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Abstract 

In Chlamydomonas reinhardtii, addition of KCN at low concentrations of 50-500 /~M induced a transition to State II in vivo, as 
expected from its action as an inhibitor of mitochondrial electron transfer (Bulte, L., Gans, P., Rebeille, F. and Wollman, F.-A. (1990) 
Biochim. Biophys. Acta 1020, 72-80). However, raising the KCN concentration up to 20 mM induced a rise in the maximal fluorescence 
yield and resulted in an extensive dephosphorylation of the antenna proteins. The latter effect was also observed in vitro with isolated 
thylakoids. Thus, KCN at high concentrations locked the photosynthetic apparatus in State I by preventing phosphorylation of antenna 
proteins. Further investigations on the mode of action of KCN allowed us to rule out the possibility that KCN per se would hydrolyse 
phosphate bonds of phosphoproteins. Evidence is presented that the effect of KCN at high concentrations cannot be attributed to a 
stimulation of the activity of the LHC-phosphatase, but is rather due to an inhibition of the LHC-kinase. The mechanism by which KCN 
prevents activation of the kinase is discussed. 
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1. Introduct ion 

State I to State II transitions have been described as a 
short-term chromatic adaptation in higher plants and algae 
(reviewed in [1]). The molecular basis of  these transitions 
have been found in the reversible phosphorylation of  sev- 
eral subunits of  the light-harvesting complex antenna, LHC 
II, which may then migrate reversibly between the two 
photosystems, thus balancing the excitation energy dis- 
tributed to each photosystem (for reviews see [2,3]). The 
kinase involved in the phosphorylation of  LHC II is acti- 
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vated when the intersystem electron carriers are reduced, 
for instance when the number of  charge separations per 
time unit in PS II exceeds that in PS I. The physiological 
significance of  this reorganization of  the photosynthetic 
apparatus has been mainly understood as an adaptation 
mechanism by which plants and algae restore optimal 
photosynthetic rates under conditions where the two photo- 
systems receive unbalanced light excitation (bottom leaves 
in a canopy, inner side of  a leaf). However, it has also 
been shown in Chlamydomonas reinhardtii that transition 
to State II takes place in darkness in conditions where the 
intracellular ATP supply is limited [4,5]. In particular, this 
is observed when mitochondrial ATP synthesis is pre- 
vented by oxidase inhibitors [6] or by anaerobiosis [7]. The 
molecular basis for the interaction between the mito- 
chondria and the chloroplast originates from a deregulation 
of  the glycolytic pathway. Starch is the only source of  
carbohydrates in C. reinhardtii and the initial part of 
glycolysis takes place in the chloroplast [8]. A decrease in 
intracellular ATP will induce a deregulation of  phospho- 
fructokinase activity, which is tightly controlled by ATP 
[9]. This leads to increased NADPH production in the 
chloroplast by glyceraldehyde phosphate dehydrogenase 
and in turn to a reduction of  the PQ pool [6,10]. In the 
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present study, we report on the paradoxical effect of 
cyanide on state transitions in C. reinhardtii. At concentra- 
tions below 5 mM, KCN promotes transition to State II, as 
expected from a genuine inhibitor of mitochondrial elec- 
tron transfer. However, at a concentration of 20 raM, KCN 
places the photosynthetic apparatus in State I both in vivo 
and in vitro. 

2. Material and methods 

Chlamydomonas reinhardtii wild-type and mutant 
strains FUD6, deficient in b6f complexes [11], and FUD7, 
deficient in PS II centers [12], were grown in TAP medium 
[13] unless when otherwise indicated. For each experiment, 
algae at mid-exponential phase of growth were harvested 
by low-speed centrifugation (2500 × g for 5 min) and 
resuspended in their growth medium at the desired cell 
concentration. 

In vivo state transitions were performed in the dark as 
previously described [4]. For State 1, cells were placed in 
darkness and aerated by vigourous shaking for 10 min. For 
State II, cells were placed in the same conditions as for 
State I, then incubated with 1 mM SHAM and 1 ~ M  
Antimycin A for 10 min. In experiments with isolated 
thylakoid membranes, State I was attained by incubating 
the sample with ATP in the dark; State II was subse- 
quently obtained by placing the same sample under contin- 
uous illumination for 15 min [7]. In all experiments, the 
pH of the 1 M KCN stock solution was adjusted to pH 8 
prior to use. 

