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H2 evolution by direct electron transfer from the dithionite-reduced photosystem I (PSI)
complex to both hydrogenase I and hydrogenase II from Clostridium pasteurianum was
observed. Evidence indicates that the electron carriers on PSI that transfer electrons to
hydrogenase in this system are the FA/FB iron-sulfur clusters on the PsaC polypeptide, the
terminal bound electron acceptors in PSI. Light-dependent H2 evolution was also observed,
using high potential electron donors to PSI, from a combination of hydrogenase I and either
solubilized purified PSI or thylakoids. Mediators capable of transferring electrons from the
PSI complex to hydrogenase were not necessary for H2 evolution, indicating again that the
mechanism of H2 evolution is direct electron transfer from PSI to hydrogenase, and that this
can occur with light-reduced as well as chemically reduced PSI, and with PSI in thylakoids
as well as the solubilized complex. Light-dependent H2 evolution was also observed from
a mixture of thylakoids and the oxygen-resistant hydrogenase of Rhodococcus sp. MR11.
These results suggest that direct electron transfer from PSI to hydrogenase could be
engineered to occur in vivo in a photosynthetic organism to create an organism that would
efficiently produce H2 from H2O.
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Solar generation of H2 has long been recognized to be an
ideal means of generating energy. Sunlight and water are
both free and almost limitless. And hydrogen is almost
pollutionless, yielding only water vapor when burned.

The most efficient system for converting solar energy to
chemical form yet developed is the system developed by
green plants: photosynthesis. Thus, perhaps the most
efficient way to generate hydrogen by photolysis of water
would be to adapt the photosynthetic system, modifying it
so that the reducing equivalents generated, rather than
reducing NADP+ to NADPH and then generating carbohy-
drates, are used to reduce protons to H2. This has been
accomplished in vitro by Benemann et al. (1), who showed
light-induced hydrogen evolution with water as an electron
donor from a system of thylakoids, ferredoxin, and the hy-
drogenase from Clostridium kluyveri. Photosystem I (PSI)
in the thylakoids reduced ferredoxin, which donated elec-
trons through hydrogenase to H+. Methyl viologen (2) and
cytochrome c3 (3) could replace ferredoxin as electron
carriers in this system.

The results indicated that the rate and quantum yield of
H2 evolution were limited by the rate of electron transfer
between PSI and hydrogenase (2). Hydrogenase was not
the rate-limiting factor, because if dithionite was added in
the dark to chemically reduce all the methyl viologen or
ferredoxin, the rate of hydrogen evolution increased by a

1 This work was supported by the United States Department of
Agriculture, grant number 94-37500-1073.
Abbreviations: PSI, photosystem I; DCMU, iV'-(3,4-dichlorophenyl)-
N, N - dimethy lurea.
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factor of four (2). Rather, reduced ferredoxin and methyl
viologen did not accumulate to high levels (2, 4). The
electron carriers under aerobic conditions were oxidized by
oxygen. Even under anaerobic conditions, oxidation of
these carriers, most likely their oxidation by the donor side
of PSI to give cyclic electron transfer, competed effectively
with oxidation by hydrogenase (2, 4).

Hydrogen evolution in this system would be more effi-
cient if the electron carrier could be eliminated, if hy-
drogenase could accept electrons directly from PSI. Pre-
sumably that would mean accepting electrons from the FA/
FB iron-sulfur clusters, held on the PsaC protein, which are
the terminal bound electron acceptors in PSI (5). The
primary advantage of direct electron transfer from PSI to
hydrogenase would be to reduce or eliminate electron flow
to destinations other than hydrogen production. A second
advantage is that direct electron transfer would give a
greater thermodynamic driving force. FA and FB, the
terminal bound electron carriers on PSI, have redox
potentials of —530 and — 550 mV (6, 7), i.e. significantly
lower than the H+/H2 Eo ' of — 420 mV, whereas spinach
ferredoxin's Eo' is - 4 0 0 mV.

PsaC, the polypeptide that holds the terminal bound
electron acceptors of PSI, is an acidic extrinsic membrane
protein of 8.8 kDa in spinach that holds two 4Fe-4S clus-
ters, the FA and FB clusters (5, 8, 9). To be stably held onto
the PSI core, PsaC requires the PsaD protein, a basic
extrinsic membrane protein (5). PsaC is approximately the
same size as and exhibits sequence homology with bacterial
ferredoxins, including the one from C. pasteurianum, which
also hold two 4Fe-4S clusters (9). Since ferredoxin is the
natural electron donor to the Fe-only hydrogenases I and II
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of C. pasteurianum {10-12), the latter would seem to be
good candidates for accepting electrons from the PsaC
protein in the PSI core.

