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Photoproduction of hydrogen by sulfur-deprived C. reinhardtii
mutants with impaired Photosystem II photochemical activity
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Abstract Photoproduction of H, was examined in a
series of sulfur-deprived Chlamydomonas reinhardtii
D1-R323 mutants with progressively impaired PSII pho-
tochemical activity. In the R323H, R323D, and R323E D1
mutants, replacement of arginine affects photosystem II
(PSII) function, as demonstrated by progressive decreases
in Oj-evolving activity and loss of PSII photochemical
activity. Significant changes in PSII activity were found
when the arginine residue was replaced by negatively
charged amino acid residues (R323D and R323E). How-
ever, the R323H (positively charged or neutral, depending
on the ambient pH) mutant had minimal changes in PSII
activity. The R323H, R323D, and R323E mutants and the
pseudo-wild-type (pWt) with restored PSII function were
used to study the effects of sulfur deprivation on H,-pro-
duction activity. All of these mutants exhibited significant
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changes in the normal parameters associated with the
H,-photoproduction process, such as a shorter aerobic
phase, lower accumulation of starch, a prolonged anaerobic
phase observed before the onset of H,-production, a shorter
duration of H,-production, lower H, yields compared to the
pWt control, and slightly higher production of dark fer-
mentation products such as acetate and formate. The more
compromised the PSII photochemical activity, the more
dramatic was the effect of sulfur deprivation on the
H,-production process, which depends both on the pres-
ence of residual PSII activity and the amount of stored
starch.
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Abbreviations

Chl Chlorophyll

DCMU 3-(3,4-Dichlorophenyl)-1,1-
dimethylurea

F The fluorescence level at time ¢

(F-Fo)/F, Fluorescence yield at a particular
time

Fo Fluorescence emitted by a sample at
low-light levels prior to actinic-flash
excitation

F; The initial peak of a fluorescence
induction curve

Finax Maximum fluorescence yield following
actinic-flash excitation

Fi Maximum fluorescence level under the
ambient light induced by a saturating
light pulse
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F, The saturating level of a fluorescence
induction curve
F, The steady-state level of fluorescence

measured under ambient light prior to
a saturating light pulse

Measure of the photochemical
conversion efficiency (or
photochemical activity) of PSII

F, Variable fluorescence level (F,,—F;)

OEC 0O,-Evolving complex
PAM Pulse amplitude modulated
PAR Photosynthetically active radiation

PQ Plastoquinone

PSII Photosystem II

pWt Pseudo-wild-type

Qa The primary quinone acceptor of
PSII

Qs The secondary quinone acceptor of
PSII

TAP TRIS-acetate-phosphate medium

Yp Tyr-160 of the D2 polypeptide

Introduction

Sustained, light-dependent hydrogen production by Chla-
mydomonas reinhardtii can be achieved by incubating
algal cells under sulfur-deprived conditions. Sulfur depri-
vation causes a progressive and specific decrease in the
photosynthetic O,-evolving capacity of the cells, due to the
lack of photosystem II (PSII) repair function (Wykoff et al.
1998; Melis et al. 2000), and this leads to the establishment
of anaerobiosis in sealed photobioreactors (Ghirardi et al.
2000; Melis etal. 2000). The enzymes catalyzing
H,-photoproduction, reversible [FeFe]-hydrogenases, are
activated transcriptionally in the absence of O, (Happe and
Kaminski 2002; Forestier et al. 2003), but their activity is
promptly inactivated by O, (Ghirardi et al. 1997). The
establishment of anaerobiosis in the photobioreactor with
sulfur-deprived algae depends mostly on the uptake of
acetate, while maintenance of anaerobiosis during the
H,-photoproduction stage depends on the degradation of
endogenous substrates (Kosourov et al. 2007). Starch
(Tsygankov et al. 2002; Zhang et al. 2002) and protein
(Melis et al. 2000; Kosourov et al. 2002) stored during
oxygenic photosynthesis provide reductants for aerobic
respiration, which removes any residual photosynthetically
generated O,. The photochemical activity of PSII decreases
precipitously at the exact time that the culture becomes
anaerobic, but the beginning of volumetric H, production a
few hours later coincides with the partial recovery of PSII
photochemical activity (Antal et al. 2003). This observa-
tion indicates that at least some PSII activity is required to
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sustain the H,-photoproduction process. Inhibitor experi-
ments, demonstrating that the vast majority of the electrons
driving H, production at the beginning of the H,-produc-
tion period originates from water oxidation, confirmed this
supposition (Kosourov et al. 2003). Additional reductants
are provided by the initial oxidation steps of starch or
protein degradation in the chloroplast, which are re-direc-
ted to the plastoquinone pool and contribute to H,
photoproduction (Ghirardi et al. 2000; Tsygankov et al.
2002; Happe and Kaminski 2002; Zhang et al. 2002;
Kosourov et al. 2003; Antal et al. 2003). Thus, substrate
degradation plays a dual role in H,-photoproduction. First,
in the consumption of the O, evolved by residual PSII
activity, and second as a source of additional electrons to
the photosynthetic electron transport chain.

Hydrogen gas is only one of the products of anaerobic
substrate degradation in illuminated sulfur-deprived cul-
tures. Depending on the pH of the cultivation medium
(Kosourov et al. 2003) and the particular type of green algal
strain used (Happe et al. 2002), one detects different ratios of
excreted formate, acetate, and ethanol, which are the major
by-products of anaerobic degradation in C. reinhardtii
(Gfeller and Gibbs 1984; Kreutzberg 1984; Ohta at al. 1987).
The relative amounts of organic products compared to H,
gas must be dependent on the relative rates of starch degra-
dation compared to photosynthetic electron transport, since
only the latter can sustain H, production in the light.

