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Abstract The activity of the NiFe-hydrogenase from the green
alga Scenedesmus obliquus is inhibited by both algal thioredoxins
f and I+II, and by Escherichia coli thioredoxin. The strongest
inhibition was observed with homologous chloroplastic thiore-
doxin f (I50 = 21 nM) and E. coli thioredoxin (I50 = 83 nM). For
the homologous cytoplasmic thioredoxins I+II an I50 of 667 nM
was determined. Glutathione shows a similar but much less
pronounced inhibitory effect whereas dithiothreitol had no effect.
In addition to glucose-6-phosphate dehydrogenase, NiFe-hydro-
genase is only the second enzyme known to be inhibited by
reduced thioredoxin.
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1. Introduction

Plant cells contain a multitude of at least four to six di¡er-
ent thioredoxins engaged in the redox control of enzyme ac-
tivities and other protein functions by reversible dicysteine-
disul¢de changes [1,2]. Light-dark regulation of several Calvin
cycle enzymes mediated by the two chloroplast thioredoxins f
and m is particularly well known [3]. Although more than 20
di¡erent such reactions have now been described in plants [2],
the list is still incomplete, thioredoxin control of ammonia
¢xation in chloroplasts being the most recent addition [4].
Understanding the regulatory networks which link di¡erent
metabolic pathways clearly requires further knowledge of po-
tential thioredoxin targets. It is important in such studies in
vitro to combine enzymes and thioredoxins from the same
organism to avoid unspeci¢c cross-reactivities frequently ob-
served in heterologous systems.

We have previously characterized the thioredoxin pro¢le of
the unicellular green alga Scenedesmus obliquus, which pos-
sesses three thioredoxins of regular size (12 kDa) [5] and an
unusually large chloroplast thioredoxin f (28 kDa) [6,7]. The
latter is active in stimulating light-dependent algal NADP-
malate dehydrogenase, fructose-bisphosphatase, and proto-
chlorophyllide reductase [5,6,8], whereas the regular thiore-
doxins serve as hydrogen donors for algal ribonucleotide re-
ductase [9].

In the present communication we present the e¡ect of thi-
oredoxin and other thiols on the enzyme responsible for H2

metabolism in S. obliquus [10]. Under anaerobic conditions S.
obliquus is capable of either light-dependent hydrogen produc-
tion (photohydrogen production) or hydrogen uptake (photo-
reduction of CO2) [11^13]. Both reactions are mediated by a
hydrogenase which is situated within the chloroplast and has
been puri¢ed and characterized as a NiFe enzyme [14,15]. We
could recently show by Western blot investigations that this
NiFe-hydrogenase is constitutively expressed. We thus pro-
pose a crucial role of the enzyme in algal photosynthesis.
Con£icting reports of the e¡ect of thiols on hydrogenase ac-
tivity in bacteria [16,17,26] have prompted us to investigate
the interaction of algal thioredoxins with the hydrogenase of
the unicellular green algae. For the ¢rst time we here report
an inactivation of an eukaryotic NiFe-hydrogenase by homol-
ogous thioredoxin in vitro.

2. Materials and methods

All chemicals and reagents were of the highest purity available.
Antiserum raised against spinach chloroplast ferredoxin-thioredoxin
reductase [18] was a generous gift of Professor P. Schu«rmann, Uni-
versity of Neuchatel, Switzerland. Protein was quanti¢ed by the meth-
od of Bradford [19], using bovine serum albumin as a standard. Pro-
tein molecular masses and purity were determined by 15% SDS-
PAGE [20]. Proteins were visualized by Coomassie R-250 staining
[21].

The thioredoxins of S. obliquus were partially puri¢ed and resolved
into chloroplastic (f) and cytosolic (I, II) fractions by heat denatura-
tion and gel ¢ltration as described [5,6]. They were highly active in the
standard fructose-bisphosphatase and NADP-malate dehydrogenase
activation assays. Thioredoxin from Escherichia coli was puri¢ed
from an overproducing strain by the published procedure [22].