A drawback to the C. pasteurianum hydrogenases is that,
like almost all hydrogenases, they are inhibited by O2. This
would make them unsuitable for a practical H2 production
system without mutation to an oxygen-resistant form.
Since O2 resistance is so important, the hydrogenase from
Rhodococcus sp. MR11 (formerly Nocardia opaca lb) {13),
which is able to be turned over in the presence of oxygen,
was also tested for H2 evolution by direct electron transfer
from PSI.

MATERIALS AND METHODS

C. pasteurianum—Winogradsky 5 ATCC 6013 was
grown under N2, at 35°C in YEM medium {14). Rhodococ-
cus sp. MR11 was grown at 30°C in minimal medium {13),
pH 7.0, supplemented with 0.2% glycerol and 0.4% fruc-
tose until the H2 oxidizing activity of the culture stopped
increasing, which was approximately 36 h after the culture
reached the stationary phase.

All steps for C. pasteurianum hydrogenase purification
were performed anaerobically with 2 mM sodium dithio-
nite added to all buffers. Hydrogenase I was purified as in
Ref. 10. Partially purified hydrogenase II was collected as
the peak of hydrogenase activity eluted with approximately
100 mM NaCl from the first DEAE column during the
purification of hydrogenase I {11). It was distinguishable
from hydrogenase I by its higher ratio of H2 oxidation to H2

evolution activity. Spinach ferredoxin was purified as in
Ref. 15. Rhodococcus sp. MR11 hydrogenase was purified
as in Ref. 13.

To prepare the photosystem I complex, thylakoids were
prepared from spinach (16), and then resuspended in 20
mM sodium phosphate, pH 6.3, 5 mM MgCl2 at 2 mg chl/
ml (300 mg chl total). Triton X-100 (25 mg/mg chl) was
added and the thylakoids were solubilized for 30 min at
23°C. The mixture was centrifuged at 18,000 rpm for 30
min in a JA-20 rotor. The supernatant was collected and its
pH adjusted to 7.5 with 100 mM Tris-HCl, pH 8.3.100 mM
Tris-HCl, pH 7.5, and water were added to give final
concentrations of 20 mM Tris and 10 mM phosphate. The
mixture was loaded onto a 2.5 X13 cm column of DEAE-
macroprep (BioRad) and eluted with a 0-500 mM NaCl
gradient in 20 mM Tris-HCl, pH 7.5, 0.2% (w/v) Triton
X-100. The green P700-containing fractions were pooled,
Triton X-100 was added to a final concentration of 1.2% (w/
v), and the mixture was dialyzed against 20 mM Tris- HC1,
pH 7.5, at 4°C. It was then loaded onto another 2.5 X13 cm
DEAE-macroprep column and eluted with the same salt
gradient. P700-containing fractions were concentrated to 6
ml by ultrafiltration and then passed through a 1.5 X 40 cm
Toyopearl HW55TSK (Tosohaas, Montogeryville, PA)
column equilibrated with 20 mM Tris-HCl, pH 7.5, 300
mM NaCl, 0.2% Triton X-100. The PSI fractions were then
dialyzed against 50 mM Tris-HCl, pH 8.0, and concen-
trated by filtration with a Centriprep 3 unit (Amicon,
Beverly, MA).

To prepare thylakoids from chloroplasts that had been
completely broken and washed free of ferredoxin, 200 g
deribbed spinach was ground in a Waring blender in 500 ml
50 mM Tris-HCl, pH8.1, and the slurry was filtered

through 4 layers of cheesecloth. Debris and unbroken
chloroplasts were pelleted by centrifugation at 2,000 rpm
for 2 min in a Beckman JA-10 rotor. The supernatant was
removed and centrifuged at 8,000 rpm for 20 min to pellet
the thylakoids. The pellet was resuspended in 25 mM
Tris-HCl, pH8.1, to osmotically burst any unbroken
chloroplasts, followed by centrifugation at 2,000 rpm for 2
min. The supernatant was removed, 4 M NaCl was added to
it to a final 0.5 M, and then it was centrifuged at 8,000 rpm
for 20 min. The pellet was washed once in 25 mM Tris-HCl,
pH 8.1, and the resuspended in the same buffer.

