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The ATP/ADP and NADP/NADPH ratios have been measured in whole-cell extract of the green alga Chlamydomonas
reinhardtii, to understand their availability for CO, assimilation by the Calvin cycle in vivo. Measurements were performed
during the dark-light transition of both aerobic and anaerobic cells, under illumination with saturating or low light intensity.
Two different patterns of behavior were observed: (a) In anaerobic cells, during the lag preceding O, evolution, ATP was
synthesized without changes in the NADP/NADPH ratio, consistently with the operation of cyclic electron flow. (b) In
aerobiosis, illumination increased the ATP/ADP ratio independently of the intensity used, whereas the amount of NADPH
was decreased at limiting photon flux and regained the dark-adapted level under saturating photon flux. Moreover, under
these conditions, the addition of low concentrations of uncouplers stimulated photosynthetic O, evolution. These observa-
tions suggest that the photosynthetic generation of reducing equivalents rather than the rate of ATP formation limits the
photosynthetic assimilation of CO, in C. reinhardtii cells. This situation is peculiar to C. reinhardtii, because neither NADPH
nor ATP limited this process in plant leaves, as shown by their increase upon illumination in barley (Hordeum vulgare) leaves,
independent of light intensity. Experiments are presented and were designed to evaluate the contribution of different
physiological processes that might increase the photosynthetic ATP/NADPH ratio—the Mehler reaction, respiratory ATP
supply following the transfer of reducing equivalents via the malate/oxaloacetate shuttle, and cyclic electron flow around

PSI—to this metabolic situation.

The assimilation of CO, in oxygenic photosynthesis
depends upon the generation of NADPH and ATP by
the light-driven electron transport from water to
NADP. This process uses the two photochemical re-
actions catalyzed by photosystem II (PSII) and pho-
tosystem I (PSI) in series and also comprises the
cytochrome b¢f complex, which is reduced by PSII via
plastoquinol and oxidized by PSI via plastocyanin. It
is coupled to the synthesis of ATP via the generation
of an electrochemical proton gradient across the pho-
tosynthetic membranes. The stoichiometry of one
ATP per NADPH (or one ATP per two electrons; for
review, see Witt, 1979) has been established in thy-
lakoids isolated from higher plants, and more recent
experiments have confirmed this stoichiometry (see,
e.g. table I in Berry and Rumberg, 1999). Higher
values have been calculated theoretically, combining
reported values of H" /electron and H" /ATP ratios.
However, such calculations are based on the still
controversial values of H" /electron ratios (see Berry
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and Rumberg, 1999; Sacksteder et al., 2000). So, the
measurements with isolated thylakoids consistently
show lower ATP per two electrons ratios than that
required for CO, assimilation. A fraction of the light-
driven electron transport must therefore be involved
in the generation of ATP, without using NADP as the
terminal electron acceptor.

Different pathways have been proposed to perform
such a role: (a) The first one is the Mehler reaction
(Egneus et al., 1975), i.e. the reduction of molecular
oxygen by photosynthetic electron transfer at the
level of the reducing side of PSI. This process is
rather inefficient unless electrons are transferred via
the ascorbate free radical (AFR), which is formed in
the reaction of ascorbate with O,  (the ascorbate-
Mehler reaction or Mehler ascorbate peroxidase path-
way; Miyake and Asada, 1992; Forti and Ehrenheim,
1993; Grace et al., 1995). This radical (AFR) efficiently
competes for electrons with NADP at the reducing
side of PSI (Forti and Ehrenheim, 1993), and its re-
duction is coupled to ATP synthesis with the same
ATP/2e” stoichiometry as NADP reduction (Forti
and Elli, 1995). Furthermore, the regulation of the
diversion of electrons at the reducing end of PSI
alternatively to NADP or to the AFR is provided by
the redox state of the NADP/NADPH couple (Forti
and Ehrenheim, 1993). In steady-state photosynthe-
sis, the latter is determined by the availability of
1,3-diphosphoglycerate and therefore of ATP (for
discussion, see Forti and Elli, 1995).
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Alternatively, (b) the ATP needed in excess of
NADPH could be provided by cyclic photophospho-
rylation, i.e. the synthesis of ATP coupled to the
cyclic electron transport around PSI. This process
does not reduce NADP, but results in ATP synthesis
because of the generation of a ApH during plastoqui-
nol oxidation by the cytochrome b,f complex. Finally,
(c) the interaction between the photosynthetic and
respiratory metabolism might result in the transfer of
reducing equivalents from the chloroplast to the mi-
tochondria, where their consumption by respiration
may result in ATP synthesis. At least two shuttle
systems enable such transfer: the “malate/oxaloac-
etate valve” (Scheibe, 1987; Backhausen et al., 1994),
and the triose phosphate exchanger (Flugge and
Heldt, 1991; for further discussion, see also Noctor
and Foyer, 2000).

