynme. It is
possible, however, that a sufficienit amount of a neces-
sary cation already is present in the crude prepara-
tions. Also, somiie other ioIl Inot tested ma)y act as a
cofactor. Only the effect of 10-3 At of a particular
ionl wvas teste(l. Other concenitrationis possibly would
halve given (lifferent results. This concentration was
selected since equivalent amiiounlts have been reported
to give mi<aximiiumii stimiiulation with bacterial hydro-
genase.

Absenice of a stinmulatorv effect of cations on hy-
(lrogenase activity is surprising since the in vivo en-
zyme hlas been show-n to be sensitive to CN andl CO
(9). both of which normally combine with heavy
mletal prosthetic groups. Hydrogenase froml cer-
taimi bacteria have been sllowni to be stimlulated by
molybdenum (25) and iron (21). However, Krasna
et al. (17) have shown that the hydrogenase of
Desulfovibrio desulfiiricaus (loes not have any readily
(lissociable cofactors, metal or otherwise.

Effcct of Cen trifugation oni Cell-free Prepa rations.
Cell-free preparations of Chlamy(lonmonas were sub-
jectedl to a centrifugal field of 60,000 X g for various
periods of time to determinie the relatioinsllil) between
hydrogenase activity andl cellular fractions. Centri-
fugation at this force for 10 miniutes almost com-
pletely remove(d the chloroplasts; the supernatant
flui(d wvas a clear greenish opalescent solution whiclh
showed no Hill reaction activity. The suI)ernatant
flui(d contained the samne amlounit of hydrogenase ac-
tivity as the original cell free preparation. Hydro-
genase activity was sedimented only after 60 miinutes
at 60,000 X g. This suggests that the enzyme is
associate(l with particles of snmall size. The nature
of these particles is unknown. It is possible that the
m-ethod use(l to prepare cell-free extracts caused
separationi of hyclrogenase containinlg particles from
intracellular structures with xwhi ch thev normallyv
are associate(l.

Hill Reactionzs. The cru(le cell-free preparationi
used in this study containie(d chloroplasts and(i chloro-
plast fragmiienits which were active in catalyzing the
Hill reaction. Addition of qjuinone, ferricyanide, or
NADP to chloroplasts as oxidants resulted in Hill
reaction rates comparable to those obtainedl xith
higher plants. (5-7 W 0, /nmin X img chlorophyll
for NADP).

The Hill reaction of Clilamllydoonas chloroplasts
seemlecl to be similar to that observed with chloroplasts
of highler plants. It vas possible to observe the
stinmulating effect of chloride iOI on the Hill reaction
first note(d by Warburg and Luttgens (30). The
optimal rate of the Hill reactioni writh 0.01 At KCI wvas
about 4 times that observed in the absence of added
KC1.

The inhibiting effect of DCMU (3-(3,4-dichloro-
phenyl)-1.1-dimethyl urea) on 02 evolutioil by the
Hill reaction (2) xvas observed xith Chlanmydonmonas

chloroplasts. DCMU at concentriationis as loxv as
5 X 10-5 -m, completely inilibitedI O. evolutioin.

Hvdrogeuase Clhloroplast Reactious. The state-
ment that hydrogen evolution xas observed wvhen a
mllixture of spinach chloroplasts, bacterial hydro-
genase. and ascorbate xas illumiiiniate(d has been made
in a series of communications fromii Berkeley (1, 18,
20. 27 ). This observation of a light-dependent evolu-
tion of hldrogen is of interest because it represeints a
cell-free ainalogue of a similar reaction xvhicli occurs
in a(lal)te(l algae. \NVhile it mllay onlly be a plhysiolog-
ical artifact, (the Berkeley system being compose(I
of both bacterial and(I vascular plant enzymes). it (loes
bear resemiiblailce to the observation by Gaffronl (10)
that illunmination of adapted Sceeuedesmius obliquniis
uncler nlitrogen causes a tenfol(d increase in hlydrogenl
evolution over the dlark rate.

Since Chlamyldomionas preparati ons containi both
hydrogenase and chloroplasts, it xvas thought that
this material xvoul(d be xell suited for dup)licating the
observxation of the Berkeley group. An ascorbate-
dlependlent reaction xas not observed with Chlamly-
dlomonas preparations, but it is possible that requisite
experimental cond(litionis xere Ilot achieved, as the
Berkeley papers furniished little specific information
on materials and imietlho(ds and no representative data
xvere l)resented. The reaction mixture (100 i&m-oles
1'O4, pH 7.1, 250 [Lmloles sucrose, 20 imoles KCI,
argoni gas phase, 140, 2.2 ml. liquid volume) produced
about 3 1l H2 per 10 miinutes wlhetlher ascorbate (up
to 20 pilmoles) w!as added or not.