All steps to partially purify the NiFe-hydrogenase of S. obliquus
were carried out in an anaerobic chamber (Coylab, Grass Lake, MI,
USA) under N2 containing 10% H2. A cell-free homogenate of anae-
robically adapted cells was prepared as described [14], adjusted to an
ammonium sulfate concentration of 30% (w/v) saturation, and centri-
fuged for 10 min at 48 000Ug and 4³C. The pellet was discarded and
the supernatant adjusted to 50% (w/v) saturation in ammonium sul-
fate. After centrifugation the supernatant was discarded and the pellet
resuspended in a basal bu¡er (50 mM Tris-HCl, pH 7.5) and desalted
using Econo-Pac 10 DG desalting columns with 10 ml bed volume
and a Bio-Gel P-6 matrix (Bio-Rad Laboratories, Hercules, CA,
USA). Equilibration and elution were carried out with basal bu¡er.
The desalted fractions were pooled and further puri¢ed by anion
exchange chromatography. For all chromatographic steps 15% (v/v)
glycerol was added to the basal bu¡er. The Q-Sepharose fast £ow
matrix (Sigma, Deisenhofen, Germany) was equilibrated with basal
bu¡er; column dimensions were 11U3.5 cm and £ow rate 3 ml/min.
After application of the sample the matrix was washed with basal
bu¡er and then with basal bu¡er containing 200 mM NaCl. Elution
of the hydrogenase was performed by applying 4 column volumes of a
linear NaCl gradient (200^500 mM) in basal bu¡er. The active frac-
tions were collected and applied to a gel ¢ltration column of Sepha-
cryl S-200 (Pharmacia, Freiburg, Germany; dimensions: 66U2.6 cm)
that had been previously equilibrated with basal bu¡er containing 100
mM NaCl. Elution was performed with the same bu¡er at a £ow rate
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of 1 ml/min. The active hydrogenase fractions were used for the ex-
periments.

Hydrogenase activity was assayed spectroscopically as H2 uptake
rate in gas-tight 1 ml cuvettes under anaerobic conditions. For testing
the in£uence of thiols on hydrogenase activity 1 U/ml hydrogenase
was incubated with changing concentrations of thiols for 10 min.
Thioredoxin was reduced by addition of 1 mM dithiothreitol. The
H2 uptake reaction was started by adding 10 mM oxidized methyl-
viologen. All chemicals were dissolved in basal bu¡er supplemented
with 15% (v/v) glycerol and equilibrated with 10% H2 in N2. Rates of
H2 oxidation were measured by following the reduction of methyl-
viologen at 578 nm (O578 = 9700 cm2/mmol).

3. Results and discussion

Bacterial NiFe-hydrogenases possess a large number of cys-
teine residues not all of which appear to be engaged in the
formation of FeS clusters and the nickel- and iron-containing
active site [23,24]. The enzymes are thus likely candidates for
dithiol/disul¢de redox changes and activity modulation. The
idea of thioredoxin as regulator for bacterial hydrogenases
was ¢rst suggested by Spiller et al. [25]. Fernandez et al.
[26] observed no e¡ect of thioredoxin m from spinach and
thioredoxin from E. coli on the periplasmic NiFe-hydrogenase
from Desulfovibrio gigas. However, Papen et al. [16] reported
an activation of the uptake (but not of the reversible) NiFe-
hydrogenase from the cyanobacterium Anabaena PCC 7119
with homologous thioredoxin m. To resolve the dependence
of hydrogenase activity in S. obliquus on thiols, the algal en-
zyme was preincubated with varying amounts of thiols for 10
min and H2 uptake activity was then tested photometrically
by starting the reaction with methylviologen as electron ac-
ceptor. We have assayed the algal hydrogenase in the presence
of dithiothreitol, glutathione, and of the most likely physio-
logical reductant thioredoxin. Both the common model pro-
tein, thioredoxin from E. coli, and homologous thioredoxins
isolated from S. obliquus were used.

A clear indication for redox modulation of S. obliquus
NiFe-hydrogenase was obtained with reduced E. coli thiore-
doxin which e¡ectively inhibits hydrogenase activity (Fig. 1).

50% inhibition (I50) was achieved in the presence of about 83
nM (1 Wg/ml) thioredoxin. Likewise chloroplastic thioredoxin
f and cytoplasmic thioredoxin I+II from S. obliquus exhibit
strong inhibitory e¡ects (Fig. 2). I50 values were estimated to
be 21 nM (0.6 Wg/ml) and 667 nM (8 Wg/ml), respectively.
Reduced glutathione also inhibits algal hydrogenase activity
albeit at more than 104-fold concentrations (Fig. 3) whereas
dithiothreitol does not at all a¡ect the enzyme in vitro. No
inhibition was observed with bovine serum albumin instead of
thioredoxin. Surprisingly, some inhibition of hydrogenase ac-
tivity was also observed in control experiments carried out in
the presence of oxidized thioredoxin and glutathione (cf. Fig.
3). We suppose that these oxidized species are slowly reduced,
enzymatically or non-enzymatically, under the reducing in vi-
tro assay conditions. By Western blot investigations with anti-
serum raised against spinach chloroplast ferredoxin-thiore-
doxin reductase [18] we tested all thioredoxin and
hydrogenase preparations. However, no cross-reaction was
observed in any case, making the interference from ferredox-
in-thioredoxin reductase unlikely.