Because of the involvement of these additional pro-
cesses in the photosynthetic activity in vivo, the en-
ergetics of CO, fixation appears to be significantly
modified with respect to the in vitro conditions. Con-
sistent with the idea that the sole linear electron flow
in isolated spinach (Spinacia oleracea) chloroplasts
does not provide the ATP/NADPH stoichiometry
required for CO, assimilation, the steady-state level
of ATP decreased drastically after a decrease of the
light intensity that caused a 70% reduction of the O,
evolution rate, whereas NADPH remained fully re-
duced (Heber, 1973). This clearly indicates that its
reoxidation is limited by ATP availability. Further-
more, an ATP/ADP ratio of approximately 0.25 was
observed at steady state in intact chloroplasts per-
forming high rates of CO, assimilation (Portis et al.,
1977). In contrast, it is well established that the effect
of light is to increase the ATP concentration in both
intact leaves and isolated protoplasts (e.g., see San-
tarius and Heber, 1965; Stitt et al., 1982; Furbank and
Horton, 1987) under steady-state conditions.

In this work, we analyze in details the changes in
the redox state of the NADPH/NADP couple and the
ATP/ADP ratio in intact cells of Chlamydomonas re-
inhardtii—and in barley (Hordeum wvulgare) leaves—
during the dark-light transitions and at steady state
under both saturating and limiting light intensities.
We report that light induced ATP synthesis without
changes in the redox state of NADP in C. reinhardtii
under anaerobic conditions, consistent with the pre-
viously reported operation of cyclic flow around PSI
(Finazzi et al., 1999, 2002). In aerobiosis, ATP rapidly
increased upon illumination to an extent that was
slightly larger at higher light intensities. On the con-
trary, the NADPH/NADP ratio substantially de-
creased under low light conditions, regaining the
initial dark value when the light intensity became
saturating. These changes were related to photosyn-
thetic activity, as shown by their absence in a mutant
incapable of photosynthetic CO, assimilation (T60,
devoid of Rubisco; Khrebtukova and Spreitzer, 1996)
or in the wild type in the absence of CO,. A different
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pattern of responses to light was observed in barley
leaves, where not only the ATP/ADP ratio but also
the NADPH/NADP ratio was increased by illumina-
tion in a intensity-dependent way.

Experiments are presented to evaluate the contri-
bution of different physiological processes (the
Mehler reaction, respiratory ATP supply via the
malate/oxaloacetate shuttle, and cyclic electron flow
around PSI) to the photosynthesis of C. reinhardtii.
These experiments suggest that the latter process is
the main contributor to the “extra” ATP generation in
the case of this alga.

RESULTS AND DISCUSSION

ATP/ADP and NADPH/NADP Cellular Contents in
C. reinhardtii Cells

Table I shows that the NADPH/NADP ratio in
dark-adapted aerobic cells of C. reinhardtii was ap-
proximately 1.5 (in substantial agreement with a pre-
vious report; Rebéillé and Gans, 1988). The sum of
NADP and NADPH was constant during a dark-light
transition, indicating that the changes were only due
to the oxidation-reduction of the coenzyme. On this
basis, NADP was routinely determined enzymati-
cally (see “Materials and Methods”) in the acid ex-
tracts of the cells (together with ATP and ADP), and
the changes of NADPH were evaluated as the differ-
ence between the NADP concentration and the sum
of the two species.

In the same samples, an ATP content of approxi-
mately 130 nmol mg ! chlorophyll (Chl) was found,
as shown in Figure 1C. Figure 1, A and C, refers to
aerobic conditions. The ATP/ADP ratio dropped
from approximately 15 (Fig. 1C) to approximately 5
when anaerobiosis was established (Fig. 1D),
whereas the NADPH/NADP ratio rose from approx-
imately 1.5 to 3.5 (Fig. 1B). Concomitantly, the max-
imum fluorescence emission yield (F,,) largely de-
creased (not shown), indicating the transition to state
2 (Wollman and Delepelaire, 1984). This latter condi-
tion is a particular state of the photosynthetic appa-

Table I. Concentration of NADP and NADPH in C. reinhardtii
cells

Cells containing 150 ug mL~" Chl were incubated at 25°C in the
minimum HS medium with the addition of 5 mm NaHCO; and then
frozen and treated as described in “Materials and Methods.” The
respiration rate was 7.4 * 0.8 umol O, mg ™' Chl h™". The maximum
rate of photosynthesis (after correction for respiration) was 159.0 *
28.0 umol O, mg~" Chl h™" at 830 wE m~2 s~'. The numbers of
experiments are indicated in parentheses.

. Low Light,
Dark, Aerobic Aerobic
an/ mgil Chl
[NADP] 1.75 £ 0.2 (9) 2.74 £0.14 (8)
[NADPH] 2.71 = 0.26 (8) 1.92 £0.25(7)
[NADP] + [NADPH] 4.46 = 0.32 4.66 £ 0.28
1465



Forti et al.

