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ABSTRACT We have used a new method to extensively modify the redox state of the
plastoquinone pool in Chlamydomonas reinhardtii intact cells . This was achieved by an
anaerobic treatment that inhibits the chlororespiratory pathway recently described by P .
Bennoun (Proc. Natl . Acad. Sci. USA, 1982, 79:4352-4356) . A state I (plus 3,4-dichlorophenyl-
1,1-dimethylurea)-).anaerobic state transition induced a decrease in the maximal fluorescence
yield at room temperature and in the Fps ,,/Fps , ratio at 77°K, which was three times larger than
in a classical state I --> state II transition . The fluorescence changes observed in vivo were
similar in amplitude to those observed in vitro upon transfer to the light of dark-adapted,
broken chloroplasts incubated in the presence of ATP. We then compared the phosphorylation
pattern of thylakoid polypeptides in C . reinhardtii in vitro and in vivo using 'Y_[31 P]ATP and
["P]orthophosphate labeling, respectively . The same set of polypeptides, mainly light-har-
vesting complex polypeptides, was phosphorylated in both cases . We observed that this
phosphorylation process is reversible and is mediated by the redox state of the plastoquinone
pool in vivo as well as in vitro . Similar changes of even larger amplitude were observed with
the F34 mutant intact cells lacking in photosystem II centers . The presence of the photosystem
II centers is then not required for the occurrence of the plastoquinone-mediated phosphoryl-
ation of light-harvesting complex polypeptides .

It is now well established that several thylakoid membrane
polypeptides (mainly the light-harvesting complex [LHC]'
polypeptides) can be phosphorylated in vitro (4, 5) and that
their phosphorylation level is controlled by the redox state of
a component of the electron transfer chain located between
the two photosystems, most likely the plastoquinone (PQ)
pool (2, 17) . It has been shown in vitro that, upon reduction
of the PQ pool, the LHC becomes phosphorylated and that
its ability to transfer excitation energy to the photosystem I
(PSI) reaction centers is increased. Conversely, the oxidation
of the PQ pool is accompanied by a dephosphorylation ofthe
LHC and a better sensitization of the photosystem II (PSII)
reaction centers by this chlorophyll-protein complex . This
phosphorylation-dephosphorylation process is mediated by

'Abbreviations used in this paper:

	

DCMU, 3,4-dichlorophenyl-I,l-
dimethylurea; F�, maximum level of fluorescence in the presence of
DCMU; Fo, initial level of fluorescence; LHC, light-harvesting com-
plex; PQ, plastoquinone; PSI, PSll, photosystem 1, photosystem 11 .
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two membrane bound enzymes, a kinase and a phosphatase
(6, 7) . Whereas the phosphatase is always active, the activity
of the kinase would be regulated by the redox state of the PQ
pool .

Several authors have emphasized that such a mechanism
might serve in vivo as a regulation process in the cases where
the photochemical rates of the two photosystems are unbal-
anced (13, 21) . However, although likely, no convincing in
vivo experiment has been reported in higher plants to support
this hypothesis. Nevertheless, Allen and Bennett (1) have
shown that this PQ-mediated phosphorylation process ofsev-
eral polypeptides occurs in isolated intact chloroplasts as well
as in purified thylakoid membranes .
Owens and Ohad (20) used the unicellular green alga,

Chlamydomonas reinhardtii, to compare the in vitro and in
vivo phosphorylation pat,zrns of thylakoid membranes poly-
peptides. Their in vitro labeling experiments confirmed the
main results previously reported for higher plant chloroplasts.
They could not find, however, any significant change in the
phosphorylation level of the thylakoid membrane polypep-



tides upon illumination of intact cells in red or far red light
as compared with dark-adapted cells. They then concluded
that the state I-state II transition first reportedby Bonaventura
and Myers (12) in intact cells was not controlled by such a
phosphorylation-dephosphorylation process in vivo .
Such a discrepancy between in vivo and in vitro results