These results show the existence of a thioredoxin-accessible
site at the hydrogenase protein. Although neither the sequence
nor the structure of the chloroplast hydrogenase from S. ob-
liquus is as yet known, we suppose it to be homologous to the
bacterial enzymes since these hydrogenases are highly con-
served [23]. As a model we checked the two known three-
dimensional structures of bacterial NiFe-hydrogenases from
Desulfovibrio gigas [24] and D. fructosovorans [27] for poten-
tial thioredoxin targets by computer analysis using Swiss-Pdb
Viewer [28]. Since there are no consensus sequences in thio-
redoxin-regulated enzymes [2], only the crystal structure can
show up surface-exposed cysteines. The active site-containing
large subunit from D. fructosovorans indeed contains two sur-
face-exposed cysteine residues (Cys-259 and Cys-436) [27,29]
which are not involved in the coordination of any FeS cluster
and thus are good candidates for an interaction with thiore-
doxin. Their sulfur atoms are at a distance of 2.56 Aî from
each other. For comparison, the two redox-active sulfurs in E.
coli thioredoxin have a distance of 2.01 Aî and 3.82 Aî in the

Fig. 1. Activity of the NiFe-hydrogenase from S. obliquus with vari-
ous concentrations of E. coli thioredoxin in vitro. The hydrogenase
was preincubated with 1 mM dithiothreitol and thioredoxin for 10
min. H2 oxidation was started by addition of 10 mM oxidized
methylviologen as an arti¢cial electron acceptor. 100% activity cor-
responds to the oxidation of 10 Wmol H2/minUml.

Fig. 2. Activity of the NiFe-hydrogenase from S. obliquus under
various concentrations of homologous chloroplastic thioredoxin f
(b) and cytosolic thioredoxin I+II (R) in vitro. Parameters as in
Fig. 1.
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oxidized and reduced state, respectively [30]. In contrast, no
nearby surface-exposed cysteines exist in the NiFe-hydroge-
nase from D. gigas [24], in accord with the fact that no thio-
redoxin-mediated activity modulation was observed for this
enzyme [26].

Our results clearly show redox regulation of the NiFe-hy-
drogenase from S. obliquus by thiols. The e¡ect is highly spe-
ci¢c for the reduced homologous chloroplast thioredoxin f of
the alga (Fig. 2) but can be mimicked by other thioredoxins in
vitro. The lack of a dithiothreitol e¡ect and poor e¤ciency of
reduced glutathione indicate that the hydrogenase has to en-
gage in distinct protein-protein interactions with thioredoxin
for activity modulation, as has been observed for many thio-
redoxin-regulated chloroplast enzymes [2,31]. Such speci¢c in-
teractions also explain the di¡erences in the concentration
saturation curves observed between heterologous (Fig. 1)
and homologous (Fig. 2) protein combinations or glutathione,
respectively (Fig. 3).

The speci¢c, negative hydrogenase modulation by thiore-
doxin observed in vitro provides a physiological mode of reg-
ulating H2 and CO2 metabolism in the algae [32,33]. Since the
hydrogenase drains electrons from photosystem I via ferre-
doxin (to be published elsewhere) and thus competes for elec-
trons with the Calvin cycle, an inhibition of hydrogenase ac-
tivity parallel to the activation of Calvin cycle enzymes by
thioredoxin during oxygenic photosynthesis can indeed be ex-
pected. Next to inhibition of plastid and cyanobacterial glu-
cose-6-phosphate dehydrogenase by reduced thioredoxins [3]
this is only the second case of negative thioredoxin control. It
will also be interesting to evaluate the interaction of other
microbial hydrogenases, especially the enzyme from D. fruc-
tosovorans, with their homologous cellular thioredoxins.
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Fig. 3. Di¡erent e¡ect of oxidized (F) and reduced (R) glutathione
and dithiothreitol (b) on hydrogenase activity in S. obliquus in vitro.
Other parameters as in Fig. 1.
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