) Aerobiosis Anaerobiosis
5 Il NADP A B
g’4 1 NADPH W .6 %'4
g 5 NADPH/NADP \ s
T Lo
8 2 § 2%
Z L
=
o 1 1
0 S
30+ ATP (*10) +30
= | HH ADP %
O 25 2R ATPIADP 53125
E )
e 201 5 '20,9
; 15- :".’: -15 E
o O
2 104
B 5
=
S ol

0 51 831 0 831
light intensity (uE m?s™)

Figure 1. Changes in the NADP, NADPH, ATP, and ADP cellular
contents in intact cells of C. reinhardtii wild type in both aerobic (A
and C) and anaerobic (B and D) conditions. Algae were collected in
the exponential growth phase and then resuspended in minimum
high salt medium. They were maintained in suspension by gentle
agitation in the presence of atmospheric oxygen concentration. Pho-
tosynthetic O, evolution was 23.1 = 7.0 pmol mg~' Chl h~" and
159.0 = 28.0 wmol mg~' Chl h™'at low and high light, respectively.
Respiration was 7.4 = 0.8 umol O, mg~" Chl h™".

ratus, where a substantial fraction of the major light-
harvesting complex (LHCII) of PSII is functionally
associated to PSI, in contrast to state 1, where all of
the LHCII is connected to PSII (for review, see Allen,
1992; Wollman, 2001). This phenomenon, which is
common to plants and algae, is regulated by the
phosphorylation of the LHCII complex itself by a
protein kinase (Allen et al., 1981; Horton and Black,
1981), which is reversibly activated by the redox state
of the plastoquinone (PQ) pool (Allen et al., 1981).
Illumination of the cells under state 2 conditions, in
the time lag preceding the start of O, evolution (data
not shown; however, see Finazzi et al., 1999), did not
modify appreciably the concentration of NADP (Fig.
1B). On the other hand, ATP increased to its maxi-
mum level (Fig. 1D). The same result was obtained at
both low and high actinic light intensities (not
shown). This finding confirms our previous conclu-
sion that the photosynthetic activity of C. reinhardtii
involves only cyclic electron flow around PSI in state
2 conditions (Finazzi et al., 1999, 2002). Only photo-
phosphorylation coupled to cyclic electron transport
can explain ATP synthesis without changes in the
redox state of NADP, because no contribution can be
made by oxidative phosphorylation in anaerobiosis.
In aerobic conditions again, large variations of the
NADPH/NADP and ATP/ADP ratios were also ob-
served upon illumination. When a light (51 nE m 2
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s~ ') that was limiting the rate of electron transport to
15% of its maximum was provided, a decrease of the
NADPH/NADRP ratio to a value of approximately 0.7
was observed (Fig. 1A). At the same time, the ATP/
ADP ratio increased with respect to the dark level,
which was already very high (Fig. 1C). At saturating
intensity (831 uE m~?s™ '), the NADPH/NADP ratio
largely increased, recovering its dark value, whereas
the ATP/ADP ratio again slightly increased with
respect to the level measured at low light (Fig. 1C).
These observations strongly suggest that it is the rate
of NADP reduction rather than that of ATP synthesis
that sets the velocity of carbon assimilation in C. rein-
hardtii when light intensity is limiting the rate of pho-
tosynthesis. It should be noticed, however, that the
figures presented above refer to estimations of the
nucleotide pools size in the entire cell. This raises the
question as to the real significance of the observed
changes: Although variations in the NADPH/NADP
pools should reflect essentially photosynthetic activ-
ity, a misinterpretation of photosynthetic contribution
to changes in the ATP content cannot be ruled out a
priori, because of the bias induced by the turnover of
the other cellular pools. Two pieces of evidences, how-
ever, indicate that the photosynthetic contribution is
largely prevailing under illumination: (a) The overall
photosynthetic ATP metabolism can be estimated
(from the photosynthetic oxygen evolution activity at
saturating light saturation) as 160*3 = 480 umol mg "
Chlh™" or approximately 130 nmol mg " Chls™". This
indicates that the overall ATP cellular content is con-
sumed by photosynthesis in 1 s. In addition, (b) under
anaerobic conditions (state 2, no CO, assimilation),
where the dark ATP content is decreased by less than
a factor of 2 (Fig. 1) and the respiratory activity is
prevented, illumination rapidly restored maximum
level of ATP concentration, again suggesting that most
of the observed changes involve chloroplast activity.
This idea is also reinforced by previous estimation of
the different cellular ATP pools in vascular plants,
where the chloroplast one represents at least 50% of
the total amount (Stitt et al., 1982).

To establish whether the reoxidation of NADPH
upon illumination was due to its use for carbon
assimilation, we measured the changes of NADP
concentration during illumination under conditions
where CO, assimilation was prevented. This was
obtained by omitting bicarbonate from the reaction
medium adjusted to pH 6.0 and letting photosynthe-
sis proceed until all available CO, had been con-
sumed. At this stage, oxygen evolution was strongly
reduced (to approximately 5% of the initial value)
and the compensation point of O, evolution and
uptake by respiration was attained. After 10 more
min of illumination with saturating light, the cells
were analyzed for NADP and ATP content, as above.
Figure 2 shows that under CO, limitation, the NADP
concentration decreased to the same value observed

Plant Physiol. Vol. 132, 2003
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Figure 2. Changes in the NADP and ATP cellular content in whole
cells of C. reinhardtii wild type in the presence (A) and absence (B)
of CO, and in the T60 mutant (C). Light intensity was 830 uE m~?
s~'; pH of the medium was 6.0. Other conditions are as in Figure 1.
All data are in nanomoles per milligram of Chl.

in anaerobic conditions (Fig. 2B), whereas in the pres-
ence of bicarbonate, this decrease was not observed
(Fig. 2A). The ATP concentration, however, remained
high in both samples. As a complementary approach,
NADP and ATP concentrations were measured in a
mutant deficient in the Rubisco enzyme (T60; Khreb-
tukova and Spreitzer, 1996). In this mutant, the rate
of photosynthesis is reduced to less than 5% of the
control rate (data not shown). Accordingly, illumina-
tion caused a relevant NADP reduction, seen as the
decrease of the oxidized coenzyme (Fig. 2C), whereas
the ATP level did not change.