PsaC from Synechococcus sp. PCC 7002 was overex-
pressed from plasmid pET36C in Escherichia coli BL21
(DE3), purified and reconstituted as in Ref. 17. PsaD from
Nostoc sp. PCC 8009 was overexpressed from plasmid
pET-3a/D as in Ref. 17. pET36C and pET-3a/D were gifts
from Prof. Donald A. Bryant.

To remove PsaC, PsaD, and other extrinsic polypeptides
from PSI, PSI was treated with 6 M urea in 50 mM Tris-
HCl, pH 8.0, at 0.25 mg chl/ml {18), concentrated to 5 ml,
and then passed through a 1.5x40 cm Toyopearl HW55-
TSK column equilibrated with 50 mM Tris-HCl, pH 8.0, 5
M urea. The green fractions were then dialyzed against 50
mM Tris-HCl, pH 8.0,0.05% Triton X-100. For reconstitu-
tion, 1.7 ml of 0.94 mg chl/ml urea-stripped PSI was mixed
with 0.9 mg reconstituted purified PsaC and 3.1 mg purified
PsaD in 50 mM Tris-HCl, pH 8.0, 0.05% Triton X-100,
incubated 10 min at 23°C, and then filtered and diluted
three times with a Centricon 100 unit (Amicon) to remove
unbound PsaC and PsaD.

Protein was measured as in Ref. 19. C. pasteurianum
hydrogenase I H2 evolution activity was measured at 23°C
in 40 mM Tris-HCl, pH 8.0, with 5 mM dithionite and 1.33
mM methyl viologen as electron donors or with other
electron donors, as specified. H2 evolution or uptake was
measured amperometrically {20). The concentration of
reconstituted PsaC was calculated using an e410 of 15 mM"1

(8). A P700 difference £ of 64 mM"' {21) was used to
determine the concentration of PSI. In the light-driven H2

evolution assays, C. pasteurianum hydrogenase I, which
was stored in 2 mM dithionite, was added to the reaction
mixture and then the reaction mixture was stirred and
exposed to air for 20 s to oxidize all dithionite prior to
adding glucose oxidase, sealing the chamber anaerobically
and starting the assay. Saturating illumination was pro-
vided by a film projector lamp. PSI activity was measured
as light-dependent O2 consumption in 50 mM Tris-HCl, pH
8.1, 2 mM ascorbate, 3 nM DCMU, 100//M 2,6-dichloro-
phenol-indophenol, 0.6 mM methyl viologen.

RESULTS

The evolution of H2 gas was observed with the dithionite-
reduced spinach photosystem I complex and Clostridium
pasteurianum broken cell extracts in the dark (Table I).
The fact that more H2 evolution was observed with PSI than
with dithionite alone added to the C. pasteurianum extract
indicates that PSI is a direct electron donor to the C.
pasteurianum hydrogenase or hydrogenases, and does not
transfer electrons through C. pasteurianum ferredoxin,
which would be fully reduced by dithionite alone.

H2 evolution was also observed with purified C. pasteu-
rianum hydrogenase I mixed with 5 mM dithionite and PSI
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core complex at 0.96 mg chl/ml or 22.5 //M P700 (610 nmol
H2 evolved- min"' • mg hydrogenase"' at 23°C). Only 2 nmol
H2"min~''mg-' was observed when PSI was absent and
dithionite alone served as the electron donor to hydrogen-
ase I.

It was important to insure that the true electron donor to
hydrogenase in these assays was not some contaminating
spinach ferredoxin, rather than PSI. The PSI purification
procedure included a size-exclusion chromatography step,
which should easily separate the 11.5 kDa spinach fer-
redoxin from the approximately 200 kDa PSI complex.
Thus, if any ferrodoxin happened to contaminate the PSI
preparation after the two ion-exchange chromatography
steps, it should not have after the size-exclusion chro-
matography step.