may arise for two quite different reasons : (a) the relative
activity of the membrane bound kinase and phosphatase are
strongly modified in the course of chloroplast isolation for in
vitro studies ; (b) the methods previously used to modify the
redox state of the PQ pool in vivo are not as efficient as those
used in vitro . Consequently, no significant changes in the
phosphorylation level of the thylakoid membrane polypep-
tides would have been observed in vivo.
The redox state of the plastoquinone pool in dark-adapted

algae is controlled by the relative concentrations ofan endog-
enous reductant and of molecular Oz (16). Bennoun (11) has
recently shown that the PQ pool in the thylakoid membrane
is a redox carrier common to two distinct electron transfer
chains: the photosynthetic one, from HZO to NAD(P)', and
a respiratory-like one, from NAD(P)H to 02 . This second
electron transfer chain in the chloroplast, which was referred
to as chlororespiration, is inhibited in anaerobic conditions
and, in most of the cases studied so far, by heme-proteins
inhibitors, such as carbon or nitrogen-monoxide or cyanide
leading, in the dark, to a nearly complete reduction of the PQ
pool . Such inhibitors can then be used to drive the reduction
of the PQ pool much more efficiently than the use of light II
(650 nm) and may improve the conditions under which
phosphorylated polypeptides are observed in thylakoids of
intact cells.

Alternatively oxidation of the PQ pool can be improved by
the use of mutants lacking in PSII centers. In such a case, the
mere illumination of the cells induces an oxidation of the PQ
pool by PSI with no concomitant input of reducing equiva-
lents coming from PSII .
We have compared, in this paper, the phosphorylation

pattern of thylakoid polypeptides and the light energy distri-
bution in C. reinhardtii under experimental conditions where
the PQ pool is maximally oxidized or reduced both in vivo
and in vitro . We show that changes in the light energy
distribution between the two photosystems are associated in
vivo as well as in vitro to changes in the amount of phosphate
incorporated in several thylakoid polypeptides . This phospho-
rylation process is mediated by the redox state of intersystem
electron carriers in both cases and does not depend on the
presence of PSII centers in the thylakoid membrane .

MATERIALS AND METHODS
Two different strains of C. reinhardiii were used in this work: a wild-type strain
(WT) and a mutant strain devoid of photosystem 11 reaction centers (F34).
Both weregrown in Tris-acetate-phosphate (TAP) medium under a continuous
illumination of2001ux (cool fluorescent light). The cultures were used in mid-
exponential phase (3.106 cells/ml).

In Vitro Experiments :

	

Wild-type cells were broken and resuspended
in 20 mM HEPES pH 7 .5, 0 .1 M sucrose, and 10 mM NaCl according to
already published procedure (23) ; 5 MM MgC12 was present throughout the
experiment. y-["P]ATP (specific activity, 10 ;LCi/kmol) at a concentration of
100 AM was then added to the preparation which was split into three aliquots:
the first one was kept in the dark (under those conditions, the PQ pool is fully
oxidized), the second one was illuminated with white light at 200 lux (PQ pool
fully reduced), and the third one was illuminated with white light in the presence
of 10-5 M (plus 3,4-dichlorophenyl-1,1diniethylurea) (PQ pool oxidized). The
incubation time was 150 min. The reaction was stopped by the addition of
NaF (20 mM) and rapid cooling down to 4°C.
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Purified thylakoid membranes were then isolated by the flotation procedure
described by Chua and Bennoun (14) except that the broken-cell preparation
was directly resuspended in 5 mM HEPES pH 7 .5, 1 mM EDTA, 1 .8 M sucrose
without the French press treatment.

