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Under anaerobic conditions, several species of green algae
perform a light-dependent hydrogen production catalyzed by a
special group of [FeFe] hydrogenases termed HydA. Although
highly interesting for biotechnological applications, the direct
connection between photosynthetic electron transport and
hydrogenase activity is still a matter of speculation. By establish-
ing an in vitro reconstitution system, we demonstrate that the
photosynthetic ferredoxin (PetF) is essential for efficient elec-
tron transfer between photosystem I and HydA1. To investigate
the electrostatic interaction process and electron transfer
between PetF and HydA1, we performed site-directed mutagen-
esis. Kinetic analyses with several site-directed mutagenesis
variants of HydA1 and PetF enabled us to localize the respective
contact sites. These experiments in combination with in silico
docking analyses indicate that electrostatic interactions
between the conserved HydA1 residue Lys**® and the C termi-
nus of PetF as well as between the PetF residue Glu'?? and the
N-terminal amino group of HydA1 play a major role in complex
formation and electron transfer. Mapping of relevant HydA1
and PetF residues constitutes an important basis for manipulat-
ing the physiological photosynthetic electron flow in favor of
light-driven H, production.

Among all photosynthetic organisms, only green algae can
couple light-driven electron transport originating from water
splitting with hydrogen production (1). Hydrogen evolution in
the unicellular green alga Chlamydomonas reinhardtii is natu-
rally induced upon nutrient deprivation (2). Especially in the
absence of sulfur, the photosynthetic oxygen evolution rate
drops below the respiratory rate leading to intracellular anaero-
biosis. Under anaerobic conditions, the oxygen-sensitive (2, 3)
[FeFe] hydrogenase HydA is synthesized and catalyzes light-de-
pendent H, production, thereby dissipating excess redox equiv-
alents under conditions in which the Calvin cycle is down-reg-
ulated (4).

The extraordinarily small monomeric [FeFe] hydrogenases
of green algae only consist of the catalytic core unit containing
the active site (H-cluster), whereas other [FeFe] hydrogenases
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possess an additional N-terminal F-domain harboring one to
four accessory iron-sulfur clusters (5, 6). Because Chlorophyta-
type [FeFe] hydrogenases lack any accessory clusters (7, 8), a
direct electron transfer between the native electron donor and
the H-cluster has been assumed (9, 10). In C. reinhardtii,
HydA1l has been shown to be localized in the chloroplast
stroma (11), and first kinetic examinations with purified pro-
teins demonstrated that the plastidic ferredoxin PetF can inter-
act with HydA1. These results and the fact that H, production
in C. reinhardtii is photosystem I (PSI)*>-dependent (4) led to
the hypothesis that PetF is the native electron donor of the
plastidic hydrogenase (12). Derived from in silico analyses, two
possible PetF-HydA2 electron transfer complex models were
recently suggested (13). However, in contrast to the well stud-
ied interaction of PetF with other redox partners like ferredox-
in-NADPH oxidoreductase (14, 15), the mechanism of the elec-
tron transfer process between PetF and the algal hydrogenase is
still an open question (9, 10, 16). Recently, we reported the
establishment of an efficient system for the heterologous syn-
thesis of [FeFe] hydrogenases, including HydA1l of C. rein-
hardtii (17). Using this system, we generated several variants of
HydA1 and PetF that were specifically designed on the basis of
predicted electrostatic surface distribution and preceding in
silico docking analyses. The characterization of the kinetics of
electron transfer processes between these protein variants of
HydA1l and PetF allowed us to specify the residues that are
essential for a proper interaction of the two proteins. To exam-
ine the in vivo relevance of these results, we established an in
vitro system by reconstituting a part of the photosynthetic elec-
tron transport chain consisting of plastocyanin, PSI, PetF, and
[FeFe] hydrogenase. This assay verifies the model of PSI-de-
pendent H, production, and it also allows mechanistic insights
into complex formation and electron transfer between HydA1
and PetF. The experimental data demonstrate that especially
Lys**° of HydA1, which is particularly conserved among green
algal hydrogenases, is crucial for a successful binding and elec-
tron transfer between PetF and HydAl.