The usefulness of sulfur deprivation in inducing H, pho-
toproduction is, primarily, as a method to partially (Melis
et al. 2000) and reversibly (Kosourov et al. 2005) inhibit
photosynthetic O, evolution. We reasoned that C. reinhardtii
mutants that were already partially impaired in PSII function
might become anaerobic and photoproduce H, gas more
rapidly upon sulfur deprivation. On the other hand, PSII
mutants are also expected to be affected in starch accumu-
lation, and the work of Posewitz et al. (2004) suggests that if
the capacity of the mutants to store starch were decreased,
this might compromise the length of the H,-production
phase. The analysis of the H,-production activities of a set of
mutants with progressively more impaired PSII activity and
starch-storage capacity should provide us with additional
information regarding the balance between these two func-
tions and H, production in sulfur-deprived C. reinhardtii.

There have been numerous publications showing the
effects of site-directed mutagenesis of positively charged
arginine residues on PSII activity. Residues D1-R257,
DI1-R269, D2-Arg-233 and D2-Arg-251 were shown to
stabilize bicarbonate/formate binding in PSII (Cao et al.
1991; Xiong et al. 1997, 1998). Also, the alteration of an
arginine residue (R305) in the CP43 PSII protein caused a
defect in its ability to utilize chloride in support of efficient
O, evolution in PSII (Young et al. 2002). Arginine R448 in
CP47 was suggested to participate in the chloride-binding
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domain of PSII and/or in the functional interaction with the
33kDa extrinsic protein of PSII (Bricker et al. 2001).
Recently, it was also shown that mutations of the basic
arginine residue R334 in the D1 protein (located close to
Mn-binding amino acids H332 and E333) leads to unusual
S2 state properties in Synechocystis sp. (Li and Burnap
2002). These data demonstrate the importance of arginine
residues in PSII water oxidation activity.

Besides R334, the D1 polypeptide also contains an
arginine residue at position 323, where it can potentially
participate in the coordination sphere of the Mn,/Ca
complex (probably through ionic interactions) and/or the
binding of substrate (hydroxyl ions) or cofactors associated
with the catalytic center (e.g., Cl'). There are several more
specific arguments indicating the potential significance of
this residue in the function of the OEC, including: (a) D1-
R323 is located near (16-18 A) the metal cluster (Loll
et al. 2005); (b) D1-R323 is conserved in the PSII reaction
centers of all examined O,-evolving organisms (Svensson
et al. 1991); and (c) there is similarity between the amino
acid sequences of the D1 and D2 polypeptides at their
C-terminal ends, including D1-R323 and D2-R327 (Semin
and Parak 1997), which, together with the Mn-binding
amino acids, D1-H332 and D1-E333, and the D2-H337/
D2-E338 motif, provide symmetry between COOH-ends of
the reaction center polypeptides.

As a consequence, we hypothesized that replacement of
the positively charged arginine in position D1-R323 by
either uncharged or negatively charged amino acids might
alter the structure of the OEC and inhibit O,-evolving
activity in C. reinhardtii cells. Therefore, we substituted
R323 with histidine (positively charged or neutral,
depending on its local environment), asparagine
(uncharged), aspartic acid and glutamic acid (negatively
charged), or leucine (contains no polar atoms on its side
chain). The result was that the photochemical activity was
increasingly affected in mutants WT < R323H <
R323N < R323D < R323E < R323L (details about the
intrinsic properties of the different mutants are provided in
the Appendix). We suggest that the observed phenotypes
are the result of increasingly impaired interactions between
the OEC and the reaction center photochemistry of PSII. It
is possible that the replacement of positively charged D1-
R323 affects local ion-binding domains that could lead to
the observed decreases in photochemical activity. Never-
theless, as seen below, loss of photochemical activity did
not translate into high rates of H, photoproduction fol-
lowing sulfur deprivation. On the contrary, decreased
photochemical activity resulted in lower starch accumula-
tion during the initial stages of sulfur deprivation. This in
turn translated into longer times until H, appeared, lower
rates of H, production, shorter durations of the H,-photo-
production stage, and, in some cases, higher accumulation

of alternative fermention products, such as acetate and
formate (which does not depend on photosynthetic electron
transport).

Materials and methods
Generation of site-directed mutants

Site-directed mutations were introduced into the
C. reinhardtii psbA gene using the method of Kunkel et al.
(1987). A modified pshA gene (coding for the D1 protein)
was generated in plasmid pBA155 (Minagawa and Crofts
1994) and introduced into the psbA deletion mutant strain,
CC-741, using a particle gun. The pseudo-wild-type (pWt)
control strain was created by re-introducing an unmodified,
wild-type psbA gene into the CC-741 mutant. Transformants
were selected on the basis of spectinomycin and strepto-
mycin resistance conferred by the aadA gene (Ruffle et al.
2001). All mutations were confirmed by DNA sequencing.

Culture growth and Chl determination

The D1 mutants, R323H, R323N, R323D, R323E, and
R323L, as well as pWt were grown at 25°C either photo-
mixotrophically in TAP medium at pH = 7.2 (Harris 1989)
or photoautotrophically in Basal Salts medium (Flynn et al.
2002). The growing cultures were continuously purged
with a mixture of air and 3% CO, and illuminated with
cool-white fluorescence light (60-70 pE m 2 s~ ', PAR).
Chlorophyll a + b content in the samples was assayed
spectrophotometrically in 95% ethanol extracts by the
method of Spreitzer (Harris 1989). The number of algal
cells per unit volume was counted by optical microscopy
using a hemocytometer-type counting chamber. The
R323N and R323L mutants will be described in the
Appendix, but for the sake of simplicity, they will not be
discussed in the text except in Fig. 1.