Effect of Ionophores on Oxygen Evolution in
C. reinhardtii

To further confirm the idea that the NADPH gen-
eration rate limits photosynthesis in C. reinhardtii
under low light intensity, we have measured the
effect of low concentrations of ionophores on the
light-driven oxygen evolution at low light. We rea-
soned that stimulation of photosynthetic O, evolu-
tion would be expected if NADPH generation is re-
ally the limiting factor, because the partial uncoupling
of electron transport should accelerate the rate of
NADPH formation. This would occur via the partial
removal of the “photosynthetic control”, i.e. the ki-
netic inhibition exerted by the Afi;;+ on electron trans-
port (Bendall, 1982). On the contrary, the opposite
might be expected if ATP is limiting, the efficiency of
its synthesis being decreased by the uncoupler. We
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chose the ionophore carbonylcyanide-p-
(trifluoromethoxy) phenylhydrazone (FCCP), which
has been already shown to be able to decrease the
cellular ATP content and to increase the NADPH con-
centration (Bulté et al., 1990).

Figure 3 shows that when this compound was
added at low concentrations, a stimulation of photo-
synthesis was observed, together with the expected
stimulation of respiration. This strongly confirms the
limitation of CO, assimilation by the rate of NADP
reduction rather than by that of ATP formation in C.
reinhardtii. At higher concentrations, the ionophore
inhibited photosynthesis (the effect being almost
complete at the concentration of 5 um), as expected
because of the drastic inhibition of ATP synthesis.

ATP/ADP and NADPH/NADP Cellular
Contents during a Dark-Light Transition in
Barley Leaves

The remarkable difference existing between the re-
sults obtained in intact chloroplasts isolated from a
number of vascular plants and those obtained here
calls for an explanation. The differences observed
might depend on the fact that in intact cells the
photosynthetic metabolism occurs together with all
of the other cellular activities, whereas in isolated
mature chloroplasts photosynthesis, it is the only
physiological process going on.

We have therefore decided to compare the obser-
vations made above for C. reinhardtii with the
changes of ATP and NADP in vascular plants. We
have estimated the level of these metabolites in intact
barley leaves, either upon dark adaptation or in
steady-state photosynthesis under low or high (14
times higher) light intensity. Figure 4 shows that
illumination was accompanied by a decrease of the
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Figure 3. Effect of the ionophore FCCP on the rate of oxygen uptake
and evolution by whole cells of C. reinhardtii. Chl concentration was
150 pg mL™". Light intensity was adjusted as to give 20% to 25% of
the maximum rate of photosynthesis. Figures refer to seven indepen-
dent experiments. Other conditions are as in Figure 1.
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Figure 4. Changes of ATP, ADP, and NADP upon illumination of
barley leaves. Barley leaves, freshly collected from the orchard, were
incubated at room temperature either in the dark or in low- and
high-light conditions. After 3 min, liquid nitrogen was poured on
them, and the frozen leaves were ground to a fine powder. They were
then extracted with TCA, and the extracts were treated as described
in “Materials and Methods.”

NADP content (indicating an increase of the NADPH
concentration), which was essentially light indepen-
dent, at variance with what observed in Figure 1 in
the case of C. reinhardtii. An increase of the ATP/
ADP ratio was also observed, consistent with the
results obtained in Figure 1 and with previous data
from plant leaves and isolated protoplasts (e.g., see
Santarius and Heber, 1965; Stitt et al., 1982; Furbank
and Horton, 1987).

Thus, it appears that the situation observed in the
case of plants is somewhat intermediate between that
of chloroplasts, because the same pattern of NADPH
is observed in the two systems, and that of C. rein-
hardtii, because no ATP decrease is observed. We
note however, that Prinsley and coworkers (1986)
have shown that the ATP/ADP ratio measured in
spinach leaves discs (which was about 1.2 at high
light intensity) decreased transiently during the tran-
sition from high to low light intensity and then re-
covered the initial value when the uptake of CO,
stabilizes at a lower steady rate. This might suggest
that the situation measured in plant leaves is essen-
tially the same as the one observed in the case of
chloroplasts, where ATP synthesis limits the assimi-
lation of CO,. In leaves, however, other metabolic
phenomena, having a slower activation time than
photosynthesis, might provide the required ATP/
NADPH ratio at steady state. The mechanism pro-
posed to explain this phenomenon implies that re-
ducing equivalents generated in the chloroplast
during illumination can be oxidized in the mitochon-
dria—mostly thanks to the malate/oxaloacetate shut-
tle system (Scheibe, 1987)—and that the ATP synthe-
sized in this organelle can then be transferred back to
the chloroplast where it is used for CO, assimilation.
This phenomenon has been already described in the
case in barley protoplasts (Kroemer et al., 1988) and
has been ascribed to the rapid equilibration both of
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oxaloacetate/malate and of ATP between the differ-
ent cell compartments (for a review, see Hoefnagel et
al., 1998; Noctor and Foyer, 2000; see also Dutilleul et
al., 2003).