EXPERIMENTAL PROCEDURES

Generation of Variants of HydA1 and PetF by Site-directed
Mutagenesis—Site-directed mutagenesis (SDM) of hydA1 was
performed with the host-adapted cDNA that already has been

2The abbreviations used are: PSI, photosystem I; SDM, site-directed mu-
tagenesis; Tricine, N-tris(hydroxymethyl)methylglycine; MV, methyl violo-
gen; HPI, helix of PetF interaction.
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demonstrated to allow efficient heterologous expression in the
Clostridium acetobutylicum host strain ATCC 824 (17). SDM
variants of cloned cDNA sequences from sydA I and petFI were
created in a two-step procedure using mismatch primers
according to the fusion PCR technique (18). For mutagenesis of
C. reinhardtii petF, the cDNA was amplified excluding the
sequence encoding the first 33 N-terminal amino acids com-
prising the transit peptide region (see supplemental material
for further details).

Determination of H, Production Activity—Measurements of
in vitro hydrogenase activity were performed as described pre-
viously (17). For determining the kinetic parameters, V, .. and
K, values via Lineweaver-Burk plots of the H, production rate
using PetF SDM variants as substrate, PetF concentrations up
to 80 uMm were used. For measuring light-driven H, production
via the in vitro reconstitution system, wild type and mutant
forms of HydA1 (1-100 nm) were combined with C. reinhardtii
wild type PetF (40 um) as well as plastocyanin (60 um) and PSI
(20 or 40 ug of chlorophyll a per ml), which were isolated as
described previously (19). The 200-pul reaction mix contained 1
mM sodium ascorbate, 100 um dichloroindophenol, 0.03%
dodecyl maltoside, and 10 mm MgCl, in 20 mm Tricine-KOH
buffer (pH 7.4). The assays were prepared under anoxic condi-
tions in 2-ml Eppendorf tubes that were then sealed with Suba-
Seal rubber stoppers. After sparging the reaction mixture with
argon for 3.5 min, the tubes were light-exposed (1200 umol
photons m~?s™') for 30 min under constant shaking at room
temperature. H, production was determined by analyzing
400 pl of the gas phase via gas chromatography (GC-2010,
Shimadzu).

Homology Modeling and in Silico Docking Analyses—For
structure modeling of HydA1 and PetF, the automated protein-
modeling server Swiss-Model was used. The coordinates for the
structure models are available as supplemental material. Calcu-
lations of the electrostatic surface potentials were done using
Swiss-PdbViewer 3.7. In silico docking was carried out with the
BiGGER module of the structure analysis software Chemera
(20). Distances between FeS-clusters as well as potential salt
bridge interactions were determined using WebLab-Viewer
3.2

RESULTS

Electron Transfer Complex Formation between PetF and
HydA1l Depends on Electrostatics—As already known from
interactions with other electron transfer partners (21-23), PetF
tends to form complexes on the basis of electrostatic charge
attraction. Protein interactions depending on intermolecular
electrostatic contacts are weakened at increasing ionic strength
as demonstrated between ferredoxin and ferredoxin-NADPH
oxidoreductase (24). Using methyl viologen (MV) as an artifi-
cial electron donor, the specific activity of HydAl remained
unaffected by increasing the ionic strength up to 600 mm NaCl,
demonstrating that the redox reaction with MV is independent
from intermolecular charge attraction. The same experiment
using PetF as the electron donor for HydA1l demonstrated a
decreasing specific hydrogenase activity under elevated salt
concentrations, finally reaching a residual activity of only 33%
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(supplemental Fig. S1). Thus, electrostatic interactions seem to
be crucial for the interaction between PetF and HydA1l.

Michaelis-Menten Kinetics of HydA 1 SDM Variants with MV
and PetF—For analyzing protein-protein interaction between
heterologously produced PetF and hydrogenase HydAl (25,
26), we performed site-directed mutagenesis on both proteins
and tested the respective exchange effects in kinetic assays.
Because electrostatic contacts seemed to play a major role in
complex generation, the surface charge distribution on HydA1
was calculated. The model revealed a distinct area of positive
net charge caused by several basic amino acid residues that
originate from the edge of a structural invagination that directly
leads to the hydrophobic niche harboring the H-cluster (Fig.
1A). From this region, eight basic amino acids were chosen for
site-directed mutagenesis on HydAl.