Measurements of PSII activity

The activity of PSII was recorded as the rate of O, evo-
lution (Table 1), measured with a Clark electrode (CB1-D,
Hansatech Instruments LTD, Kings Lynn, England) at
28°C. Cell samples (4 ml) were taken from growing cul-
tures at mid-logarithmic phase, placed in an O,-electrode
chamber, equilibrated with air, and then dark-adapted for 2
min. After addition of 80 pl of 0.5 M NaHCO; to a final
concentration of 10 mM, the samples were illuminated
with saturating light (~ 1000 pE m~ > s™' of heat-filtered
incandescent light) for 5 min. The observed rates of O,
evolution were corrected for the rates of dark respiration,
measured for 4 min at the end of the illumination period.
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Fig. 1 Chlorophyll accumulation in C. reinhardtii pWt (closed circles)
and the R323H (open circles), D1-R323N (closed squares), D1-R323D
(closed triangles), D1-R323E (open triangles), D1-R323L (closed
diamonds) mutants. The cultures were grown photomixotrophically on
TAP medium. Each growth curve represents the average of five
experiments, and the error bars represent + one standard deviation

The photochemical capacity of PSII was estimated from
flash-probe fluorescence yield measurements in the pres-
ence of DCMU with a home-built instrument (Ghirardi
et al. 1996). Samples, taken directly from the growth
vessel, were concentrated (total chlorophyll concentration,
40 pg/ml), incubated in the dark for 5 min, and then
measured in the presence of 30 uM DCMU. Fluorescence
was initiated with a saturating, single-turnover actinic flash
and probed with low-intensity probe flashes, and the
resulting fluorescence yield profiles were measured as (F-
Fo)/Fy. Data were collected and analyzed using Data
Transition Global Lab software.

Measurements of the chlorophyll a fluorescence yield
(PSII photochemical activity), as well as the fluorescence
induction kinetics were obtained with a PAM-2000 fluo-
rometer (Walz, Germany), using the procedures described

in Antal et al. (2003) and Kosourov et al. (2005). For
recording fluorescence induction kinetics, the samples were
removed from the culture vessel aerobically and placed in a
transparent plastic cuvette with a closely affixed optical
fiber probe. After dark adaptation for 1 min, the cells were
illuminated with actinic light (4 < 710 nm, 450 pE m~?2
s~") applied on top of weak measuring modulated light (/,
655 nm; 0.3 puE m~? s_l). In experiments where the F,/F,,
value was measured on samples withdrawn from the culture
aerobically (Table 1), an 0.8-s saturating actinic excitation
pulse (4 < 710 nm, 6000 pE m?s~' PAR from an 8V/
20W halogen lamp) was applied after dark adaptation. The
Chl concentration in the samples was 12—-13 pg Chl/ml.

In situ measurements of the Chl a fluorescence yield
(Figs. 2 and 3) were also performed with a PAM-2000
fluorometer, as previously described (Antal et al. 2003;
Kosourov at al. 2005). An optical fiber probe was
affixed closely to the surface of the illuminated photobi-
oreactor (the ambient actinic illumination was about
250 puE m 2 sfl), and an 0.8-s saturating actinic excitation
pulse was applied every 15 min. The efficiency of photo-
chemical conversion of absorbed light energy in PSII (the
photochemical activity) was calculated as AF/F, =
(F' n—F)/F ,, where F, is the fluorescence yield of the cells
exposed to the ambient light in the reactor vessels, and F',,
is the fluorescence yield following the application of a
saturating actinic pulse to the illuminated cells (Schreiber
et al. 1995).

Sulfur deprivation

The D1 pWt and the R323H, R323D, and R323E mutants,
chosen for these experiments, were grown photomixotro-
phically, harvested at mid-logarithmic phase, and washed
three times in TAP-minus-sulfur medium (all procedures

Table 1 Characterization of C. reinhardtii D1-R323 mutant cultures during the mid-logarithmic phase of growth on TAP medium

Strain Chlorophyll (a + b) Chl a/b ratio  Oxygen evolution, F,/F,* rel. Relative content Qg-non-reducing
content per cell, pmol O, (mg Ch)~'h™'  units of PSII active centers**,  PSII centers®**,
pne (x 1079 % of pWt % of total PSII centers

PWt 5.33 2602 148 + 21 0.70 £ 0.04 100 32+3

R323H 5.11 24 £0.1 92 + 18 053006 95+3 43 +2

R323N  5.80 24 +0.2 82 + 12 048 £0.06 82+5 47 2

R323D 6.12 25+0.1 74 = 15 0.3 £0.08 42 +4 503

R323E 5.17 21+£03 30+ 15 0.15+0.10 276 705

R323L  5.00 20+£03 0 - - -

* Measurements of F,/F,, values were obtained with a PAM-2000 on dark adapted samples withdrawn from the aerobic cultures as described in

the “Materials and Methods”

** Foax values from the flash-probe fluorescence decay kinetics were analyzed (see Appendix, Fig. 3), and the kinetics was recorded in the

presence of DCMU as described in the “Materials and Methods”

**%* Measurements of the fluorescence induction kinetics were obtained with a PAM-2000 (see Appendix, Fig. 2) as described in the “Materials
and Methods”. The fluorescence induction kinetics was analyzed by the method of Lazar (1999)

@ Springer



Photosynth Res (2007) 94:79-89

83

0.8

0.6
0.4

02

O,, umoles / ml

0.0

0.6

AFIF

0.4

0.2¢

R \
3

0.0 LA-A-A-A\-A-MMM<M-W~O~MMM

0 10 20 30 40
Time, h

Fig. 2 Changes in dissolved oxygen (A) and in situ photochemical
activity (AF/F',) (B) during the incubation of pWt (solid line, closed
circles) and the D1-R323H (dashed line, open circles), D1-R323D
(dashed-dotted line, closed triangles), and D1-R323E (dotted line,
open triangles) mutants under sulfur-deprived conditions

were described by Kosourov et al. 2003). Sulfur-deprived
cell suspensions of pWt and the R323H, D, and E mutants
(about 12-14 pg Chl/ml) were placed in four specially
fabricated, 1.2 1 glass photobioreactors with a built-in port
for an O, sensor. Dissolved O, (Fig. 2) was measured with
this sensor, and the volume of H, gas produced by each
culture (Fig. 3) was measured, as the weight of gas-dis-
placed water on a digital balance (Kosourov et al. 2002).
The data from the sensors and balances were continuously
recorded with an integrated microprocessor system. The
photobioreactors were placed under two-sided illumination
(250 pE mZs ! PAR) from cool-white fluorescence
lamps, and the cultures inside the photobioreactors were
mixed using magnetic stirs.