In Vivo Experiments :

	

Cells were harvested by low speed centrifuga-
tion (600 g, 10 min) and resuspended at 3 .106 cells/ml in a phosphate depleted
TAP medium containing ["P]orthophosphate (specific activity, l juCi/ml).
They were incubated at 200 lux in this medium for 120 min to reach a steady-
state level of phosphorylation . They were then incubated for 15 min under
various conditions to get an oxidation or a reduction of the PQ pool ; reduction
of the PQ pool was achieved by adding in the dark either NaN3 which inhibits
the output of the chlororespiratory pathway (cf. Introduction) or glucose/
glucose-oxidase (20 mM-2 mg/ml, respectively) which takes upOz, the terminal
electron acceptor of the chlororespiratory pathway.

Oxidation of the PQ pool was obtained by illumination of the algae with far
red light (>700 nm) with no further addition for the F34 mutant and in the
presence of 10-5 M DCMU for the WT . In another series of experiments WT
cells were placed in state 11 or state I by a 15-min illumination with red (650
nm) or far red light (>700 nm, respectively).

In all cases, the reaction was stopped by the addition of 20 mM NaF and
rapid cooling down to 4°C . Thylakoid membranes were then isolated following
the procedure ofChua and Bennoun (14).

Detection of Phosphorylated Polypeptides :

	

Thylakoid mem-
brane polypeptides were then analyzed on a 7 .5 to 15% polyacrylamide gradient
gel as previously described (15) . The gel was dried and autoradiographed with
an X-ray film Kodak X-omat AR-5 .

Fluorescence Experiments :

	

Fluorescence measurements at room
temperature were performed as in (23). 1 min before recording the fluorescence
induction curve, 10 -1 M DCMU was added in the dark to all the samples,
except when otherwise indicated. 77°K fluorescence emission spectra were
recorded as described previously (24) .

RESULTS
In Vitro Experiments : WT Strain
The labeling patterns of phosphorylated thylakoid mem-

brane polypeptides from broken cell preparation of the wild-
type strain under different experimental conditions are shown
in Fig. 1 . When the broken cell preparation is illuminated to
reduce the PQ pool (Fig . 1, lane 3), five distinct polypeptides
in the range 25-35 kdaltons (9-11, 13, and 16) are heavily
labeled and several others are also faintly labeled (two in the
low molecular weight range, [A and BI and a few in the high
molecular weight range) . Among these polypeptides, 10, 11,
13, and 16 have been shown to be LHC apoproteins (15) .
Striking differences in this labeling pattern are observed when
the broken cells are incubated in the dark to oxidize the PQ
pool (Fig . 1, lane 2) . Much less phosphate is incorporated in
the thylakoid proteins. This holds true in particular for poly-
peptides 13 and 16 which are completely dephosphorylated .
Polypeptides 9, 10, 11, and A are dephosphorylated by -50%.
No net dephosphorylation occurs however for band B and
the high molecular weight polypeptides. On lane 4, Fig . 1, is
shown the phosphorylation pattern obtained for a broken cell
preparation illuminated in the presence of 10-5 M DCMU.
This pattern is nearly identical to that obtained with broken
cells incubated in the dark (lane 2) . This result confirms
previous in vitro labeling experiments reported for C. rein-
hardtff (20) and is consistent with a phosphorylation of the
LHC polypeptides mediated by the redox state of the PQ
pool, as observed in higher plant chloroplasts.

In Fig . 2 are shown the fluorescence induction curves of
these broken cell preparations observed in the presence of
10-5 M DCMU. Illumination of the sample in the presence
of ATP decreases the Fm level by ^-35% as compared with
dark adapted preparations (Fig . 2, curves 1 and 2) . However
the addition of DCMU before the illumination period does
not restore the high fluorescence state, as it would be expected,



FIGURE 1

	

Phosphorylation patterns of thylakoid membrane poly-
peptides from WT broken cell preparations incubated in the pres-
ence of ATP under various conditions, and analyzed on a 7 .5 to
15% polyacrylamide gradient gel . Lane 1, stained gel of thylakoid
membrane polypeptides (MB) (Coomassie Brilliant Blue) . The no-
menclature of the polypeptides is that of Chua and Bennoun (14);
Lanes 2-4, autoradiograms of the corresponding gel : lane 2, dark
adapted sample ; lane 3, sample preilluminated in the light for 150
min ; lane 4, sample preilluminated in the light in the presence of
10-5 M DCMU. For a quantitative estimation of the labeling, see
Table I .