One approach for ruling out that the hydrogen evolution
observed with PSI as the electron donor was due to con-
taminating spinach ferredoxin was to precipitate the PSI
complex with 40% saturated ammonium sulfate. This
concentration completely precipitated the PSI but was
found to not precipitate any ferredoxin when tested with
purified ferredoxin. After precipitation with 40% saturated
ammonium sulfate, the pellet and supernatant were sepa-
rately dialyzed (1,100-molecular-weight cut-off mem-
brane) against 50 mM Tris-HCl, pH 8.0, and then tested
for the ability to support H2 evolution with hydrogenase I
(Table II). The supernatant had only 12% of the ability to
support H2 evolution of the starting PSI prior to precipita-
tion. If the ability of the PSI preparation to support H2

evolution had been entirely due to contaminating ferredox-
in, this value should have been close to 100%. The pre-
cipitated PSI also exhibited much decreased ability to
support H2 evolution compared to the unprecipitated PSI.
This might be due to irreversible aggregation of PSI, that
renders the FA and FB iron-sulfur clusters sterically in-
accessible to hydrogenase. Ammonium sulfate precipita-
tion is based on a hydrophobic interaction, and it is easy to
imagine that the extremely hydrophobic PSI complex
might be irreversibly aggregated.

I hypothesize that the electron carriers on PSI that serve
as the immediate electron donors to hydrogenase are the FA

and FB iron-sulfur clusters on the PsaC polypeptide. To test
this, free recombinant PsaC was expressed in E. coli,
reconstituted, purified, and then tested for its ability to
support H2 evolution with hydrogenase I when reduced with
dithionite. PsaC at 18 ^M supported an H2 evolution rate of
540 nmol H2-min"'-mg hydrogenase"1. This can be com-
pared to the rate with dithionite-reduced PSI as the
electron donor (22.5 //M P700 supporting 610 nmol H2/
min/mg hydrogenase), which was assayed with the same
hydrogenase preparation. PsaC and PSI at approximately
the same molar concentration supported approximately the
same rate of hydrogen evolution, which supports the idea
that PsaC is the part of PSI serving as the electron donor to
hydrogenase I.

TABLE I. Rate of H2 evolution catalyzed by C. pasteurianum
extracts. 0.2 mg protein in 50 mM Tris-HCl, pH 8.3, 100 mM NaCl,
5 mM sodium dithionite in the dark, 1.5 ml reaction volume, 23"C.

Electron donor V (nmol H2/min/mg protein)
Dithionite alone
14.5 ̂ M PSI (0.59 mg chl/ml)
2 mM methyl viologen

The rate of H2 evolution with PsaC as the electron donor
linearly increased with increasing PsaC concentration up to
a velocity of 2.9 //mol H2-min"'-mg hydrogenase"1 at 89
fxM PsaC (data not shown), indicating that these concentra-
tions of PsaC as a substrate for hydrogenase I are not
saturating. It was also found that with dithionite-reduced
PSI as the electron donor for hydrogen evolution catalyzed
by crude C. pasteurianum extracts, the rate of hydrogen
evolution increased with PSI concentration up to at least 39
//M, indicating that these concentrations of PSI as an
electron donor are not saturating (data not shown). For
comparison, the concentration, 2 mM, of methyl viologen
used as the electron donor in Table I is close to saturating.
Thus, with PsaC or PSI as the electron donor to hydroge-
nase I, the rate limiting step for hydrogen production under
the conditions tested is the binding of PSI or PsaC to
hydrogenase I.

FA and FB have rather low redox potentials ( — 530 and
- 580 mV) when bound to PSI (6, 7). Thus, there was some
doubt as to what extent they would be reduced by dithionite
in the dark. To determine whether it was possible that FA

and FB were the electron donors to hydrogenase in this
system, it was necessary to determine whether they were
reduced. EPR spectra of the PSI core complex at pH 8.0 in
5 mM dithionite in the dark indicate that FA and FB are
mostly reduced (Fig. 1). The spectrum shown in Fig. 1

TABLE II. Rate of H2 evolution catalyzed by C. pasteurianum
hydrogenase I. In 50 mM Tris-HCl, pH 8.0, 5 mM sodium dithio-
nite, 23°C, 1.5 ml assay volume.