Contribution of Mitochondrial ATP
Synthesis and of the Mehler-Ascorbate Reaction to
Chloroplast ATP Metabolism

To understand whether the same interaction be-
tween chloroplastic and mitochondrial metabolism
might explain the finding that in C. reinhardtii, ATP is
produced in excess with respect to NADPH, we have
measured the efficiency of oxaloacetate to act as an
electron acceptor. For this experiment, cells were il-
luminated in the absence of CO, (at the CO, compen-
sation point, where no O, changes are observed), and
the ability of different compounds to restore O, evo-
lution was tested.

We found that oxaloacetate addition induced a res-
toration of activity, which was approximately 25% of
the maximum rate observed upon addition of bicar-
bonate (Fig. 5). This result suggests a possible contri-
bution of mitochondrial metabolism to photosyn-
thetic CO, assimilation through the malate-
oxaloacetate shuttle system, as already proposed in
the case of plants. The occurrence of such a phenom-
enon in the case of C. reinhardtii is consistent with the
findings of Lemaire and coworkers (1988), who iso-
lated a mutant lacking an active chloroplast ATP
synthase but still capable to grow phototrophically in
inorganic medium, even if at about 25% of the max-
imum rate. In the frame of this hypothesis, the drastic
decrease of NADPH observed under conditions
where light intensity is limiting photosynthesis (as in
Fig. 1) could be ascribed to its use for oxaloacetate
reduction in the chloroplast and the oxidation of
malate so generated in the mitochondrion (running
at a maximum rate of around 10 pmol O, mg~"' Chl
h™'; see legend of Fig. 1). In the improbable hypoth-
esis that all of the ATP made by mitochondria would
be transferred to the chloroplast, the latter would be
provided with ATP at a rate barely sufficient to ac-
count for the observed photosynthetic rate of 23
pmol mg~' Chl h™!, because it is well known that the
oxidation of substrates (in this case malate) via the
Krebs cycle in the mitochondria can form a maxi-
mum of five ATP per CO, emitted. Such a mecha-
nism could not, however, contribute a relevant frac-
tion of the ATP needed for CO, assimilation at
saturating light, running at a rate of over 150 umol
mg ' Chlh™".

By the same experimental approach, we found that
the addition of ascorbate did not restore O, evolution
but rather induced a slow O, uptake, indicating that
ascorbate, or rather the free radical produced by its
oxidation (Miyake and Asada, 1992; Forti and Ehren-
heim, 1993; Forti and Elli, 1995), is a poor terminal
electron acceptor in the chloroplast of C. reinhardtii.

Plant Physiol. Vol. 132, 2003
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Figure 5. Ascorbate- and oxaloacetate-driven oxygen consumption
and evolution in C. reinhardtii intact cells. The cells (150 pg Chl
mL~") were illuminated in the oxygraph cell at pH 6.0, without the
addition of bicarbonate, until the CO, present in the buffer was
exhausted and the CO, compensation point was attained. The
changes of O, concentration were recorded upon the addition (ar-
row) of 5 mm NaHCO; (a); 2 mm oxaloacetate (b); 0.4 mm ascorbate
(c); and 4 mm ascorbate (d). Figures on the traces represent the
specific activity in micromoles per milligram of Chl per hour.

This result and the finding that the properties of the
ascorbate peroxidase—the key enzyme of the
Mehler-ascorbate system (Takeda et al., 1997)—of C.
reinhardtii are very different from those of higher
plants strongly suggest that the role of the ascorbate-
Mehler reaction in this alga is likely the protection
against the generation of reactive oxygen species
(Asada, 2000) rather than the contribution to the
energy requirements of photosynthesis.

To estimate the contribution of the mitochondrial
metabolism to photosynthesis in C. reinhardtii, we
have measured the effect of oligomycin on oxygen
evolution and on the ATP/ADP ratios measured at
both low and high light intensities. This compound
specifically inhibits the mitochondrial ATP synthase
complex without affecting that of the chloroplasts

Plant Physiol. Vol. 132, 2003

(Kroemer et al., 1988). We reasoned that under con-
ditions where no ATP synthesis in mitochondria is
associated with the oxidation of the malate generated
in the chloroplast, the limitation of CO, fixation by
NADPH availability should be replaced by the limi-
tation imposed by ATP availability, as reported in the
case of isolated chloroplasts (Heber, 1973). Figure 6
shows that, whereas oligomycin decreased the ATP/
ADP ratio in the dark (as expected because of inhi-
bition of mitochondrial oxidative phosphorylation),
the ratio increased upon illumination of low inten-
sity, essentially as in the untreated samples (Fig. 6,
compare B and A). Moreover, the addition of oligo-
mycin did not result in any inhibition of the rate of
oxygen evolution (Fig. 6, see legend) at any light
intensity (not shown), whereas inhibition has been
reported in higher plants protoplasts (Kroemer et al.,
1988) and leaves (Kroemer and Heldt, 1992). The
inhibitor did not affect respiration either (Fig. 6, leg-
end). This latter observation can be easily understood
because C. reinhardtii is endowed with the pathway
of respiration alternative to the mitochondrial cyto-
chrome oxidase pathway (Peltier and Thibault, 1985),
which is insensitive to the inhibitors of the latter such
as mixothiazol and cyanide and is not under “respi-
ratory control” by ApH. As an independent ap-
proach, we measured the same parameters in the
Dum-1 mutant, which is defective in mitochondrial
electron transport (Matagne et al., 1989). In this mu-
tant, again, the ATP/ADP ratio was decreased in the
dark and was increased upon illumination as in the
wild type (Fig. 6C).