The gas evolved by such chloroplast hydrogeniase
preparations xvas describedl as hy(drogeni by the
Berkeley group althoughl no information wxas given
in their conmmunications on the mletho(d of identifica-
tioin. To (letermline xvhether or not hy(drogen wvas
the gas evolved in mly experimiienits, ali(quots of Chla-
miiydomionas material xvere studiedl using a mass
spectronmeter. Illunmination of Chlamiiy(lonmonas prep-
arations causedl aIn increase in imlass 2 (H2) andl Ino
clhange in nmasses 28 (N.,) 32 (02), and 44 (CO.,)
over (lark controls. No change occurrecl in any of
the gas phase constituents uvhen boiledl preparations
were stu(died. Additional confirmation was given
bv the observation that the gas evolved in manometric
studies -vas not absorbedl by alkalinie pyrogallol.

Redutction of Pyridiue Vulcotides by Hydrogcq.
During the course of these experiments, it was dis-
coveredl that additioni of NADP to Chlamydomonas
preparations cause(l a dlark uptake of hy(drogen. A
comparison between hydrogen uptake supported by
miiethylene blue and by NADP is slowxn in table 1.
Use of (lifferent preparationis for each experiment. ex-
plaiins in part, the wvide variation in results. No
hydrogen uptake xas observed in vessels whichl con-
tainecl no NADP or methylene blue. Not include(d
in this table are the results of several trials in whiclh
an active hydrogenase x\as present (determined by
mletlhylene blue reduction), but no uptake of hydrogen
xas observed in the presence of NADP. Such ob-
servations demonstrate that there are factors other
thain hydrogenase required for electron transfer froml
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Table I
Relative Rates of Hydrogen Uptake With Methylene

Blue and NADP
Temperature, 150 for all experiments except for last

which was at 20°. 100 itmoles P04, pH 7.3, 250 Ftmoles
sucrose, 20 Itmoles KCI, 0.02 4tmoles DCMU, H2 gas
phase, 2.2 ml liquid volume. Each experiment represents
a single vessel.

Rate* Rmoles Rate* Rtmoles Meth. blue rate
meth. meth. NADP NADP NADP rate
blue blueNAPrt

37 4 3 4 12
19 4 3 4 6.3
60 4 6 5.2 10
24 4 1 4.2 24
21 4 2 4 10
46 8 5 4.1 9.2
144 8 9 4 16
37 4 4 5 9
43 4 7 5 6
15 4 2 3 5

Average 9.7

* Rate is expressed in ul gas consumed in 10 minutes.

hydrogen to pyridine nucleotides. Work on ferre-
doxins and flavoproteins (6, 27, 29) has shown that
these proteins are important in electron transport be-
tween pyridine nucleotides and hydrogen and be-
tween pyridine nucleotides and illuminated chloro-
plasts. It is possible that the different preparations
described here varied in their content of these pro-
teins which may have accounted for differences in
electron transport efficiency.

As confirmation for the reduction of pyridine
nucleotides by hydrogen, a spectrophotometric method
was used to follow the reduction of NADP during
hydrogen utilization. Aliquots of material from
Warburg flasks were suspended in a dilute solution of
NaOH (pH 10-11) and the absorbancy at 340 mt
wvas measured. The NADPH is relatively stable
at this pH while enzymes which might decompose it
are inactivated or greatly inhibited. The measure-
ments were made as rapidly as possible as NADPH
is slowly decomposed under these conditions. Control
experiments with known quantities of added NADPH
indicated that results obtained by this method were
accurate to within 3%c.

Figure 6 shows the increase in absorption at 340
mi-4 when NADP is added to cell-free preparations
under hydrogen or argon. The results indicate that
there is a hydrogen-dependent reduction of NADP
as well as an endogenous reduction.

Table II presents the results of 6 experiments de-
signed to compare rates of hydrogen uptake with
NAD and NADP. According to these results
NADP is reduced approximately 1.5 times as fast as
NAD. Spectrophotometric experiments with NAD,
with and without hydrogen, indicated that the appear-
ance of the reduced form of NAD was strictly cor-
related with hydrogen uptake.