Electron donor V (nmol H2/min/mg hydrogenase)
Dithionite alone
PSI (525 tt% chl)
Supernatant of 40% saturated

ammonium sulfate precipitation
of PSI (525 Ag chl)

Precipitate of 40% saturated
ammonium sulfate precipitation

of PSI (525 pg chl)

23
442
74

44
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Fig. 1. Electron paramagnetic resonance spectrum of the
photosystem I core complex in 50 mM Tris-HCl, pH 8.0, 5 mM
dithionite, in the dark prior to freezing. Conditions: temperature,
18 K; microwave frequency, 9.230 GHz; microwave power, 0.6 mW;
gain, 8,000; scan time, 4min; time constant, 0.128 s; modulation
amplitude, 10 G; modulation frequency, 100 kHz.
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matches the reported spectrum for the FA and FB clusters,
with the g=1.89 peak arising in part from interaction
between the two reduced clusters (5, 7). Double integration
of the spectrum in Fig. 1, excluding the g=2.0 radical
signal, and comparison to a Cu-EDTA standard, gave a spin
concentration of 21 //M, which would be 1.85/P700. One
would predict 2 unpaired e~/P700 if FA and FB were fully
reduced. The amplitude of the spectrum shown in Fig. 1
increased by a factor of 1.42 if the sample was illuminated
with freezing in liquid N2. That treatment was reported to
fully reduce the FA and FB clusters (6, 7), which would
mean that in the dark they were 70% reduced by dithionite.

The redox potentials of the FA and FB iron-sulfur clusters
on PsaC (-530 and - 5 8 0 mV) (6, 7) are lower than the
redox potentials of C. pasteurianum hydrogenase I's F
iron-sulfur clusters ( — 420 mV) or the active site H cluster
( -400 mV) (22), and lower than the H2/H+ redox couple
(£0 '= —420 mV). Thus, the redox potentials of the iron-
sulfur clusters on PsaC are low enough to support hydrogen
evolution.

One approach for demonstrating that the PSI complex,
and specifically the PsaC polypeptide on the PSI complex,
was capable of donating electrons directly to hydrogenase
was a reconstitution experiment. Purified PSI was stripped
of its small extrinsic polypeptides, including PsaC and
PsaD, by treatment with 6 M urea, followed by size-exclu-
sion chromatography. Then a portion of the urea-stripped
PSI was reconstituted with recombinant PsaC and PsaD.
The urea-stripped PSI was found to support no more H2

evolution than dithionite alone with C. pasteurianum cell
extracts. But the PSI reconstituted with PsaC and PsaD did
support some H2 evolution, almost as much as would be
predicted on comparison with the rate with a somewhat
greater concentration of free PsaC (Table III). In Table III,
as well as in Table I, the rate of hydrogen evolution with
dithionite alone added to the extracts is a significant
fraction of the rate with dithionite plus PSI or PsaC added.
This background hydrogen evolution could arise because
dithionite alone can act as an electron donor to hydrogenase
or because of electron donation by the ferredoxin contained
in crude C. pasteurianum extracts. Nonetheless, an in-
crease in hydrogen evolution is clear when reconstituted
PSI is added.

In Table III, the concentration of reconstituted PSI was
12.4//M or 59% of the 21 ^M free PsaC concentration
shown in Table III. After subtracting the rate with dithio-
nite alone, the reconstituted PSI was found to support 32%
of the rate of H2 evolution supported by free PsaC in Table
III (30 nmol/min/mg for reconstituted PSI compared to 94
nmol/min/mg for free PsaC), fairly close to the velocity

TABLE III. Ability of urea-stripped and reconstituted photo-
system I to support Hz evolution by C. pasteurianum extracts.
The reaction mixtures comprised C. pasteurianum extracts (30//g
protein per ml) in 50 mM Tris-HCl, pH 8.0, and 5 mM sodium di-
thionite.

Electron donor V (nmol H2/min/mg protein)

that was predicted. Because the reconsituted PSI was
filtered three times through a 100 kDa cut-off filter, all free
PsaC would have been removed (17). Only PsaC bound to
PSI should be available to support H2 evolution.

Like hydrogenase I, partially purified hydrogenase II of
C. pasteurianum was also able to produce H2 with dithio-
nite-reduced PSI (3.2 nmol H2-min"1 -mg hydrogenase II~'
at 23°C). Here, interestingly, the velocity was increased
when assayed in 2 M urea, whereas there was a decrease in
velocity in 2 M urea when ferredoxin was the electron
donor (data not shown). This again indicates that the PSI
complex, and not any contaminating ferredoxin, was the
electron donor.