This suggests that the contribution of respiration to
the generation of the ATP required to assimilate CO,
is rather limited in the case of C. reinhardtii. This
latter conclusion is also substantiated by the compar-
ison of the effects of oligomycin (and of the Dum-1
mutation) on the ATP levels during illumination un-
der anaerobic and aerobic conditions. Although ATP
synthesis takes place without consumption for CO,
fixation in the first condition (the cells are in state 2,
and no photosynthetic O, evolution is observed in
this state; Finazzi et al., 1999), both synthesis and
consumption take place simultaneously in the second
one (state 1, active photosynthesis). Consequently, a
decrease in the ATP levels is observed in the latter
condition, which probably reflects the balance be-
tween its generation and use at steady state. If the
mitochondrial ATP contribution to steady-state pho-
tosynthesis were relevant, large differences would be
expected between aerobic and anaerobic cells upon
addition of oligomycin. On the contrary, the decrease
observed in oligomicin-treated algae (approximately
20%) is not so dramatic when compared with that
observed in untreated cells (approximately 15%). In
our opinion, this confines the ATP contribution to
photosynthesis by mitochondria to a rather minor
role.
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Figure 6. Effect of oligomycin and of the mitochondrial mutation

Dum-1 on cellular ATP and ADP concentrations in C.

reinhardtii cells. Conditions are as in Figure 1. The Chl concentration was 150 ug mL~". Oligomycin was 10 ug mL~". Light

intensity was 24 pE m~—?

s~ ', producing an activity of 17.9, 18.2, and 18.7 umol O, mg~' Chl h™', respectively, in the

control, oligomycin-treated, and DUM samples and a respiration of 10.3, 10.2, and 10.5, respectively. At saturating light
intensity, the photosynthetic rate was, respectively, 127, 134, and 143 umol mg~" Chl h™" in the control, in the presence
of oligomycin, and in the Dum-1 mutant. The data are the average of four experiments = se. A, Wild type, untreated sample;
B, wild type, oligomycin-treated sample; and C, Dum-1 mutant, untreated.

Contribution of Cyclic Electron Flow to the ATP
Generation in C. reinhardtii Cells

The results presented above indicate that the pho-
tosynthetic electron transport per se is able to pro-
duce the ATP and NADPH in the ratio of more than
1.5 in C. reinhardtii. Both the ascorbate-Mehler reac-
tion and mitochondrial metabolism seem to play a
minor role in the generation of the extra ATP re-
quired to promote CO, fixation.

Therefore, a contribution from cyclic electron flow
seems to be a better candidate, because it has been
already shown to be extremely efficient in C. rein-
hardtii, at least under state 2 conditions (Finazzi et al.,
1999, 2002; Fig. 1). State 2, however, represents a
peculiar situation of the photosynthetic apparatus,
where approximately 80% of the LHCII becomes as-
sociated with PSI (Delosme et al., 1996), and the
cytochrome b¢f concentration in its proximity is in-
creased (Vallon et al., 1991). In state 1 conditions, on
the contrary, no evidence for the occurrence of cyclic
flow has been obtained (Finazzi et al., 1999), raising
the question of the real contribution of cyclic flow to
ATP photosynthetic generation also in the case of C.
reinhardtii.

We have already recognized, however (Finazzi et
al., 2002), that both states 1 and 2 represent extreme
conditions, as required to fully oxidize or reduce the
PQ pool in the dark. Under more physiological con-
ditions, as the one employed in Figure 1, an interme-
diate state between states 1 and 2 might exist, where
both linear and cyclic flow might contribute simulta-
neously to photosynthesis, thus explaining the lack
of limitation of photosynthetic CO, assimilation by
ATP observed in Figure 1. The existence of this in-

1470

termediate state is suggested by the finding that the
F.,, measured in the presence of the PSII inhibitor
3-(3' 4’'-dichlorophenyl)-1,1-dimethylurea (DCMU) of
C. reinhardtii cultures is usually not identical to those
of state 1 but intermediate between that of states 1 and
2 (F.-A. Wollman, personal communication).

To verify this possibility, we have measured the
effect of DCMU and of the cytochrome b4f inhibitor
2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone
(DBMIB) on electron flow through the cytochrome
b¢f complex in the case of cells treated as in Figure 1,
i.e. incubation under dim light in a weakly agitated
flask. As a consequence of this treatment, the redox
state of the PQ pool (which controls the activation of
the kinase responsible for state transitions; for re-
view, see Wollman, 2001) is expected to be more
reduced than in state 1 (where it is mostly oxidized
because of the strong agitation of the cells in the
dark) and more oxidized than in state 2 (where it is
completely reduced by anaerobiosis). This should
lead to a partial activation of the kinase molecules
and give rise to the intermediate level hypothesized
above.