Among these, three arginine residues (Arg>*°, Arg®*?, and
Arg®”®) originate from a polypeptide insertion (including 45
amino acids in the case of C. reinhardtii HydA1) restricted to
[FeFe] hydrogenases of green algae (Fig. 1, A and B) (8 -10, 16).
So far, the function of this alga-specific peptide insertion is
unknown and has been speculated to be involved in PetF inter-
action (16). From the main area of positive net charge, which
encircles the putative docking site (see red circle in Fig. 1A),
another five residues (Lys'”?, Lys®®?, Lys>¢, Lys®*”, and Lys**?)
were chosen for single or double exchanges. Amino acid align-
ments of different green algal hydrogenases as well as prokary-
otic sequences demonstrated that most of the chosen residues
are especially conserved among green algal hydrogenases (see
Fig. 1B). According to the structure model of HydA1, residues
Arg”® and Asp'?® have an inter-residue distance of ~2.9 A and
presumably form a structure-stabilizing intramolecular salt
bridge, which is also conserved in the crystal structure of Cpl
from C. pasteurianum (Arg*>*—Asp®®”’). The exchange variant
R96Q was generated to serve as a control for detecting struc-
ture-destabilizing side effects that might result from the per-
formed amino acid exchanges.

Michaelis-Menten kinetic measurements were done with the
artificial donor MV and reduced wild type PetF. Three enzyme
variants (R96Q, R349Q, and R379Q) showed a diminished
maximal activity (V,,,,,) with MV. Atleast for R96Q and R379Q,
a similarly decreased activity can be measured in assays with
PetF. The exchange R353Q had no significant influence on
enzyme activity (Table 1). Thus, a direct participation of the
green alga-specific peptide insertion in the electrostatic inter-
action between HydA1l and PetF seems questionable. The in
vitro activity of R96Q was also significantly affected under an
elevated ambient temperature. Although at 67 °C the wild type
protein still exhibited 61% of the activity measured at the opti-
mum temperature of 37 °C, the mutant protein showed a resid-
ual activity of only 27% under the same conditions. A similar
effect could be observed analyzing the HydA1 variant R379Q,
which had a residual activity of 26% at 67 °C (supplemental Fig.
S2). It is therefore conceivable that at least Arg®”® is involved in
the structural integration of the alga-specific peptide loop
rather than specifically forming transient salt bridges with PetF
during the electron transfer process.

The remaining seven mutant proteins (K179Q, K262Q,
R353Q, K396Q, K397E, K396Q/K397Q, and K433Q) exhibited
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FIGURE 1. Localization of exchange positions in structure models of HydA1 and PetF. Structures of HydA1 and PetF from C. reinhardtii (solid ribbon style;
FeS-clusters in CPK style) were modeled using the crystal structures of Cpl from C. pasteurianum (6) and PetF from Chlorella fusca (40) as archetypes. A, left side,
detailed view on the assumed PetF-docking site, resolving the positively charged surface area of HydA1 with basic amino acid residues protruding from the
brim of a surface recess leading to the [4Fe4S] subcluster of the active center. The depicted dark blue and yellow residues have been chosen for site-directed
mutagenesis. The right side sketches the putative interaction surface on PetF. Residues that have been exchanged in this study are presented as red (acidic) or
brown (aromatic) stick models. B, multiple sequence alignment of two parts of [FeFe] hydrogenase domains. A light blue background indicates a high level of
sequence conservation. A pink background marks the large green alga-specific insertion. Cluster integrating cysteines are presented with a yellow background.
Hydrophobic residues enclosing the H-cluster are indicated by an orange background. A black frame marks the sequence of the HPI. CR, C. reinhardtii (13, 16); SO,
Scenedesmus obliquus (9); CF, C. fusca (10); CS, Chlorococcum submarinum (8); CM, Chlamydomonas moewusii (8); DDH, Desulfovibrio desulfuricans (41); CA, C.
acetobutylicum (17).

TABLE 1

In vitro H, production activity with wild type and SDM variants of
HydA1 and PetF

Each value represents the mean of at least three independent assays. Underlined
values indicate a significantly negative influence on HydA1l activity. V., and H,
production (H,-prod.) is given as umol of H, mg ™" min~'. The K, values refer to
micromoles of ferredoxin. WT, wild type.