In addition to showing that solubilized chemically re-
duced PSI could be an electron donor to hydrogenase, it was
important also to determine whether light-reduced PSI and
PSI in the thylakoid membrane could be electron donors to
hydrogenase. Figure 2 shows that the light-reduced solubi-
lized PSI complex can donate electrons directly to C.
pasteurianum hydrogenase for hydrogen evolution. In that
system, ascorbic acid and dithiothreitol served as electron
donors to PSI. Again, there was no electron mediator added
to transfer electrons from PSI to hydrogenase. The quan-
tity of hydrogenase used in Fig. 2 was 46 ft mol/min total H2

evolution activity, as assayed with dithionite-reduced
methyl viologen.

Light-dependent H2 evolution was also seen with thyla-
koids replacing solubilized PSI in the assay system used in
Fig. 2. With thylakoids (145 jug chl, 0.44 nmol P700), 2
mM ascorbate, 50 mM dithiothreitol (DTT), 2 //M DCMU,
to inhibit photosystem II, and 5.1 mg hydrogenase in 1.5
ml, the rate of H2 evolution in the light peaked at 62 nmol/
min, after 16 min illumination, during which time the rate
gradually increased (data not shown). This rate represents
6% of the rate of maximal light-driven electron transfer
through PSI in the thylakoids, as measured with artificial
electron acceptors.

o

Dithionite alone 53
12.4 )iM urea-stripped PSI 56
12.4 fiM urea-stripped PSI reconstituted 83

with PsaC and PsaD
21 //M free PsaC 147

- 10

- 0

Fig. 2. Light-dependent H2 evolution via direct electron trans-
fer from photosystem I to C. pasteurianum hydrogenase I. The
assay mixture of 1.5 ml comprised purified PSI (190 fxg chl, 3.6 nmol
P700), 5.1 mg hydrogenase I, 25 mM Tris-HCl, pH 8.1,60 mM NaCl,
2 mM ascorbate, 50 mM dithiothreitol, 5mM glucose, and 4.5//g
glucose oxidase. Temperature, 23*C.
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minutes

Fig. 3. Light-dependent H2 evolution with thylakoids and
Rhodococcus sp. MR11 hydrogenase. The assay mixture of 1.5 ml
comprised thylakoids (145 MS chl), Rhodococcus sp. MR11 hydroge-
nase (0.28 mg), 50 mM Tris-HCl, pH7.5, 5 mM MgSO4, 2 mM
ascorbate, and 50 mM dithiothreitol. Temperature, 23"C.

The amount of light-driven hydrogen evolution shown in
Fig. 2 with purified solubilized PSI is 2.1 nmol H2/min/mg
hydrogenase at 2.4 MM PSI. At 0.63 //M P700 and 0.21 mg
hydrogenase in 1.5 ml, under the conditions in Fig. 2, 1.24
nmol H2/min was produced in the light. This corresponds to
a rate of 9.4 nmol • min"1'ing hydrogenase l~l'fiM PSI"1.
With 0.63 juM PSI, at hydrogenase I concentrations above
0.55 mg/ml, the rate of light-driven hydrogen production
actually decreased with increasing hydrogenase concentra-
tion (data not shown). This would be explicable if the
one-electron reduced hydrogenase can be an electron donor
to the oxidized photosystem I. Hydrogenase would thus
catalyze cyclic electron transfer before it could accept a
second electron and produce H2.

Consistent with this explanation, when thylakoids were
used instead of solubilized PSI, the light-driven hydrogen
production rate always increased with increasing hydroge-
nase concentration. This would be consistent with the above
explanation because with thylakoids hydrogenase would
not have access to the oxidizing side of PSI. It would only
have that access, and therefore only be able to catalyze
cyclic electron transfer, with solubilized PSI. This would
explain the relatively faster rates of light-driven hydrogen
production with thylakoids than with purified PSI. The
light-driven H2 production rate with thylakoids and hydro-
genase I under the conditions described above, 62 nmol/
min, can also be expressed as 12.1 nmol'min"1-ing hydro-
genase I~' or 41.7 nmol-min"l»mg hydrogenase I~'-/*M
PSI"1. This can be compared with the rate of hydrogen
production with dithionite-reduced PSI and hydrogenase I
of 610 nmol H 2 >mint ing hydrogenase I"1 at 22.5 ^M
P700, or 27 nmol H2 • min"[ • mg hydrogenase I"' • n M PSI"'.
Thus, expressed as nmol H2 'min"1-nig hydrogenase I"!<

/xM PSI"1, light-reduced PSI in thylakoids, light-reduced
solubilized PSI, and dithionite-reduced solubilized PSI
support similar rates of hydrogen evolution by direct
electron transfer to hydrogenase I.