Starch, acetate, and formate determinations

The samples for starch assay were taken directly from the
bioreactors and centrifuged for 5 min at 2,000g. The pellets
were stored frozen at -80°C until all samples were ready for
processing. Starch levels inside the cells were determined
in the pellet on a per ml of culture basis according to the
method of Gfeller and Gibbs (1984). Starch was measured
as glucose equivalent (180.2 g mol™"). The levels of ace-
tate and formate in the medium were determined by HPLC
(Model 1050, Hewlett-Packard, USA) using an ion-
exchange column (Aminex HPX-87H, Bio-Rad, Hercules,
USA) and 4 mM H,SO, as the mobile phase.
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Fig. 3 The total yield of H, produced (A), the rate of H, production
(B), and the in situ photochemical activity (AF/F',,) (C) during the
incubation of pWt (solid line, closed circles) and the D1-R323H
(dashed line, open circles), D1-R323D (dashed-dotted line, closed
triangles), and D1-R323E (dotted line, open triangles) mutants under
sulfur-deprived conditions

Results and discussion
Growth characteristics of the D1-R323 mutants

Figure 1 shows that under photomixotrophic conditions all
of the R323 mutants tested were affected in growth. Longer
doubling times (from 10 h with the pWt to 25 h with the
R323L as measured by rates of Chl accumulation) and
lower maximal Chl contents at the end of the logarithmic
phase (from 33 pg/ml in the pWt to 12 pg/ml in the
R323L) were observed as a result of the mutations. While
the R323H mutant was able to grow photoautotrophically
at rates comparable to those of the pWt, the R323N and
R323D mutants grew photoautotrophically only at very low
rates (data not shown). The D1-R323E and D1-R323L
mutants could not grow photoautotrophically at all.
Despite their lower growth rates, no significant differ-
ences were found in the total Chl content per cell in pWt
compared to the mutant strains (Table 1). The Chl a/b ratio
values were similar in the pWt, the R323H, R323D, and
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R323D-mutants, but they were slightly lower in the R323E
and R323L mutants, suggesting enhanced LHC content per
reaction center in the latter two cases. In all other experi-
ments we will report results for only the pWt, and the
R323H, R323D, and R323E mutants.

Characterization of PS II activity in the D1-R323
mutants

The activity of PSII was initially determined from the rate
of O, evolution by each culture. This rate decreased pro-
gressively as follows: pWt > R323H > R323D > R323E
mutant. However, the decrease in rate was not due to the
lack of assembled PSII complexes, as indicated by EPR
spectroscopy (see the Appendix, Fig. 5 for details).

In order to evaluate whether the low O,-evolution rates
are due to the loss of PSII photochemical capacity by the
D1-R323 mutants, we measured the maximum fluorescence
yield (Fp.x) in dark-adapted samples, using the flash-probe
fluorescence technique (see Materials and Methods). F .« is
proportional to the amount of Qj, the primary acceptor,
reduced after flash-induced charge separation in PSII when
detected in the presence of DCMU (Nixon et al. 1992b).
From the F,,x values, we estimated the number of photo-
chemically active PSII centers (Table 1), which were shown
to decrease according to pW > R323H > R323D > R323E.

The presence of photochemical activity does not neces-
sarily imply the ability to convert the initial charge-
separated state into useful photosynthetic reductants. The
ratio of Qg-reducing to Qg-non-reducing centers deter-
mines the actual capacity of PSII centers to provide
electrons to the photosynthetic electron transport chain
(Guenther et al. 1990). Analysis of the fluorescence
induction kinetics recorded with dark-adapted cells can give
information about this ratio in the mutants (Krause and
Weis 1991; Lazar 1999). Notable increases in the number of
Qg-non-reducing PSII centers in the mutants as compared
to pWt were also observed (Table 1; see also Appendix,
Fig. 6 for details). The deceleration in the rate of PQ-pool
reduction (characteristic of an increase in the number of
Qg-non-reducing centers) was probably due to disturbance
of electron donation from the OEC to the reaction center,
since the R323 residue is located after the last trans-mem-
brane alpha helix near the carboxyl end of the D1 protein
(see Appendix, Fig. 7 for more conclusive evidence).

In summary, mutations on the D1-R323 residue affect
PSII function by (a) decreasing O,-evolving activity, (b)
decreasing PSII photochemical activity, (c) increasing the
relative number of PSII Qg-non-reducing centers, and (d)
impairing electron transfer from the OEC to the PSII reaction
center. The observed loss of PSII activity correlates with the
charge on the amino acid residue substituting for arginine in
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the D1-R323 position (Table 1). The replacement of argi-
nine with histidine (positive/neutral) lowered the F,/F, ratio
by 25%, increased the number of Qg-non-reducing centers
from 32 to 42%, and resulted in a 30-35% lower rate of O,
evolution in the R323H mutant compared to the pWt. The
most dramatic changes in the O,-evolving activity were
found when the positively charged arginine residue was
replaced by negatively charged amino acid residues (R323D
and R323E). In these mutants, the rate of O, evolution
dropped to 50% and 20%, respectively, while the remaining
photochemical activity decreased to only 40-20% of that
found in the pWt (Table 1). The relative amount of Qg-non-
reducing centers in these two mutants comprised 50-70% of
the total PSII centers.

Hydrogen production and photochemical activity
of the D1-R323 mutants under sulfur-deprivation

Sulfur deprivation of green algae causes the gradual inac-
tivation of PSII function in cells (Wykoff et al., 1989) but a
residual level of 5-10 % of the initial PSII O,-evolving
activity persists throughout the H,-photoproduction phase
(Melis et al. 2000). This residual PSII activity plays a
central role in H, production by providing most of the
electrons for the hydrogenase-driven reaction (Ghirardi et
al. 2000; Antal et al. 2003). However, maintenance of
anaerobiosis during the H,-photoproduction phase is highly
dependent on the accumulation of starch, which occurs
mainly during the early stages of sulfur deprivation (Tsy-
gankov et al. 2002; Zhang et al. 2002) and is also dependent
on PSII activity. In order to evaluate the correlation between
H, photoproduction and PSII activity, we sulfur-deprived
pWt and the R323H, R323D, and R323E mutants, and then
studied subsequent H,-production activity. Analysis of the
photoinduced EPR signal attributed to the cation-radical
P700" demonstrated that none of the mutations localized on
D1-R323 affected PSI activity (data not shown).