HydA1l

activity of 68%, the replacement of this residue by an oppositely
charged amino acid (K397E) resulted in a HydA1 variant that
exhibited only 6% of the wild type activity while showing nor-
mal activity in MV assays. Even more drastic effects were
noticed when Lys*”® was changed. The mutant protein K396Q
and the double variant K396Q/K397Q exhibited only 18 and

H, prod. PetF

variant Vimaxs MV) (40 pni PetF) variant " mex K., 8%, respectively, of the wild type activity and therefore had the
WT 730 + 54 278 +19  WT 435+21 21+2 lowest PetF-specific activities among all charge compensating
R96Q 277+22 14715  D56N 24310 39 *2.0 alterations (Table 1 and Fig. 2).
R349 476 +31  245+7 E59Q 345+26 27 +3.1 . L . )
R3538 667 + 25 244+ 12 E608 571 +38 36+ 62 Hydrogen Production Activity of HydA1 with Wild Type PetF
R379Q 370+17  205*10 D64N 352%31 45%71 and Mutant Proteins—Photosynthetic ferredoxins share a high
K179Q 588 +26  182*5 DION 463 *22 50 *22 d h 1 b b ial PetE .
K262Q 667 + 38 214 + 10 F93L 138 +39 86+ 12 egree of homology, even between cyanobacterial Petk proteins
K433Q 712+12  165+15  S92A 435+41 30*29 and those of higher plants such as spinach or maize (27). Inter-
K396Q 714 + 22 51+17  D95N 406 *35 53 *11 i bet PetF and . d . 11
K397F 770 + 34 17+15  E122Q 115+29 519 + 87 actions between PetF and various redox partners usually
K396Q/K397Q 715 * 25 23+9  E123Q 50028 41*33 involve three polypeptide motifs (28) that correspond to

Asp®®—Asp®, Asp”°—~Asp”®, and Glu'**~Glu'*® in PetF of C.

kinetic profiles similar to that of the wild type protein. How-
ever, HydA1 variants K262Q and K179Q only reached 75 and
63%, respectively, of the wild type activity when assayed with
PetF. The specific activity of K433Q in PetF assays was even
more diminished to about 59% of the wild type level (Table 1
and Fig. 2). Strong effects on the specific activity of HydA1l
using PetF as electron donor were observed in variants having
exchanges of the adjacent residues Lys®*® and Lys**”. Although
neutralizing Lys®**” (K397Q) still allowed a residual enzyme
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reinhardtii. These three motifs contain highly conserved acidic
residues that direct the first stages of complex generation dom-
inated by electrostatic attraction and intermolecular salt bridge
formation (22, 29, 30). Out of all three motifs, eight acidic res-
idues were chosen for site-directed mutagenesis (Fig. 1B) of C.
reinhardtii PetF. Furthermore, the aromatic residue Phe®® was
changed to leucine to examine the possibility of its contribution
to complex stabilization via hydrophobic interactions with
PetF.
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FIGURE 2. PetF-dependent in vitro hydrogen production activity of HydA1 wild type and mutant pro-
teins. In vitro tests were performed with 50-100 ng of HydA1 wild type (WT) or mutant protein as described
earlier (17). Each value represents the mean of at least three independent assays.
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FIGURE 3. Lineweaver-Burk plot of the HydA1 in vitro hydrogen produc-
tion activity under increasing concentrations of PetF wild type or PetF
mutant proteins. A, in vitro tests were anaerobically prepared as described in
Fig. 2. B, larger scale to depict the strongly deviating graphs of E122Q and
FI93L. Each value represents the mean of at least three independent assays.
For the sake of clarity, error bars are not presented in this figure. WT, wild type.