WVhile reduction of pyridine nucleotides by mole-
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FIG. 6. Reduction of NADP under hydrogen and

argon. 210, 100 imoles P04, pH 7.3, 250 kmoles sucrose,

20 tmoles KCl, 2.3 jtmoles NADP, 2 ml liquid volume.

cular hydrogen has not previously been reported for
algal systems such observations are not surprising in
view of results published on bacterial enzymes. For
example, Repaske (23), Wittenberger and Repaske
(31), and Packer and Vishniac (19) have reported
the reduction of pyridine nucleotides by hydrogen via
bacterial hydrogenases. As yet, it has not been pos-
sible to observe a reversal of this dark reduction, i.e.,
net hydrogen evolution in the dark fronm reduced
NAD or NADP.

Photoevolution of Hydrogen by Cell-free Chlamy-
domitonas Preparations. Although dark evolution of
hydrogen was not observed using Chlamydomonas
preparations supplemented w~'ith reduced pyridine
nucleotides, illumination of such preparations resulted
in a significant evolution of gas measured either mano-

metrically (fig 7) or by the mass spectrometer (fig
8). These preparations have the ability to produce
02 in the light in the presence of oxidized pyridine

Table II

ComtZparisont of NADP and NAD Redutctiont as .M1easured
by Hydrogen Gas Uptake

Temperature, 200, 100 Fmoles P04, pH 7.3, 250 timoles
sucrose, 20 Ztmoles KCl, 0.02 Ztmole DCMU 3 mg pyridine
nucleotide, all experiments except first set 0.1 ml 40%o
KOH in center well, 2.2 ml liquid volume. Each experi-
mental value represents a single vessel.

Rate* NADP Rate* NAD Rate NADP/Rate NAD

9 9 1.0
19 16 1.2
23 13 1.8
11 17 0.7
12 16 0.8
36 13 2.8
22 11 2.0

Average 1.5

* Rate is expressed as pl H2 consumed per hour.
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nucleotides; thierefore, DCMU was added to all of
the reaction mixtures to prevent inactivation of the
hydrogenase by 02. Light-dependent hydrogen evo-
lution was obtained with both NADH and NADPH

z
w
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0

HOURS
FIG. 7. Photoevolution of hydrogren from cell-free

preparations of Chlamydonzonas eutgametos. 15°, 100
timoles P04, pH 7.2, 250 Rmoles sucrose, 20 iimoles KCl,
0.02 ,tmoles DCMU, He gas phase, 2.2 ml liquid volume.
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photoevolution from cell-free preparations of Chla,nydo-
monas eugamnetos. 15°, 100 jimoles P04, pH 7.2, 250

,umoles sucrose, 20 pmoles KCl, 0.0(2-moles DCMU, He

gas phase, 2 ml liquid volume.

Table III
Reduced Pyridiiie Nutcleotide Stimulationi of Hydrogen

Photoevolutiont from Cell-free Preparations of
Chlamnydomonas eugarnetos

Temperature, 15°, 100 ,Amoles PO, pH 7.2, 250 tAmoles
sucrose, 20 Ztmoles KCl, 0.02 sumoles DCMIU, He gas
phase, 2.2 ml liquid volume.

Addition p.moles ul H2 evolved/10 min

NADH
NADH
NADH
NADH
NADPH
NADPH
NADPH
NADPH
None
None

3
5
5
5
3
5
5

8
12
12
6
7

7
11
4
2

(table III). \Vhen gas evolutioni hadl essentially
stopped, spectrophotometric exam iination of the sus-
pension demonstrated the presence of only the oxidlize(d
form of the nucleotide.

Figure 9 presents some of the foregoing observa-
tions in the form of tinme course (lata. In the (lark,
both NAD and NADP caused an uptake of hydrogen
(luring their reduction. The reason for a nmeasurable
hydrogen uptake by the control in this experiment is
not known. In 3 out of 5 experimlenits, nio hydrogeni
uptake was observed in the controls. After 3 hours
the lights were turned on and hydrogen was evolved.
Since a supply of reduce(d pyri(line nucleotides was
made available by the dark recluction, rates of by-
drogen evolution in the curves miiarked NAD and
NADP are much greater than in the colntrol. The
presence of small amounts of en(logenous pyri(line

*10 I I .
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FIG. 9. Dark consumption and p)hotoevolution of hy-
drogen by cell-free preparations of Chlanzy!domon0las
cugamaetos. 15°, 100 Ztmoles P04, pH 7.2, 250 Rmoles
sucrose, 20 Ztmoles KCl, 0.02 jLmoles DrCMU, 0.1 ml 10%
KOH in center well, H2gas phase, 2.2 ml liquid volume.

174



ABELES-CELL-FREE HYDROGENASE

nucleotides in crude preparations could account for
the evolution of hydrogen in the control.