We previously showed that the process of H, production
in wild type C. reinhardtii cells under sulfur-deprived
conditions involves the sequential transition through the
following five phases: O, evolution, O, consumption,
anaerobic, H, production and termination (Kosourov et al.
2002). As seen in Fig. 2A, the O,-evolution period varied
from <2 to 10 h in the different mutant cultures. In the pWt
and R323H cultures, the maximum level of dissolved O,
was reached after about a 10 h incubation period. How-
ever, the O,-evolution period lasted only about 4 h in the
R323D-mutant and <2 h in the R323E-mutant cultures.
The duration of the subsequent O,-consumption period
exhibited the same trend, longer in pWt (20 h) and shortest
in the R323E mutant (3 h). Table 2 summarizes our data
for the duration of the aerobic phase (O, evolution + O,
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consumption), which gradually decreased from 30 to 5 h
(pWt > R323H > R323D > R323E). The establishment of
anaerobic conditions in the photobioreactor is driven by
cellular respiration but depends significantly on the loss of
0O,-evolving activity in cells, which proceeds gradually
after removal of sulfate from the medium (Melis et al.
2000). Therefore, it is not surprising that the cultures with
low initial PSII activity transition to anaerobiosis faster
when acetate is present in the medium.

The efficiency of photochemical conversion (photo-
chemical activity) of absorbed light energy in PSII (PAM
measurement of AF/F',), measured in situ, increased dur-
ing the O,-evolution phase, as described previously by
Antal et al. (2003). The maximum AF/F', values (Fig. 2B)
were lower in the mutants (70% in R323H, 40% in R323D
and 20% in R323E) relative to that of the pWt
(100% = 0.7 r.u.). As expected, these data are consistent
with the F,/F,, data obtained with dark-adapted samples
withdrawn from pWt and mutant cultures during growth on
sulfur-replete, TAP-medium (Table 1). A gradual decrease
in AF/F',, that occurs at the beginning of the O,-con-
sumption phase was observed with both pWt and the
R323H mutant. The slow decrease was followed by an
additional rapid declined in the AF/F', ratio as the O,
concentration in the culture suspension reached zero
(Fig. 2B; see also Antal et al. 2003). The R323D and
R323E mutants exhibited only a gradual decrease in the
efficiency of photochemistry during the O,-consumption
phase (due to gradual changes in the individual F', and F,
values), reaching zero after 8 h and about 3 h of sulfur
deprivation, respectively; the sharp drop in efficiency was
not observed in these mutants. Fluorescence induction
curves measured with samples withdrawn from the pho-
tobioreactor during the O,-evolution phase (data not
shown) indicated a gradual over-reduction of the PQ pool
over the time course of sulfur deprivation. Similarly,
kinetics obtained from flash-probe fluorescence yield
measurements in dark-adapted, sulfur-deprived cells con-
firmed the decreasing number of photochemically active
PSII centers in pWt and mutants cultures (data not shown).
As expected, mutations that resulted in lower O, produc-
tion also transitioned faster to anaerobiosis in the presence
of exogenously-added acetate.

The duration of the H,-production phase decreased as the
duration of the aerobic phase decreased (see mutants
R323H and R323D in Table 2). The total yield of H, pro-
duced by the pWt cells was 60-80 ml (from experimental
data), which was 3 to 4 times higher than the yield of H,
produced by either R323H or R323D (Fig. 3A). The rates of
H, production were not constant and changed significantly
with time (Fig. 3B) as observed previously (Kosourov et al.
2003). The rates rose at the beginning of the H,-production
phase, reaching a maximum after 10—15 h (pWt) and 5 h
(R323H and R323D), and then declined gradually thereaf-
ter. The maximum rates of H, production decreased to 75%
and 40% in the R323H and R323D mutants, respectively, as
compared to the pWt. When H, production began, the
recovery of the photochemical activity of PSII was partially
restored (Fig. 3C; Antal et al. 2003). A correlation between
the H,-production rates and the AF/F,, values was observed
in pWt and all mutants during the H,-production phase. The
maximum AF/F;Il value of R323H was 65% and that of
R323D was 50% compared to the pWt. Finally, the R323E
mutant culture achieved an anaerobic state, but H, pro-
duction was not observed.

Starch accumulation and degradation during sulfur
deprivation

Starch degradation during the anaerobic stage of sulfur
deprivation plays a dual role in H, production. First, starch
respiration removes O, generated photosynthetically and,
thus, maintains anaerobic conditions in algal cultures in the
light. Second, it can also provide reductants for H, pho-
toproduction (Gfeller and Gibbs 1984; Ghirardi et al.
2000).

Figure 4A shows that the highest amount of starch
accumulated during the aerobic phase of sulfur deprivation
in the R323H and R323D mutants was half that in pWt.
This observation could be easily explained by the differ-
ences in the photosynthetic activity of each strain during
the initial aerobic period of sulfur deprivation, as shown in
Fig. 2. The starch accumulated in the pWt and R323H
mutant was gradually degraded during the anaerobic and
H,-production phases (compare Fig. 4A with Table 2). In

Table 2 Duration of the different phases of sulfur-deprivation in pWt and the D1-R323(H,D,E) mutant cultures

Strain Aerobic phase duration (h) Anaerobic phase before onset of H,-production duration (h) H,-production phase duration (h)
pWt 30-36 6-11 52-93

R323H 20-21 35-36 42-78

R323D 8-10 34-35 39-52

R323E 5-6 Stays anaerobic after transition 0

The data presented are ranges obtained from four independent experiments
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Fig. 4 Accumulation of starch as glucose equivalent (A), acetate (B)
and formate (C) content in pWt (solid line, closed circles) and the D1-
R323H (dashed line, open circles), D1-R323D (dashed-dotted line,
closed triangles), and D1-R323E (dotted line, open triangles) mutants
under sulfur-deprived conditions

the R323D mutant, most of the accumulated starch was
degraded during the anaerobic phase, before the onset of
H,-production. Very little starch was accumulated during
the short aerobic phase in the R323E mutant, and no H,
was produced as a result. The consumption of acetate by
pWt cells gradually decreased before the onset of H,-pro-
duction, and then the acetate remained constant (Fig 4B).
A similar pattern was detected in both of the H,-producing
R323H and R323D mutants, except that the acetate con-
centration increased a bit after the end of the anaerobic
phase. Acetate consumption during the aerobic phase has
been suggested to be important for concomitant accumu-
lation of starch, and its function can be partially replaced
by supplementation with extra CO, or bicarbonate to