although, as far as phosphorylation is concerned, the two
conditions, dark and light plus DCMU, are identical (Fig . l,
lanes 2 and 4) . The Fm level is even slightly lower when
DCMU is present during the illumination period; a similar
observation on higher plant chloroplasts has been reported by
Bennett et al . (8). A deleterious effect of prolonged illumina-
tion ofbroken cells must then be considered . This emphasizes
the existence of other quenching phenomena in vitro and
draws the limits of experiments devoted to phosphorylation
of LHC proteins through the exclusive use of fluorescence
parameters .
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FIGURE 2 Fluorescence
induction curves, ob-
served in the presence
of 10-5 M DCMU, of
broken cell prepara-
tions incubated in the
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presence of ATP under
various conditions.
Curve 1, dark-adapted
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sample ; curve 2, sam-
ple incubated for 150
min in the light ; curve
3, same as above in the
presence of 10-5 M
DCMU .
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In Vivo Experiments : WT strain
A typical state II to state I transition is shown in Fig. 3A .

As previously observed (9), both Fo and Fm (observed in the
presence of DCMU) are -15% lower in state II than in state
I. Similar variations occur in the halftime of the fluorescence
rise : it is - 15% shorter in state I than in state II . To get either
a more complete reduction or oxidation of the PQ pool, cells
were treated for 15 min either in the dark in the presence of
glucose/glucose-oxidase (20 mM and 2 mg/ml, respectively)
or preilluminated with far red light in the presence of 10-5 M
DCMU. In the former case, molecular 02, the terminal elec-
tron acceptor of the chlororespiratory pathway is no longer
present and electrons accumulate in the dark in the PQ pool.
The fluorescence induction curves observed in the presence
ofDCMU for these two conditions are shown in Fig . 3B . The
Fm level is reduced by a factor of 2 in the anaerobic state as
compared with the sample preilluminated in the presence of
DCMU. Similar changes were observed when NaN3 was used
instead of glucose/glucose-oxidase to inhibit the chlororespi-
ratory pathway (not shown) . No simple comparison can be
made between the Fo levels in Fig. 3 B since the reduction of
the PQ pool leads to a partial reduction of the primary and
secondary acceptors of PSII and thus increases the Fo level
upon addition of DCMU. It is worth mentioning that the
fluorescence changes observed in vivo are of even greater
amplitude than those seen in vitro (compare Fig. 3 B and Fig .
2) .
The decrease observed in the Fm level during a state I to

state II transition is attributed to a more efficient energy
transfer from the bulk antenna to the PSI centers at the
expense of the PSII centers (22) . An alternative description of
the phenomenon arises from the analysis of 77°K fluorescence
emission spectra obtained with algae in state I or in state II ;
the Fb85�./F7,5�m ratio (respectively PSII and PSI fluores-
cence) decreases during a state I to state II transition (12) . To
rule out the possibility that inhibition of chlororespiration
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In Vivo Experiments: F34 Mutant Strain
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FIGURE 3 (A and B) Fluorescence induction curves, observed in
the presence of 10 -5 M DCMU of WT intact cells under various
conditions . (A) Upper curve, cells preilluminated with far red light
and lower curve, cells preilluminated with red light ; (B) upper curve,
cells preilluminated with far red light in the presence of 10-5 M
DCMU and lower curve, cells incubated in the dark in the presence
of glucose/glucose-oxidase . The lines on the left of the figures
indicate the F m level in each case .

would modify other quenching processes at room temperature
than those controlled by the state ofexcitation energy transfer
from LHC to PSI, we analyzed the 77°K fluorescence emission
spectra ofcells preincubated in the same conditions as in Fig.
3 B . A very large decrease in the F685../F7is n,n ratio is observed
upon reduction of the PQ pool under anaerobic conditions
(Fig . 4) . Thus a similar reorganization ofthe antenna between
the two photosystems occurs in a state I to state II transition
and in a state I plus DCMU to an anaerobic state transition,
though of much higher amplitude.