On the assumption that the photolysis of water
into photooxidant and photoreductant is an integral
part of photosynthesis, the following interpretation
is consistant with the results described above. Re-
duced pyridine nucleotide, formed by a dark reduction,
reacts with the photooxidant to form water while
hydrogen is evolved from the photoreductant by
means of the hydrogenase. It is likely that ferre-
doxin and flavoproteins act as electron carriers
in these reactions, but this remains unproven.

Another interpretation of these results was given
by Bose and Gest (4) who suggest that ATP, or
precursors of ATP, generated by photophosphoryla-
tion could promote dark hydrogen evolution from
reduced pyridine nucleotides. Agents known to in-
hibit photophosphorylation (antimycin A or 2,4-
dinitrophoenol) might be used on algal chloroplast
hydrogenase preparations to test this hypothesis.

Most schemes used to depict the reactions involved
in photoreduction show a direct reduction of the
photooxidant with hydrogen via a hydrogenase to
form water. From information now available, it
appears that a pyridine nucleotide could serve as an
electron-transferring agent between reduced hydro-
genase and the photooxidant. As my experiments
have shown, pyridine nucleotides can be reduced by
hydrogen gas. A photooxidation of reduced pyridine
nucleotides is a likely reaction, and as mentioned
earlier, has been observed with preparations from
adapted Chlamydomonas by spectroscopic means.
Whether such an oxidation is due to reaction be-
tween reduced pyridine nucleotides and the photo-
oxidant or some compound oxidized by the photo-
oxidant is not known.

Summary

It was possible to obtain active cell-free hydro-
genase preparations from anaerobically adapted cells
of Chlamydomonas eugacnetos (+ strain) Moewus
by means of a sonic oscillation.

The hydrogenase was not associated with the
chloroplast but rather with particles that were sedi-
mented only after 1 hour centrifugation at 60,000 X
g-

The hydrogenase was irreversibly inhibited by
small amounts of oxygen or by ferricyanide. Treat-
ment of preparations with reducing agents, or flush-
ing with hydrogen in the case of oxygen inhibition
did not restore the activity of inactivated preparations.

It was possible to reduce the following compounds
by means of the hydrogenase: oxygen, methylene blue,
benzylviologen, methylviologen, triphenyl tetrazolium
chloride, NAD and NADP. The optimum pH was
9.5 using methylene blue as the electron acceptor.

Hydrogen evolution was observed when the hydro-
genase was incubated with reduced methylviologen.

Cell-free preparations of the hydrogenase cata-
lyzed an exchange reaction between heavy water and
hydrogen.

An energy of activation of 9.8 Kcal/mole was
determined for Chlamydomonas hydrogenase in vitro.

It was not possible to stimulate hydrogenase activ-
ity measured by methylene-blue reduction by addition
of various cations.

An ascorbate-dependent hydrogen evolution was
not observed when a mixture of chloroplasts, hydro-
genase, and ascorbate were illuminated.

A reduced pyridine nucleotide dependent hydrogen
evolution was observed when cell-free preparations
of Chlamydomonas were illuminated. During this
light dependent hydrogen evolution, the reduced py-
ridine nucleotides were oxiclized.
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Studies of Sulfate Utilization by Algae
II. Further Identification of Reduced Compounds Formed

from Sulfate by Chlorella 1, 2

Jerome A. Schiff
Department of Biology, Brandeis University, Waltham 54, Massachusetts

Onr previous work (3, 4) established the condi-
tions for sulfate reduction by intact cells of C/larella
pyrenoidosa and resulted in the identification of ade-
nosine-3' phosphate-5' phosphosulfate andl S-adenosyl
miethioninie as products formed from sulfate. The
foarmlation of these compounds was confirmed by
Wedding and Black (6) and Cantoni (1). lodoace-
tami(le wvas employed in our earlier work to inhibit
the rapid reduction process at various stages and to
imlprove the reproducibility of the chromatographic
patterns. This is based on the assunmption that ioclo-

1 Received June 27, 1963.
2 Supported by research grants G-5893 and G-18944

from the National Science Foundation.

acetanlidle wxould act both by inhibiting sulfhydryl en-

zymes concerne(l Nith sulfate reduction and by react-
ing with sulfhydryl compounds produced froml sulfate
preventinlg mlixedl oxidation-reduction reactions
amiloing themii during isolation and separation. This
paper (lescribes the acetamide derivatives of sulfhy-
dryl conmpound(s which are formed from sulfate -hen
the cells are exposed to iodoacetamiide.

Materials and Methods

The imiethods used for grow-th, incu-bation, and ex-

traction of the organism are essentially the samle as
before (4) as are the procedures for radioactive
countilng, paper chromatography. ancl radioautog-
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