@ Springer

heavily-buffered medium (Tsygankov et al. 2006; Kosou-
rov et al. 2007). On the other hand, the amount of acetate
produced during the anaerobic phase of sulfur deprivation
must reflect the slightly higher rate of starch degradation
compared to the residual PSII activity in the mutants. The
same rationale applies to the observation that no significant
difference in the concentration of formate was observed
until about 30-40 h of sulfur deprivation, and that the
R323D mutant culture consistently accumulated about 30%
more formate after 80 h of sulfur deprivation compared to
the pWt and R232H (Fig. 4C).

Finally, it is worth mentioning that the presence of less
stored starch in the PSII mutants resulted in a slower tran-
sition to H, production (Fig. 3B). This effect is due to lower
transcription of the hydrogenase genes, when starch is not
present (Posewitz et al. 2004). Although the exact signal
transduction mechanism is not known, the involvement of
the redox state of the plastoquinone pool has been invoked,
as a possible intermediate in the process of the activation/
inactivation of H, production (Ghirardi et al. 2005) and
hydrogenase gene expression (Ghirardi et al. 2007).

Conclusions

In this report, mutants with intact PSI function, but
decreased PSII photochemical activity, exhibited significant
changes in the normal parameters associated with the H,-
photoproduction process under sulfur-deprived conditions.
These include a decreased aerobic phase, lower accumula-
tion of starch, a prolonged anaerobic phase before the onset
of H,-production, shorter duration of H,-production, lower
H, yield as compared to pWt, and slightly higher production
of dark fermentation products, such as acetate and formate.
The more compromised the PSII photochemical activity, the
more dramatic was the effect on the H,-production process,
which depends both on the presence of residual PSII activity
and the amount of stored starch. Thus, the R323D mutant,
which exhibits about half the O,-evolving and photochem-
ical activities of the pWt was able to sustain about 1/3 of the
H,-production activity of the pWt under sulfur-deprived
conditions, while the R323E mutant, with only 20% of O,-
evolving activity and photochemical activities of pWt, was
unable to photoproduce H; at all. Additionally, a delay in H,
production was observed in the mutants, which correlates
with the amount of stored starch.
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Fig. 5 EPR spectrum of pWt cells sampled during the mid-logarithmic
phase of growth. The amount of assembled PSII complex was
determined from EPR measurements of the SII signal performed with
a Bruker E500 spectrometer at low temperature (77 K). All samples
exhibited a narrow (line width, AH = 9-12 Gauss) EPR signal at
g = 2.0041, attributable to presence of the Y7, paramagnetic species. No
significant difference was found in the EPR signal parameters or the
concentration of Yg, spins, calculated on a Chl basis, between the pWt
and any of the R323 mutants. The EPR signal intensities of the mutants
normalized per mg of Chl varied within 20% of the pWt signal, which is
shown above. Sample size, 0.3-0.4 ml; total Chl concentration, 1.5—
2 mg ml~". EPR recording conditions: frequency, 9.4 GHz; power,
6 mW; field modulation amplitude 1G; field modulation frequency,
100 kHz; single scan. The spectrum was recorded in dark
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Fig. 6 Chl fluorescence induction curves for pWt and mutant algal

culture samples grown in sulfur-replete TAP medium. All curves were
measured with a PAM fluorometer. The samples were removed from the
bioreactors during the mid-logarithmic phase of growth, adjusted to
equal Chl concentration, and dark adapted for 2 min before measure-
ments. The fluorescence induction curve of the control pWt sample
exhibited two components. The fast component (from F, to F;) reflects
the accumulation of reduced Q, in Qg-non-reducing PSII centers and
the presence of PSII centers with a doubly-reduced Qg prior to
illumination. The slow component (from F; to F;) represents the
subsequent accumulation of reductants in the PQ-pool at high light
intensity. The induction curves measured with the R323H and R323N
mutants had shapes similar to that of pWt. However, the F, level was
increased, and the maximal fluorescence yield was reduced compared
to the pWt. The R323D curve had an intermediate character. The
fluorescence induction curve measured with the R323E mutant exhibited
a barely-detectable, residual, slow-rise component. The halftime for
transition from the F; to the F, level (in ms), which is a measure of the time
it takes to reduce the PQ pool, also increased progressively in the mutants:
pWt (170), R323H (240), R323N (270), and R323D (390)

Wt R323H

0.4 -

(F-Fo)/F

0.2

R323N

R323D R323E

156 20 25 15 20 25 1.5

Fig. 7 Flash-probe chlorophyll fluorescence decay kinetics of pWt
and R323H,N,D,E cells in the presence of DCMU (which blocks Qa
— Qg electron transfer). Samples were taken from the bioreactors

Time, s

during the mid-logarithmic phase of growth on TAP medium,
concentrated by centrifugation to a Chl concentration of 40 pg ml™",
and dark adapted for 5 min before measurement
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Table 3 Flash-induced fluorescence decay after a single flash

Strain Component 1 Component 2

ti/2 (ms) (%) ty> (ms) (%)
PWt 35+2 (34 +4) 376 £ 19 (66 = 4)
R323H 35+3 (33+2) 402 + 10 67 +£2)
R323N 34 +2 (38 £3) 394 + 25 (62 +£3)
R323D 26+ 3 41 £4) 393 + 18 59 +£4)
R323E 10+ 6 55+5) 342 + 25 “45+5)