Although in vitro Hyd A1 activity was not negatively affected
when the PetF mutant proteins E60Q, S92A, and E123Q served
as electron donors, other changes in the PetF protein led to
decreased in vitro H, evolution rates (Table 1 and Fig. 3). The
exchanges DOON, D64N, and D95N resulted in higher K, val-
ues. Although the reaction of HydA1 with wild type PetF exhib-
ited a K,, of 21 uM™, values were 2.5-fold (D90ON), 3.3-fold
(D64N), or 4.1-fold (D95N) increased in the reactions with
these mutated forms of PetF. On the other hand, the exchanges
E59Q and D56N affected V... Although E59Q was only
slightly influenced (84% residual activity), the in vitro H, pro-
duction rate of HydAl reached only half of the maximum
obtained in combination with wild type PetF when the D56N
variant was used as electron donor (Table 1 and Fig. 34).

The strongest effects on the kinetics of H, production were
observed when analyzing PetF variants E122Q and F93L. These
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.--E o WT Viax and K. The V. of H, pro-
duction via HydA1l with either of
* K262Q these two ferredoxin variants as
§ = K179Q electron donors reached only 33% of
”/ < K433Q the maximum rate obtained with
#* K396Q wild type PetF, and the substrate
K396Q: affinity was reduced to values of 25%
- K397Q’ (F93L) and 3% (E122Q), respectively

(Table 1 and Fig. 3B).
= K397E In Vitro Reconstitution of the
Light-driven HydA-dependent Hy-
% drogen Production—Light-dependent
¥ H, production by C. reinhardtii
| . cells has been attributed to electron
40 45 transfer from PSI via PetF to the

hydrogenase (9, 10, 16). Although a
direct interaction of PetF and
HydA1 has proven to be possible in
vitro (see above), the coupling of
HydA1 to the photosynthetic elec-
tron transport chain via PetF has not yet been analyzed on the
biochemical level (11, 12, 31).

In this study, we reconstituted a part of the photosynthetic
electron transfer chain to simulate the in vivo situation. Purified
C. reinhardtii plastocyanin, PSI, PetF, and HydA1l were com-
bined in a reaction mixture, supplied with sodium ascorbate
and dichloroindophenol, and illuminated to allow light-de-
pendent electron transport from ascorbate via plastocyanin and
PSI to PetF. H, evolution could only be achieved when both
HydA1 and PetF were included in the assays (Fig. 4). Further-
more, incubating the complete reaction mixture, including PSI
in the dark, resulted only in alow H, production rate. However,
when the complete reaction mixture was illuminated, H, evo-
lution rates of 8.2 pwmol of H, per mg of HydA ™' min~" were
obtained in the presence of PSI amounts equivalent to 20 ug of
chlorophyll @ per ml.

Doubling the amount of PSI to an equivalent of 40 ug of
chlorophyll @ per ml resulted in a further increase of the H,
production rate to 11.2 pmol of H, mg of HydA1 ™' min~". On
the other hand, an increase of the amount of hydrogenase
enzyme did not enable higher H, production (supplemental
Fig. S3).

Using several mutated hydrogenase variants for analyzing
light-driven PSI-dependent H, production, the observed rates
were comparable with those observed in in vitro assays contain-
ing PetF reduced by sodium dithionite (Fig. 2). The light-de-
pendent H, production rates obtained with these HydA1 vari-
ants reached 43% (K433Q), 21% (K396Q), and 10% (K396Q/
K397Q), respectively, of the wild type activity (Fig. 4), which
corresponds to the respective residual activities measured with
artificially reduced PetF.

In silico docking between both protein models was accom-
plished using the structure analysis software Chemera 3.0 in the
soft docking mode with HydA1 as target and PetF as probe
model. Out of 5000 preselected docking orientations, one com-
plex solution was selected, using the electrostatic complemen-
tarity, the cluster to cluster distance, and the results of the site-
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FIGURE 4. Light-dependent hydrogen production activity of HydA1 wild
type and mutant proteins. The samples were prepared as described above.
X1 and X2 indicate inactive control samples that lack either HydA1 or PetF.
After incubating the reaction mixtures for 30 min in the light (1200 wmol
photons X m ™25~ ") or,as acontrol, in the dark (shaded), the H, content of the
gas phase was determined by gas chromatography. Chla, chlorophyll a; WT,
wild type.

directed mutagenesis experiments as filtering parameters (Fig.
6) (for further details see supplemental material).