Figure 7A shows that this is the case, because the
F., measured in algae incubated under the same con-
ditions of Figure 1 was actually intermediate between
that of states 1 and 2. As expected, the consequences
of DCMU addition on the electron flow through cy-
tochrome f were also intermediate. In state 1, this
compound completely inhibited electron flow (Fig.
7B), while being without effect in state 2 (Fig. 7D), as
already established previously (Finazzi et al., 1999).
In the conditions explored here (Fig. 7C), its inhibi-
tion was equal to 80% of that of DBMIB (Fig. 7C).
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Figure 7. Cytochrome fredox changes and flu-
‘ (Bﬂ orescence emission measurements in C. rein-
hardtii cells. A, Fluorescence induction mea-
L -3 9 #00 '
3 o surements in the presence of 10 um DCMU.
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! ‘s‘ kept in darkness under continuous vigorous ag-
. itation in air to prevent reduction of the PQ
'. A +-0,5 pool). Dotted line, State 2 conditions, obtained
B / through dark incubation of algae in argon.
| A Dashed lines, same conditions as in Figure 1.
“ Absorbance variations, indicating cytochrome f
e/ redox changes. B, State 1; C, same conditions as
M‘m‘& L-10 in Figure 1; D, state 2. Light intensity was 1,000
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the photochemical activity of PSII in these conditions,
as indicated by the observation that the rise of fluo-
rescence to the maximum value was essentially the
same as in state 1 conditions (Fig. 7A). This result
indicates that part of the reducing equivalents used
to reduce cytochrome f under the conditions em-
ployed in Figure 1 were not generated at the level of
PSII and so probably originated from PSI.

This finding can be interpreted in two ways: (a)
Cyclic and linear electron transport coexist in the
same chloroplast; or (b) two populations of cells are
present at the same time in the experimental system,
one in state 1 and the other in state 2 conditions. To
discriminate between these two hypotheses, we have
repeated the same measurement at lower light inten-
sity. We reasoned that, if the rate of cyclic flow is
lower than that of the linear one, then competition
between the two might influence the relative fraction
of the cytochrome complexes involved in cyclic flow
according to the first hypothesis, but not according to
the other, where no contact between the chains op-
erating in the linear and cyclic electron flow mode is
expected. The results of these experiments are re-
ported in Figure 8 and clearly indicate that the extent
of inhibition by DCMU was largely decreased at low
light intensity, suggesting that cyclic and linear flow
are not confined to different cell populations.
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The data presented here are consistent with the
well established concept of “assimilatory power” (for
review, see Giersh et al., 1980; Dietz and Heber, 1984;
Noctor and Foyer, 2000), which states that it is the
balance between the rate of generation and consump-
tion of reducing equivalents and ATP that sets the
rate of CO, assimilation. We show however that in
aerobic cells of the green alga C. reinhardtii, the rate of
NADPH generation is a crucial factor in the assimi-
lation of CO, under steady-state, light-limited condi-
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Figure 8. Influence of DCMU on cytochrome fredox changes under

limiting light intensity. Same conditions and symbols as in Figure 7C,

except that light intensity was 100 pE m~2 s~ .
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tions. This is indicated by the decrease of the
NADPH concentration (Fig. 1), which is strictly de-
pendent on CO, assimilation (Fig. 2). The stimulation
of photosynthetic O, evolution in vivo observed
upon addition of low concentrations of the uncoupler
FCCP under low light intensity (Fig. 3) is also con-
sistent with this idea, suggesting that the increase in
the rate of NADP photoreduction at the expense of
lower coupling of ATP formation stimulates photo-
synthesis. In contrast to this, it is well known that
uncouplers inhibit O, evolution in isolated chloro-
plasts when CO, is the only final electron acceptor
supplied.

We interpret this finding as the consequence of the
fact that linear and cyclic electron flow operate at the
same time in chloroplasts in C. reinhardtii, thus con-
tributing to the increase of the amount of ATP at the
expense of the NADPH content. The very high effi-
ciency of cyclic flow observed in C. reinhardtii (Figs. 7
and 8; see also Finazzi et al., 1999), which might
contribute up to 50% of the overall electron flow, is
probably responsible for the strong limitation in the
rate of NADPH generation, which is not observed in
higher plants (see e.g. Fig. 4). Consistent with such a
difference, the question as to the coexistence of cyclic
and linear electron flow processes in the case of C3
plants under steady-state photosynthetic conditions
is still under debate, despite the fact that one of the
components of the “cyclic electron flow chain” has
been recently characterized (Munekage et al., 2002).