Multi-exponential, least-squares fluorescence decay curve fitting was done using free running parameters according to: F = F, + At 4
Ae™ + .+ A,e™™ where F is the fluorescence level at time ¢, A,, is the amplitude of the different decay phases, k,, are rate constants, and Fy is
the initial fluorescence level before the actinic flash. The highest fluorescence level, F,,,x, was used as a measure of photochemical capacity of
PSII (Ghirardi et al. 1998). These measurements allowed us to monitor the back reaction from Q4 to either Y*; or the S, state of the OEC. The
kinetic curves were analyzed assuming two components, which yielded a satisfactory fit. The fast component, with a halftime of about 10-35 ms
is attributed to an accelerated back reaction between Q5 and Yz* (Nixon and Dinner 1992a, Chu et al. 1994). The halftime of the slow
component (around 400 ms) corresponds to the rate of recombination between Qo and the S, state of the OEC (Chu et al. 1994, 1995). The
increased contribution of the fast component demonstrates that the R323-mutations progressively impair electron transfer from the OEC to the

reaction center, and that the mutants lack a fully functioning OEC

References

Antal TK, Krendeleva TE, Laurinavichene TV, Makarova VV,
Ghirardi ML, Rubin AB, Tsygankov AA, Seibert M (2003) The
dependence of algal H, production on Photosystem II and O,
consumption activities in sulfur deprived Chlamydomonas
reinhardtii cells. Biochim Biophys Acta 1607:153-160

Bricker TM, Lowrance J, Sutton H, Frankel LK (2001) Alterations of
the oxygen-evolving apparatus in a (448)Arg — (448)S mutant
in the CP47 protein of photosystem II under normal and low
chloride conditions. Biochemistry 40:11483—11489

Cao JC, Vermaas WF, Govindjee (1991) Arginine residues in the
D2 polypeptide may stabilize bicarbonate binding in photosys-
tem II of Synechocystis sp. PCC Biochim Biophys Acta
1059:171-180

Chu HA, Nguyen AP, Debus RJ (1994) Site-directed photosystem 1I
mutants with perturbed oxygen-evolving properties 1. Instability
or inefficient assembly of the manganese cluster in vivo.
Biochemistry 33:6137-6149

Chu HA, Nguyen AP, Debus RJ (1995) Amino acid residues that
influence the binding of manganese or calcium to photosystem
II. 1. The carboxy-terminal domain of the D1 polypeptide.
Biochemistry 34:5839-5858

Flynn T, Ghirardi ML, Seibert M (2002) Accumulation of O,-tolerant
phenotypes in H,-producing strains of Chlamydomonas rein-
hardtii by sequential applications of chemical mutagenesis and
selection. Int J Hydrogen Res 27:1421-1430

Forestier M, King P, Zhang L, Posewitz M, Schwarzer S, Happe T,
Ghirardi ML, Seibert M (2003) Expression of two [Fe]-
hydrogenases in Chlamydomonas reinhardtii under anaerobic
conditions. Eur J Biochem 270:2750-2758

Gfeller RP, Gibbs M (1984) Fermentative metabolism of Chlamydo-
monas reinhardtii, 1: Analysis of fermentative products from
starch in dark and light. Plant Physiol 75:212-218

Ghirardi ML, Lutton TW, Seibert M (1996) Interactions between
diphenylcarbazide, zinc, cobalt, and manganese on the oxidizing
side of Photosystem II. Biochemistry 35:1820-1828

Ghirardi ML, Togasaki RK, Seibert M (1997) Oxygen sensitivity of
algal H,-production. Appl Biochem Biotech 63:141-151

Ghirardi ML, Lutton TW, Seibert M (1998) Effects of carboxyl amino
acid modification on the properties of the high-affinity,

@ Springer

manganese-binding  site
37:13559-13566

Ghirardi ML, Zhang L, Lee JW, Flynn T, Seibert M, Greenbaum E,
Melis A (2000) Microalgae: a green source of renewable H,.
Trends Biotechnol 18:506-511

Ghirardi ML, King P, Kosourov S, Forestier M, Zhang L, Seibert M
(2005) Development of algal systems for hydrogen photopro-
duction: addressing the hydrogenase oxygen-sensitivity problem.
In: Collings AF, Critchley C (eds) Artificial photosynthesis:
from basic biology to industrial application. Wiley-VCH Verlag,
Weinheim Germany, pp 213-227

Ghirardi ML, Posewitz MC, Maness PC, Dubini A, Yu Y, Seibert M
(2007) Hydrogenases and hydrogen photoproduction in oxygenic
photosynthetic organisms. Ann Rev Plant Biol 58:71-91

Guenther JE, Nemson JA, Melis A (1990) Development of PSII in
dark grown Chlamydomonas reinhardtii. A light-dependent
conversion of PSIIf, QB-non-reducing centers to the PSIIa,
Qb-reducing form. Photosynth Res 24:35-46

Happe T, Kaminski A (2002) Differential regulation of the Fe-
hydrogenase during anaerobic adaptation in the green alga
Chlamydomonas reinhardtii. Eur J Biochem 269:1022-1032

Happe T, Hemschemeier A, Winkler M, Kaminski A (2002)
Hydrogenases in green algae: do they save the algae’s life and
solve our energy problems? Trends Plant Sci 7:246-250

Harris EH (1989) The Chlamydomonas sourcebook: a comprehensive
guide to biology and laboratory use. p 780. Academic Press, San
Diego

Kosourov S, Tsygankov A, Seibert M, Ghirardi ML (2002)
Sustained hydrogen photoproduction by Chlamydomonas
reinhardtii: effects of culture parameters. Biotech Bioeng
78:731-740

Kosourov S, Seibert M, Ghirardi ML (2003) Effects of extracellular
pH on the metabolic pathways in sulfur-deprived, H,-producing
Chlamydomonas reinhardtii cultures. Plant Cell Physiol 44:146—
155

Kosourov S, Makarova V, Fedorov AS, Tsygankov A, Seibert M,
Ghirardi M (2005) The effect of sulfur re-addition on H,
photoproduction by sulfur-deprived green algae. Photosynth Res
85:295-305

Kosourov S, Patrusheva E, Ghirardi ML, Seibert M, Tsygankov A
(2007) A comparison of hydrogen photoproduction by sulfur-

in Photosystem II. Biochemistry



Photosynth Res (2007) 94:79-89

89

deprived Chlamydomonas reinhardtii under different growth
conditions. J Biotechnol 128:776-787