DISCUSSION

The objective of this work was to characterize the interaction
of photosynthetic electron transport and hydrogen production,
which is uniquely found in several green algal species (7-10,
16). Earlier physiological studies have demonstrated that a sig-
nificant H, production in green algae is dependent on photo-
system I activity (31). It was further shown that the C. rein-
hardtii [FeFe] hydrogenase HydA1l can accept electrons from
artificially reduced ferredoxin PetF in vitro (12). However, so far
neither the molecular mechanism of the HydA1-PetF interac-
tion nor the electron transport chain from reduced PSI to
HydA1 has been analyzed.

Reconstitution of Light-driven Hydrogen Production—In this
study, the in vivo situation was successfully reconstituted by
combining isolated elements of the photosynthetic electron
transport chain beginning with artificially reduced plastocya-
nin. The light-dependent assay confirmed that PetF works as an
efficient electron donor for HydA1 and demonstrated that the
interaction between both proteins could indeed constitute a
functional interface between photosynthetic electron transport
and hydrogen production in living C. reinhardtii cells. A direct
electron transfer between HydA1 and plastocyanin or PSI can
be excluded. Interestingly, increasing the concentration of
HydA1 above 10 nM had no influence on H, production in this
system, demonstrating that the amount of HydA1 is not the
rate-limiting factor. However, H, production could be
enhanced by increasing the PSI concentration, indicating that
the electron supply rather than HydA1 catalytic activity is the
rate-limiting factor of in vivo H, production in C. reinhardtii.

HydA1 Residues That Are Important for the Reaction with
PetF—The mechanism of the HydA1-PetF interaction was fur-
ther analyzed on the molecular level performing site-directed
mutagenesis. Alterations of conserved lysine residues to non-
charged amino acids led to a specific decrease of PetF-depen-
dent hydrogenase activity, although the MV-dependent H, pro-
duction rate was left unaffected. These residues therefore seem

36624 JOURNAL OF BIOLOGICAL CHEMISTRY

to be specifically important for the electron transfer between
HydA1 and PetF. Because their exchange exhibited only a mod-
erate decrease in PetF-dependent activity, it can be assumed
that Lys®®?, Lys'”®, Lys®®?, and Lys**® at least take part in the
guidance of the two electron transfer partners into a final stable
intermolecular electron transfer complex. The low residual
activity of only 18% resulting from exchanging Lys**® of HydA1
by glutamine indicates a strong influence of this lysine residue
on forming and stabilizing the electron transfer complex
between PetF and HydAl.

As most of the examined lysine residues are specifically con-
served among hydrogenases of green algae (Fig. 1B), it seems as
if these positions have not gained their importance until the
differentiation of the chlorophyta type [FeFe] hydrogenases
(8-10, 16), which can be distinguished from other [FeFe]
hydrogenases by lacking any accessory FeS clusters (7, 8).
Therefore, a close interaction between HydA1 and PetF is nec-
essary to allow electron transfer between the active site redox
clusters.

Residues of PetF Important for Binding and Electron Transfer
to HydA1—The docking complex between HydAl and PetF
was further examined by analyzing mutant variants of PetF.
Although exchanging the amino acids PetF-Glu®® and PetF-
Glu'?? had no significant influence on PetF-dependent HydA1
activity, charge neutralization of positions Asp®, Asp®*, and
Asp®® resulted in a decreased affinity of HydAl for these PetF
variants, indicating their importance for intermolecular attrac-
tion and orientation in the first stages of complex formation.
On the other hand, the exchange of Asp®® to asparagine mainly
influenced the V., value. Obviously, Asp°® has a more impor-
tant role in stabilizing the final complex orientation.

Residues Glu'>? and Phe®® constitute a third group, because
neutralizing exchanges of these resulted in strong effects on
both the V., and the K, values of PetF-dependent hydroge-
nase activity. Because the in vitro assays were conducted using
sodium dithionite in excess to completely reduce the respective
PetF variants (32), a dominating influence of a possible change
in the PetF redox potential is unlikely (33). Exchanging the res-
idues Glu®* and Phe® in PetF of Anabaena (corresponding to
Glu'?? and Phe®® in PetF of C. reinhardtii) had a similar impact
on electron transfer between PetF and ferredoxin-NADPH oxi-
doreductase as described here for the PetF-HydAl complex
(33, 34). Accordingly, in the crystal structure of the PetF-ferre-
doxin-NADPH oxidoreductase complex from Anabaena, resi-
due Glu®* has been located as part of an important intermolec-
ular salt bridge, whereas Phe® turned out to be involved in
hydrophobic interactions that stabilize the final complex orien-
tation (14).