Fig . 5 shows the labeling patterns of thylakoid membrane
polypeptides isolated from WT intact cells and treated under
various conditions. Independently of a particular pretreat-
ment, it is seen that the phosphorylated polypeptides are
mainly the same as in the in vitro labeling experiment:
polypeptides 9-11, 13, 16, A, and B are labeled. These poly-
peptides are phosphorylated in algae placed either in state I
or in state II (Fig . 5, lanes 1 and 2). One observes however a
slightly lower level of phosphorylation (by -20%) ofall these
polypeptides, but band B, in state I than in state II . The
changes observed in this latter transition are then of much
lower amplitude than in the in vitro experiments presented
in Fig. 1 . The variations in the phosphorylation levels of the
different thylakoid membrane polypeptides in vivo are much
higher when we compare cells preilluminated in far red light
in the presence of DCMU with those incubated in the dark
in the presence ofglucose/glucose-oxidase (Fig. 5, lanes 3 and
4). There is a fourfold increase in phosphorylation in the
latter state . This holds true for all the polypeptides, including
band B (a faintly labeled polypeptide ofhigh molecular weight
[47 kdaltons] is however unaffected) .

It thus appears that the reduction of the PQ pool, induced
by the inhibition of the chlororespiratory pathway is much
more efficient than a preillumination with light II (650 nm)
in promoting both fluorescence and phosphorylation changes .

Fluorescence induction curves at room temperature and
77°K fluorescence emission spectra with the F34 mutant cells
following various pretreatment conditions are shown in Fig .
6 . Owing to the absence of PSII centers, there is no variable
fluorescence at room temperature and the emission peaks at
685-695 nm are shifted towards 682 nm which corresponds
to the emission band of "disconnected" LHC . The compari-
son between the cells incubated with glucose/glucose-oxidase
in the dark and those preilluminated with far red light shows

W~lii0h(rm)

FIGURE 4 77°K Fluores-
cence emission spectra (F)
of WT cells incubated un-
der various conditions .
Solid line, cells incubated
in the dark in the presence
of glucose/glucose-oxi-
dase ; dashed line, cells in-
cubated in far red light in
the presence of 10 -5 M
DCMU.

FIGURE 5 Phosphoryl-
ation patterns of thyla-
koid membrane poly-
peptides from WT cells
incubated under var-
ious conditions . Elec-
trophoresis is per-
formed on a 7.5-15%

polyacrylamide gra-
dient gel . Exposure
times for the autoradi-
ograms shown in lanes
1 and 2 are longer than
those used for lanes 3
and 4 . Lane 1, cells in-
cubated in red light
(650 nm) ; lane 2, cells
incubated in far red
light (>700 nm) ; lane 3,
cells incubated in far
red light in the pres-
ence of 10-5 M DCMU;
lane 4, cells incubated

in the dark in the presence of glucose/glucose-oxidase . For a
quantitative estimation of the labeling, see Table I .

that a reorganization ofantenna pigments around PSI centers
occurs in the absence of PSII centers . The fluorescence
changes are similar to those observed in the wild-type but of
even higher amplitude . The low fluorescence state and low
F6R2nm/Flsam ratio produced by anaerobic treatment corre-
spond to an efficient excitation energy transfer from the LHC
to PSI centers while preillumination with far red light induces
a high fluorescence state and a high Fbs2nm/F15nm ratio by
decreasing the energy transfer from LHC to PSI centers .
The labeling patterns of the thylakoid membranes isolated