In these plants, Forti and Parisi (1963) have shown
evidence for cyclic electron flow only in non-
physiological conditions that abolish photosynthesis.
It has been shown that cyclic electron flow might be
induced by CO, depletion (Harbinson and Foyer,
1991), drought (Katona et al., 1992), and other stress
conditions (for review, see Bendall and Manasse,
1995). More recently, cyclic electron flow has been
observed in dark-adapted leaves at the onset of illu-
mination (Joliot and Joliot, 2002). Occurrence of cyclic
electron transport in C3 plants in steady-state phys-
iological conditions has been recently proposed on
the basis of measurements of PSI-dependent energy
storage by photoacoustic methods (Joet et al., 2002).
Nevertheless, the rates of P700 reduction through the
cyclic pathway reported were very low, the t, ,, being
at best of the order of 400 ms: much too low to
account for a relevant role in photosynthesis. A sub-
stantial fraction of the extra ATP generated in higher
plants in the light is likely due to the contribution of
ATP by mitochondria through the malate-oxalo-
acetate shuttle (Kroemer et al., 1988; Dutilleul et al.,
2003) or the Mehler-ascorbate system (Forti and Elli,
1995; Asada, 2000).

It appears therefore that different metabolic choices
have been performed by photosynthetic organisms to
achieve the correct balancing between generation of
reducing equivalents and ATP, and thus maintain
sufficient ATP and NADPH levels for CO, assimila-
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tion during illumination, at variance with isolated
chloroplast.

MATERIALS AND METHODS
Strains and Culture Conditions

Chlamydomonas reinhardtii wild type (from strain 137 C) and T60 (devoid
of Rubisco; Khrebtukova and Spreitzer, 1996) were provided by the Labo-
ratoire de Physiologie Cellulaire et Moléculaire du Chloroplaste, at the
Institut de Biologie Pligico-Chemique (Paris). Cells were grown at 24°C in
acetate-supplemented medium (Harris, 1989) under approximately 60 uE
m~2 s~ ! continuous white light. They were harvested during exponential
growth (approximately 2 X 10° cells mL™ '), and resuspended in minimal
medium (Harris, 1989).

Measurements of Oxygen Evolution and
Uptake and of Fluorescence

Photosynthesis and respiration were measured as O, exchanges in the
presence of 5 mm NaHCO; (unless otherwise indicated) using a Clark-type
electrode (Radiometer, Copenhagen) in a homemade cell, at 25°C. Illumi-
nation was provided by a halogen lamp, which was filtered through a heat
filter. Light intensity was adjusted, as needed, by neutral density filters.
Fluorescence emission was measured in the same cell employed to measure
oxygen exchanges using a PAM fluorimeter (Walz, Effeltrich, Germany). For
measurements, algae were resuspended at 120 to 150 ug Chl mL ™. Fluo-
rescence induction kinetics were measured in a homemade apparatus,
where emission was excited at 590 nm, and were measured in the near
infrared region. Chl concentration was determined by measuring the Agg, of
the cell culture in a spectrophotometer equipped with a scatter attachment,
on the basis of a calibration curve constructed after extraction of the Chl
with 80% (w/v) acetone (Finazzi et al., 1999).

Determination of ATP, ADP, NADP, and NADPH

An aliquot of the cell suspension used to measure oxygen exchanges and
fluorescence emission was used to measure ATP and ADP in trichloroacetic
acid extracts as previously described (Finazzi et al., 1999). Oxygen contents
in the solution was monitored just before sample preparation with the same
electrode described before. The same extracts were used for the determina-
tion of NADP, whereas NADPH was completely destroyed in the acid
extract, as confirmed upon addition of known amounts of it. For the deter-
mination of NADPH, the cell suspension was frozen in the light or in the
dark and then treated with 0.5 volume of NaOH (0.5 m, 90°C), and the very
basic extract was heated at 95°C for 5 min. During the treatment, NADP was
completely destroyed (as shown by the lack of recovery of any NADP added
to the cells at the time of quenching), and ATP was also largely hydrolyzed.
The extracts were rapidly cooled and centrifuged in the cold, and the clear
supernatants were neutralized and buffered at pH 8.0.

NADP and NADPH were measured at pH 8.0 by enzymatic cycling, using
Gle-6-phosphate as the electron donor and 2,6-dichlorophenolindophenol
as the acceptor in the presence of Glc-6-phosphate dehydrogenase and
ferredoxin-NADP reductase used here as an NADPH-specific diaphorase.
The rate of 2,6-dichlorophenolindophenol reduction was measured in a dual
wavelength spectrophotometer, as the absorbance change at 605 — 500 nm. A
calibration was done in each sample upon addition of a known amount of
NADP.

Pure ferredoxin-NADP reductase was prepared as previously described
(Forti, 1971), and the other enzymes were purchased from Sigma-Aldrich (St
Louis).

Spectroscopic Measurements

Algae were resuspended in a minimal medium, with the addition of 20%
(w/v) Ficoll to prevent cell sedimentation. Chl concentration was approxi-
mately 70 ug Chl mL™". Spectroscopic measurements were performed at
room temperature, using a homemade spectrophotometer (Joliot et al.,
1981). Actinic light was provided by a SDL diode laser (SDL, Planor, TX; 500
mW, emission peak at 690 nm). Light-induced absorption changes were
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measured as absorption of flash monochromatic light at discrete times.
Cytochrome f redox changes were calculated as the difference between the
absorption at 554 nm and a baseline drawn between 545 and 573 nm (Finazzi
et al., 1997) and were corrected for the contribution of the electrochromic
signal (5% of the signal observed at 515 nm; Finazzi et al., 1999). State 1 was
obtained through dark incubation of the cells under strong agitation,
whereas state 2 was induced through anaerobiosis (Bulté et al., 1990).
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