A lower level of light-driven H2 evolution was also
observed with thylakoids and the purified Rhodococcus sp.
MR11 hydrogenase, an enzyme that is not affected by
oxygen (Fig. 3). Since no electron carriers were added to
this assay, the H2 evolution observed here is again most
likely due to direct electron transfer from PSI in the
thylakoids to hydrogenase. Although the thylakoids were
prepared in such a way as to insure the removal of ferredox-
in, ferredoxin contamination was less of a concern with
Rhodococcus sp. MR11 hydrogenase than with C. pasteu-
rianum hydrogenase because no hydrogen evolution could

be detected with dithionite-reduced spinach ferredoxin as
the electron donor to Rhodococcus sp. MR11 hydrogenase.

DISCUSSION

Light-driven hydrogen evolution can occur by direct elec-
tron transfer from the PSI complex to hydrogenases I and
II of C. pasteurianum. PSI can be in either a solubilized
form or in the thylakoid membrane.

Evidence indicates that the redox centers on PSI that are
the immediate electron donors to hydrogenase are the FA

and FB iron-sulfur clusters on the PsaC polypeptide. First,
EPR showed that these clusters are 70% reduced by
dithionite at pH 8.0, and are thus available as electron
donors to hydrogenase. Second, PSI stripped of the extrin-
sic polypeptides, PsaC and PsaD, loses its ability to support
H2 evolution, but it regains that ability when it is recon-
stituted with PsaC and PsaD. Third, approximately equi-
molar concentrations of dithionite-reduced PSI and PsaC
supported approximately the same rate of hydrogen evolu-
tion with hydrogenase I.

Two previous EPR studies on PSI-containing membrane
fragments showed only a small level of reduction of FA and
FB by dithionite in the dark at pH 8.0 or 9.0 (6, 7). But the
preparation described in this paper involved a second
solublization step after the first DEAE chromatography
step, and the more extensive solubilization could easily
cause a small shift in the redox potential that would explain
the discrepancy. Also, lower concentrations of dithionite
were used in this study, which is known paradoxically to
give a solution with a more negative redox potential (23).

Light-driven hydrogen evolution was observed in this
study with thylakoids and Rhodococcus sp. MR11 hydro-
genase in the absence of any diffusible electron carriers.
Most likely this also occurs by direct electron transfer from
PSI to hydrogenase.

Previously, in vitro photosynthetic hydrogen evolution
was reported to require an electron carrier to transfer
electrons from PSI to Clostridial hydrogenase (1, 2, 24).
The probable reason why direct electron transfer from PSI
to Clostridial hydrogenase was not detected in those studies
is that the concentrations of hydrogenase and/or PSI were
too low. Benemann et al. (1) used 0.7 unit of hydrogenase
per ml in their assays, whereas 30 units/ml was used in the
light-dependent hydrogen evolution assays with thylakoids
or purified PSI described here.

The Vmax could not be determined with either PSI or
PsaC as the electron donor to hydrogenase I, as the sub-
strate concentrations were not saturating. With PsaC as the
electron donor, the rate of H2 evolution increased linearly
with PsaC concentration up to at least 89//M. This indi-
cates that for the most efficient electron transfer, hydro-
genase and PSI would have to be at fairly high concentra-
tions around each other. High local concentrations of
hydrogenase around PSI might be achieved in vivo by
expressing a recombinant hydrogenase at high levels in a
cyanobacterial cell. In that way a cyanobacterium might be
engineered that would use direct electron transfer from PSI
to hydrogenase to efficiently produce hydrogen from water.

The native hydrogenase I of C. pasteurianum would be
unsuitable from a practical standpoint in any photosyn-
thetic hydrogen production scheme such as this, because it
is inhibited and irreversibly inactivated by O2. But it might
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be possible to engineer this hydrogenase for oxygen resis-
tance, as the Azotobacter vinelandii hydrogenase was (25),
or a naturally oxygen-resistant hydrogenase such as
Rhodococcus sp. MR11 hydrogenase might be used.
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space and for the helpful discussions. I also thank Professor John
Lipscomb for the use of his EPR spectrometer. I also thank two
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