from F34 cells incubated in the dark in the presence of
glucose/glucose-oxidase (Fig . 7, lane 4) includes polypeptides
9-11, 13, 16, and thus shows great similarities with that of
the WT incubated under the same conditions (Fig . 5, lane 4) .
The F34 mutant lacks -10 polypeptides among which are
polypeptides 6, 27, L5-L6 (10) . The corresponding phospho-
polypeptides, bands A and B, and that of high moelcular
weight, are no longer seen in the autoradiogram of the F34
(Fig. 7) . It then appears that all the phosphorylated polypep-
tides observed in the WT thylakoid membranes, when not
simply lacking in the mutant, are also phosphorylated in the
F34 thylakoid membranes, although this latter strain lacks
the whole PSII reaction center . A nearly complete dephos-
phorylation ofall the polypeptides occurs when the F34 cells
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FIGURE 6

	

Fluorescence induction curves at room temperature and
77°K fluorescence emission spectra of F34 mutant cells under
various conditions . (A) Fluorescence induction curves : curve 1, cells
incubated in far red light ; curve 2, cells incubated in the dark in
the presence of glucose/glucose-oxidase ; curve 3, cells incubated
in the dark in the presence of glucose/glucose-oxidase and illumi-
nated in the same medium with far red light. (B) Fluorescence
emission spectra at 77°K . Solid line, cells incubated in the dark in
the presence of glucose/glucose-oxidase; dashed line, cells incu-
bated in far red light .

FIGURE 7 Phosphoryl-
ation patterns of thyla-
koid membrane poly-
peptides isolated from
F34 mutant cells incu-
bated under various
conditions and ana-
lyzed on a 7.5-15%

polyacrylamide gra-
dient gel . Lane 1,
stained gel (Coomassie
Brilliant Blue). The dots
point to the missing
polypeptides (cf. Fig. 2,
lane 1) ; lanes 2-4, au-
toradiograms of the
corresponding gels :
lane 2, cells incubated
in the dark in the pres-
ence of glucose/glu-
cose-oxidase and illu-
minated in the same
medium with far-red
light ; lane 3, cells incu-
bated in far-red light ;
lane 4, cells incubated
in the dark in the pres-
ence of glucose-glu-
cose-oxidase .

are preilluminated with far red light (Fig . 7, lane 3) . In this
mutant, intermediary situations can easily be obtained where
the PQ pool is only partially oxidized : to this end, F34 cells
were incubated in the dark in the presence ofglucose/glucose-
oxidase and then illuminated with far red light. Depending
on the intensity of this far-red light, a partial reoxidation of
the PQ pool occurs and the characteristics of the labeling
pattern of the thylakoid membrane polypeptides and of the
fluorescence induction curve at room temperature are in

between the two extreme cases previously studied (Fig . 6A,
curve 3, and Fig. 7, lane 2) . The associated changes in these
three parameters, redox state of the PQ pool, fluorescence
yield, and labeling pattern of the thylakoid membrane poly-
peptides, indicate that the absence of the PSII centers in the
F34 mutant does not alter the main features of the regulation
process observed with the WT.

In Table I are summarized the values of the main fluores-
cence parameters pertaining to the light energy distribution
between the two photosystems in the different samples we
have analyzed together with the corresponding relative
amounts of phosphate incorporated in each of the phospho-
polypeptides of the thylakoid membranes. The main LHC
polypeptide, polypeptide 11, is the most heavily labeled in
many cases . Using the WT intact cells, a fourfold increase in
the average phosphorylation ofthe set ofphosphopolypeptides
occurs in the state I (+ DCMU) to anaerobic state transition
while it is of only 1 .3 times in a state I to state II transition .
The largest increase in phosphorylation, about eight times, is
obtained with the F34 mutant cells upon a state 1 to anaerobic
state transition . This latter phosphorylation is accompanied
by a -70% decrease in the Fm level at room temperature with
F34 cells while it is -50% in a similar transition with the WT
intact cells, and of - 15% only in a state I to state II transition .
A noticeable feature ofthe phosphorylation changes shown