Although a comparison might be difficult as two different
isoenzymes are examined, the suggested patterns of electro-
static interactions derived from the published in silico models
of the PetF-HydA2 complex do not match the experimental
results for the PetF-HydA1 interaction presented here (13). In
the favored PetF-HydA2 complex (solution 16) residues Glu'*>
and Asp®® of PetF would be of no importance, although Glu®,
which has been experimentally demonstrated to have no influ-
ence on complex formation with HydA1l in this study, was
assumed to participate in electrostatic interaction. In both
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models that were suggested to be the most likely ones (13),
position Lys*®” of HydA2 has no significant influence on PetF-
HydA2 complex stability, whereas residue Lys**® of HydAl,
which corresponds to Lys*®” of Hyd A2, was proven in this study
to be the most important residue for complex formation
between PetF and HydAl.

Modeling the Final and Productive Electron Transfer Com-
plex between HydAl and PetF—On the basis of the results
obtained by site-directed mutagenesis, a single complex model
was filtered out of 5000 pre-designed in silico docking com-
plexes. With about 670 A2, the contact interface of the complex
lies at the lower range of typical protein contacts (800 + 200 A?)
and thus corresponds to values of transient interactions (35)
characteristic for electron transfer complexes.

The salt bridge contacts include some of the residues exam-
ined in this study. Interestingly, for the respective participants
of pairings 2 and 3 (see Fig. 5A4), the experimentally determined
level of influence on the electron transfer between PetF and
HydA1 corresponds to each other. Three of the HydA1 residues
(marked with an asterisk in the legend of Fig. 5) originate from
a single a-helix (helix of PetF interaction, HPI), which has a
high sequence conservation level among green algal [FeFe]
hydrogenase enzymes (see Fig. 1B). Furthermore, according to
this model complex, Phe®® of PetF would be located close to the
hydrophobic N-terminal part of the HPI (from Gly*** to Gly*®3)
and thus might further stabilize the contact of the HPI with
PetF on the level of hydrophobic interactions.

As indicated by the electron transfer complex model, elec-
trostatic contacts of HydA1 residue Lys*® with the C terminus
of PetF (Tyr'?®) on the one hand and between Glu'?*? of PetF
and the N terminus of HydA1 (Ala®?) of the other hand could
play a central role in complex formation, which corresponds to
the experimental results obtained with the variants HydA1l-
K396Q and PetF-E122Q), respectively. The interaction of
Glu'?? with the amino group of the hydrophobic HydA1 N ter-
minus might even open up a “hydrophobic lid” covering the
passage to the H-cluster generated by the first five amino acids
of the processed HydA1 molecule (A;APAA;) (Fig. 5B).

Furthermore, the homologous positions of Glu'** and the
C-terminal tyrosine group (Tyr'*°) in PetF of Anabaena have
been described to take part in a hydrogen bond network origi-
nating from the loop that surrounds the 2Fe2S cluster (33, 36).
Comparative examinations on the crystal structures of reduced
and oxidized PetF indicate that this network stabilizes the
redox state of PetF by fixing the position of the peptide bond
between Ser”® and Cys”*, which has been demonstrated to per-
form a flipping movement upon the switch of the redox center
from the reduced to the oxidized state (36). Considering the
importance of the Ser”>~Cys’* bond in C. reinhardtii PetF, res-
idue Phe” could exert its effect by influencing this bond,
because it seems to be very close to the Ser”>~Cys”* pair. Addi-
tionally, the interaction of Phe®® and Tyr'*® might play an
important role for the stabilization of PetF, because it has been
discussed that the homologous residues fulfill this function in
Anabaena PetF (36). Therefore interactions of the C. rein-
hardtii PetF amino acids Glu'*?, Tyr'*°, and Phe®® with resi-
dues of HydA1 might even be involved in the change of the
redox state that initiates the electron transfer (Fig. 6).
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FIGURE 5. Model of the PetF-HydA1 electron transfer complex derived
from the SDM effect-based screening of possible in silico docking com-
plexes. A, zoomed view on the model complex interface with five possible
salt bridge contacts (green arrows) between conserved residues of PetF (light
red ribbon model) and HydA1 (blue ribbon model). 1, N-terminal amino group
of HydA1-Ala*’&PetF-Glu'?% 2, HydA1-Glu3?®*<C-terminal carboxyl group
of PetF-Tyr'?%; 3, HydA-Lys**3*&PetF-Asp%; 4, HydA1-Lys*?”*<PetF-Asp??; 5,
HydA1-Lys*®"*&PetF-Asp®®. Residues marked with * are localized within a
single a-helix that is especially conserved in green algal hydrogenases and
termed HPI in this study. B, integration of PetF into the putative binding side
on HydAT1 near the active center that is enclosed by hydrophobic residues.
Hydrophobic residues probably participating in complex stability are
depicted as orange stick models. N-T., N-terminal amino group of HydA1; C-T.,
C-terminal carboxyl group of PetF.