Krause GH, Weis E (1991) Chlorophyll fluorescence and photosyn-
thesis: the basics. Annu Rev Plant Physiol Plant Mol Biol
42:313-349

Kreutzberg K (1984) Starch fermentation via a formate producing
pathway in Chlamydomonas reinhardtii, Chlorogonium elonga-
tum and Chlorella fusca. Physiol Plantarum 61:87-94

Kunkel TA, Roberts JD, Zakour RA (1987) Rapid and efficient site-
specific mutagenesis without phenotypic selection. Methods
Enzymol 154:367-382

Lazar D (1999) Chlorophyll a fluorescence induction. Biochim
Biophys Acta 1412:1-28

Li Z, Burnap RL (2002) Mutations of basic arginine residue 334 in the
D1 protein of Photosystem II lead to unusual S, state properties
in Synechocystis sp. PCC 6803. Photosynth Res 72:191-201

Loll B, Kern J, Saenger W, Zouni A, Biesiadka J (2005) Towards
complete cofactor arrangement in the 3.0 A resolution structure
of photosystem II.Nature 438:1040-1044

Melis A, Zhang L, Forestier M, Ghirardi ML, Seibert M (2000)
Sustained photobiological hydrogen gas production upon revers-
ible inactivation of oxygen evolution in the green alga
Chlamydomonas reinhardtii. Plant Physiol 122:127-136

Minagawa J, Crofts AR (1994) A robust protocol for site-directed
mutagenesis of the D1 protein in Chlamydomonas reinhardtii: a
PCR spliced psbA gene in a plasmid conferring spectinomycin
resistance was introduced into a psbA deletion strain. Photosynth
Res 42:121-131

Nixon PJ, Diner BA (1992a) Aspartate 170 of the photosystem
II reaction center polypeptide D1 is involved in the assembly
of the oxygen-evolving manganese cluster. Biochemistry
31:942-948

Nixon PJ, Trost JT, Diner BA (1992b) Role of the carboxy terminus of
polypeptide D1 in the assembly of a functional water-oxidizing
manganese cluster in Photosystem II of the cyanobacterium
Synechocystis sp PCC 6803: assembly requires a free carboxyl
group at C-terminal position 344. Biochemistry 31:10859-10871

Ohta S, Miyamoto K, Miura Y (1987) Hydrogen evolution as a
consumption mode of reducing equivalents in green algal
fermentation. Plant Physiol 83:1022-1026

Posewitz MC, King PW, Smolinski SL, Zhang L, Seibert M, Ghirardi
ML (2004) Discovery of two novel radical S-adenosylmethio-
nine proteins required for the assembly of an active [Fe]-
hydrogenase. J Biol Chem 279:25711-25720

Ruffle SV, Wang J, Johnston HG, Gustafson TL, Hutchison RS,
Minagawa J, Croffts A, Sayre RT (2001) Photosystem II
peripheral accessory chlorophyll mutants in Chlamydomonas
reinhardtii. Biochem character sensitivity photo-inhibit Plant
Physiol 127:633-644

Schreiber U, Hormann H, Neubauer C, Klughammer C (1995)
Assessment of Photosystem II photochemical quantum yield by
chlorophyll fluorescence quenching analysis. Plant Physiol
22:209-220

Semin B, Parak F (1997) Coordination sphere and structure of the Mn
cluster of the oxygen-evolving complex in photosynthetic
organisms. FEBS Letters 400:259-262

Svensson B, Vass I, Styring S (1991) Sequence analysis of the D1 and
D2 reaction center proteins of photosystem II Z.Naturforsch
46:765-776

Tsygankov A, Kosourov S, Seibert M, Ghirardi ML (2002) Hydrogen
photoproduction under continuous illumination by sulfur-
deprived, synchronous Chlamydomonas reinhardtii cultures. Int
J Hydr Energy 27:1239-1244

Tsygankov AA, Kosourov SN, Tolstygina IV, Ghirardi ML, Seibert
M (2006) Hydrogen production by sulfur-deprived Chlamydo-
monas reinhardtii under photoautotrophic conditions. Int J
Hydrogen Energy 31:1574-1584

Wykoff DD, Davies JP, Melis A, Grossman AR (1998) The regulation
of photosynthetic electron transport during nutrient deprivation
in Chlamydomonas reinhardtii. Plant Physiol 117:129-139

Xiong J, Hutchison RS, Sayre RT, Govindjee (1997) Modification of
the photosystem II acceptor side function in a D1 mutant
(arginine-269-glycine) of Chlamydomonas reinhardti. Biochim
Biophys Acta 1322:60-76

Xiong J, Minagawa J, Crofts A, Govindjee (1998) Loss of inhibition
by formate in newly constructed photosystem II D1 mutants, D1-
R257E and D1-R257M, of Chlamydomonas reinhardtii. Biochim
Biophys Acta 1365:473-491

Young A, McChargue M, Frankel LK, Bricker TM, Putnam-Evans C
(2002) Alterations of the oxygen-evolving apparatus by a
305—305 Ser mutation in the CP43 protein of Photosystem II
from Synechocystis sp. PCC 6803 under chloride-limiting
conditions. Biochemistry 41:15747-15753

Zhang L, Happe T, Melis A (2002) Biochemical and morphological
characterization of sulfur-deprived and H,-producing Chlamydo-
monas reinhardtii (green algae). Planta 214:552-561

@ Springer



	Photoproduction of hydrogen by sulfur-deprived C. reinhardtii mutants with impaired Photosystem II photochemical activity
	Abstract
	Introduction
	Materials and methods
	Generation of site-directed mutants
	Culture growth and Chl determination
	Measurements of PSII activity
	Sulfur deprivation
	Starch, acetate, and formate determinations

	Results and discussion
	Growth characteristics of the D1-R323 mutants
	Characterization of PS II activity in the D1-R323 mutants
	Hydrogen production and photochemical activity �of the D1-R323 mutants under sulfur-deprivation
	Starch accumulation and degradation during sulfur deprivation

	Conclusions
	Acknowledgments
	Appendix
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