in Table I is that the distribution of the phosphate groups
among the set of phosphorylated polypeptides varies from
one treatment condition to another . This is shown diagram-
matically in Fig. 8 in the case of a state I to state 11 transition
as compared with a state 1 (+ DCMU) to anaerobic state
transition using the WT cells labeled in vivo . The relative
increase in phosphorylation (A, phosphate) of polypeptide 13
is much higher than that of polypeptide 16 in the former
transition while similar increases in phosphorylation of the
two polypeptides are observed in the latter transition . These
observations are consistent with the phosphorylation of the
thylakoid polypeptides being a nonspecific process although
it is a selective one (since only a few polypeptides can be
labeled) . The LHC as a whole would undergo change in its
phosphorylation level irrespective of which constitutive poly-
peptide is the more affected . In addition, bands A and B
undergo PQ-mediated changes in their phosphorylation level
similar to those of the LHC polypeptides in the WT cells
although they are not required for the reorganization of the
antenna as shown by the analysis of the F34 mutant . We
cannot however exclude that the reversible phosphorylation
of these PSII polypeptides in the WT cells might be involved
in the reversible association of the LHC with the PSII centers .

DISCUSSION

The PQ pool in the thylakoid membrane is common to a
photosynthetic pathway and a chlororespiratory pathway (11) .
It can be reduced by either PSII or NADH, and oxidized by
either PSI or Oz . When state I-state II transitions are moni-
tored in vivo, the continuous activity of chlororespiration
insures a partial reduction of the PQ pool and thus restricts
the amplitude of redox changes at this level of the electron
transport chain . Associated changes in phosphorylation of
thylakoid polypeptides and in the energy distribution between
the two photosystems are then expected to be smaller than
those observed in vitro where the PQ pool is fully oxidized in
the dark and fully reduced in the light provided that no
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TABLE 1

Relative Amount of Phosphate Bound to the Different Polypeptides and Fluorescence State Parameters

Relative amount of phosphate bound to the different phosphopolypeptides (9-11, 13, 16, A, and B) . L, broken cells WT incubated for 150 min in the light
(cf. Lane 3, Fig . 1 ; D, broken cells incubated for 150 min in the dark (cf. Lane 2, Fig. 1) ; DCMU + 1, broken cells incubated in the light in the presence of 10-5
M DCMU (cf. Lane 4, Fig . 1). State 11, cells incubated in red light (cf. Lane 1, Fig . 5) ; State l, cells incubated in far-red light (cf. Lane 2, Fig . 5) ; OZ, cells
incubated in the dark in the presence of glucose/glucose-oxidase (cf . Lane 4, Fig . 5) ; State 1 + DCMU, cells incubated in far-red light in the presence of 10-5
DCMU (cf. Lane 3, Fig . 5) . OZ, cells incubated in the dark in the presence of glucose/glucose-oxidase (cf . Lane 4, Fig . 7) ; State I, cells incubated in far-red
light (cf. Lane 3, Fig. 7) ; State 1-02, cells incubated in far-red light in the presence of glucose/glucose-oxidase (cf. Lane 2, Fig . 7) .

* F,o� maximal fluorescence yield at room temperature (25°C) in the presence and absence of DCMU for the WT and F34 strains, respectively.
=Ratio: WT, ratio of PSII to PSI fluorescence intensities at 77°K ; F3a, ratio of "free" LHC to PSI fluorescence intensities at 77°K . The different parameters
(phosphate incorporated, F,o, 25°C, ratio at 77°K) are normalized to a maximum value in each set of experiments.
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Absolute increases (0 phosphate) in the amount of ra-
dioactive phosphate bound to the different phosphopolypeptides
(9-11, 13, 16, A, and B) for two distinct transitions . (A) Light +
DCMU to anaerobic state transition ; (B) state I to state II transition .
For each of these transitions, the absolute increase in phosphoryl-
ation for each polypeptide calculated from Table I, is normalized
to the maximum one (polypeptide 11 and 13, respectively) .