Besides PETF, the nuclear genome of C. reinhardtii contains
at least five additional genes encoding proteins with significant
homology to plant-type ferredoxins (FDX2-6) (37, 38). Com-
pared with PetF, Fdx2 exhibits the highest level of sequence
homology (65% identity), although for the other ferredoxins the
similarity lies between 47% (Fdx5) and 29% (Fdx6) sequence
identity. Indeed, several of the PetF residues that contribute to
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FIGURE 6. Working model for complex formation and electron transfer
between PetF and HydA1. Electrostatic contacts of HydA1 (white arrows)
with possible influence on the hydrogen bond network (green lines) that sta-
bilizes the redox state of PetF. The electron exchanging [FeS] cluster are pre-
sented as CPK model.

complex formation with HydA1 are conserved in Fdx2, Fdx3,
and Fdx5 (supplemental Fig. S4).

Recent examinations demonstrated the tendency of Fdx2
for NADPH oxidation via ferredoxin-NADPH oxidoreduc-
tase. Furthermore, reduced Fdx2 obviously has a substrate
specificity for nitrite reductase. This behavior suggests an
equivalent role of Fdx2 and root-type ferredoxin of higher
plants, which operates independently from the photosynthetic
electron transport (38).

Due to the fact that Glu'??, one of the most important resi-
dues for complex formation with HydAl, is substituted by a
serine, it further seems unlikely that Fdx3 would effectively
interact with HydAl. Even though the transcript of FDX5
strongly accumulates under anaerobic conditions, correspond-
ing to the expression pattern of HYDA I (16), recent experimen-
tal evidence suggests that Fdx5 is not able to efficiently donate
electrons to HydA1 (26).

In the end, it would be surprising if one of the other ferredox-
ins could replace PetF as an efficient electron mediator for
HydA1, as Phe®3, another important PetF position, is not con-
served in any of the other ferredoxins. Even the fact that the
C-terminal end of PetF is unique among the ferredoxins of C.
reinhardtii could potentially exclude the other ferredoxins as
interaction partners (compare Fig. 6 and supplemental Fig. S4).

The effects on PetF-dependent hydrogenase activity ob-
served in this study indicate that most of the residues that are
involved in PetF-ferredoxin-NADPH oxidoreductase interac-
tion (21, 30, 33) also participate in complex formation between
PetF and HydAl. Nevertheless, there are some significant
exceptions. Mutagenesis at positions Glu>® and Glu®® have only
minor or no effect on interaction with HydA1, although their
importance for the PetF- ferredoxin-NADPH oxidoreductase
complex was demonstrated for different plants such as spinach
and maize (21, 30). Under competitive conditions, PetF mainly
delivers electrons to the ferredoxin-NADPH oxidoreductase
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instead of sustaining H, production (39). Indeed, the availabil-
ity of electrons has been pointed out to be a critical aspect in
light-driven hydrogen production (see above). Mapping of
PetF residues relevant for the interaction with each PetF
redox partner will allow us to select positions for site-di-
rected mutagenesis to favor and direct photosynthetic elec-
tron flow to the hydrogenase and thus for enhancing light-
driven H, production.
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