efficient exogenous PSI acceptor has been added to the sus-
pension .
The inhibition of chlororespiration in vivo in anaerobic

conditions, led to a complete reduction of the PQ pool in the
dark . In a state I (+ DCMU) to anaerobic transition in vivo,
the PQ pool underwent large redox changes, from a nearly
fully oxidized state to a fully reduced state . This induced a
decrease in maximum fluorescence yield that is more than
three times larger than that in a conventional state I to state
II transition . In these conditions, the extent of reorganization
ofthe antenna between the two photosystems was comparable
with that observed in vitro . For instance, Steinback et al . (21)
have obtained a variation of the Fps�/FpsI ratio at 77°K from
1 .67 to 0.91 using pea chloroplasts that were dark adapted or
illuminated in the presence of ATP. This compares well with
the two times decrease in the F6R5nm/F,IS �m ratio that we
observed in C. reinhardtii for WT cells either preilluminated
with far red light in the presence of DCMU or incubated
anaerobically in the dark . In agreement with previous results
of Owens and Ohad (20), we observed a striking similarity
between the in vivo and in vitro patterns of phosphorylation
of thylakoid polypeptides in C. reinhardtii . However, at var-

6

	

THE JOURNAL OF CELL BIOLOGY " VOLUME 97, 1983

lance with these authors', we showed that this phosphoryla-
tion is a reversible process in vivo as well as in vitro . There
was an extensive dephosphorylation of the phosphorylated
polypeptides when the fully reduced PQ pool is oxidized either
in vitro by incubation in the dark of preilluminated chloro-
plasts or in vivo during an anaerobic state to state I plus
DCMU transition . There were only minor differences in the
dephosphorylation patterns in vivo and in vitro : whereas
polypeptide B got dephosphorylated in vivo upon oxidation
of the PQ pool, it was still phosphorylated in vitro upon
oxidation ofthe PQ pool .

Several authors have pointed out a specific involvement of
the PSII centers in the regulation process due to the reversible
phosphorylation of the LHC (3, 18) . Owens and Ohad (20)
concluded from their analysis of the T44 mutant of C. rein-
hardtff that no phosphorylation of LHC polypeptides occurs
in the absence of PSII centers. The present study of the F34
mutant lacking in PSII centers, clearly shows that no such
specific interaction between LHC and PSII centers is required
to get either a reversible phosphorylation of LHC polypeptides
or a reorganization ofthe antenna pigments . Besides the lack
of PSII centers, the T44 mutant might then be defective in
some other component of importance in the phosphorylation
process .
The fluorescence and phosphorylation changes observed in

the F34 mutant are of even greater amplitude than in the
WT. Mutants lacking in PSII still show a cation controlled
light energy distribution (19, 23) . Wollman and Diner (23)
have previously shown that the target for the reorganization
of the antenna induced by cations was located within the
LHC. The present work shows that the target for the regula-
tion of the light energy distribution controlled by the redox

2 Previous failure in detecting phosphorylation changes associated
with a state I to state II transition in vivo may arise from the fact that
the redox state of the PQ pool is controlled by the chlororespiration
pathway if the light intensities are too low. Conversely an excessive
increase in the light intensity of far red light may induce a significant
reduction of the PQ pool by PS11 .

L

Broken cells

D

(WT)

DCMU + L State II

Intact

State I

cells (WT)

State I +
-02 DCMU

Intact cells

-02 State I

(F34)

State I - 02

9 70 45 31 75 57 69 16 24 - 7
10 45 23 15 61 48 29 3 17 - 7
11 100 32 28 100 74 100 31 100 6 48
13 45 - - 59 32 38 16 38 7 21
16 64 - 6 56 54 50 26 41 14 22
A 11 4 3 16 11 11 - - - -
B 18 18 15 62 57 30 7 - - -

'F,o, 65 100 57 86 100 52 100 32 100 48
=Ratio 52 100 31 100

Fee5/F7, s F682/F71s



state of PQ pool in vivo is located between the LHC and PSI
or within the LHC itself.
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