We used two methods for fluorescence determination. 
Experiments in Fig. 1 and Fig. 4 were performed using a 
fluorescence apparatus constructed in house. Continuous 
illumination at 605 nm was provided by electrolumines- 
cent diodes HLMA/CLOO.  Fluorescence was measured at 
right angles with photodiodes UV444B. The experiment in 
Fig. 2, which presents the kinetics of state transitions, was 
performed using the pulse modulation technique (basic 
system PAM 101 and saturation pulse unit 103, H. Walz, 
Effeltrich, Germany) [14]. The fluorescence level was 
measured with a weak modulated light (averaged intensity 
0.8 /xE m - 2 s  - 1) and the maximal fluorescence yield was 
determined with 500 ms pulses (light intensity 1500 p~E 
m - 2 s - 1 )  applied every minute. 

Spectrophotometric measurements at 520 nm were per- 
formed with an apparatus similar to the one described in 
[15] and improved according to [16]. Actinic excitation 
was provided by Xenon flashes (3 p~s half-time duration), 
filtered through a RG 680 filter. Algal cells were kept in 
darkness under strong aeration for 5-10  min before each 
measurement and placed in the presence of 7% Ficoll to 
avoid sedimentation. 

For phosphorylation experiments in vivo, cells were 
harvested in the mid-exponential phase of growth (3 • 10 6 -  

4" 10 6 cells m1-1) and resuspended at 2 .107 cells m1-1 

in minimum medium without phosphate. Cells were then 
incubated for 90 min in the presence of 2 /xCi m1-1 
[32p]Pi, washed once with medium, and placed in the 
various states under investigation. Cells were then rapidly 
broken in a French press in the presence of 10 mM EDTA, 
10 mM NaF, 0.3 M sucrose and 100 /xM PMSF. Thyl- 
akoid membranes were isolated in the presence of NaF as 
previously described [7]. For phosphorylation experiments 
in vitro, thylakoid membranes at 400 /xg Chla /ml  were 
resuspended in 50 mM Tris, 0.3 M sucrose, 10 mM 
MgC12. 100 /~1 aliquots were then removed and incubated 
under various experimental conditions, with 2 /xCi 
[32 P]ATP (final 100 ~ M  ATP concentration). The reaction 
was terminated by addition of 10 vols. of chilled Tris 
buffer containing 50 mM EDTA. Gel electrophoresis and 
autoradiography were performed as in [7]. 

3. Results 

We analyzed the effects of a broad range of cyanide 
concentrations on the fluorescence yield of Chlamy- 
domonas reinhardtii in vivo. The fluorescence experiment 
described in Fig. 1 was performed with intact cells kept 
under strong aeration by vigourous shaking and incubated 
for 10 min in darkness with variable concentrations of 
KCN. In the absence of KCN this treatment places the 
cells in State I [4], where they display a high maximal 
fluorescence yield. This is due to an organization of the 
peripheral antenna favouring excitation transfer to Photo- 
system II. Curve (a) represents the relative fluorescence 
yield, measured at the Fma x level reached in the presence 
of DCMU, as a function of cyanide concentration. Be- 
tween 20 tzM and 100 ~ M  KCN, the Fma x level continu- 
ously decreased. This fluorescence decrease corresponded 
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Fig. 1. Fluorescence changes upon incubation of C. reinhardtii intact 
cells with increasing KCN concentrations. Relative levels at Fma x in WT 
cells, incubated in the presence of 10 -5 M DCMU, with 100% corre- 
sponding to the sample without KCN (curve a); % of oxidized plasto- 
quinones was estimated in the absence of DCMU, using the FUD6 mutant 
deficient in cyt. b6f complexes, by measuring the area bound by the 
fluorescence induction curve and its Fma x asymptote, with 100% corre- 
sponding to the area developed in the absence of KCN (curve b). 
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tO a transition to State II, where an increased proportion of  
light excitation energy is diverted towards PS I. At concen- 
trations from 100 /xM to 5 mM KCN, the Fma x reached a 
plateau, corresponding to a low fluorescence yield, typical 
of  State II. This KCN-driven transition to State II most 
likely resulted from the action of  KCN as an inhibitor of  
cytochrome oxidase in the mitochondria. As we previously 
reported [6,10], a block in mitochondrial electron transfer 
prevents ATP production in the dark. Under these condi- 
tions a deregulation of  the glycolytic pathway generates 
reducing power in the chloroplast, which should lead to a 
reduction of  the intersystem electron carriers in the thyl- 
akoid membranes. We therefore estimated the proportion 
of  plastoquinones remaining oxidized upon incubation with 
increasing cyanide concentration. This was achieved in a 
mutant lacking cytochrome b 6 f complexes, by measuring 
the area bound by the fluorescence induction curve and its 
Fma x asymptote [17] at each KCN concentration. The re- 
suits are shown in Fig. 1 curve b. The plastoquinone pool 
was increasingly reduced as the KCN concentration rose 
from 50 /xM to 500 /zM, in a concentration range close to 
those reported for the inhibition of  the cytochrome oxidase 
pathway in WT Chlamydomonas  cells [18]. 

Surprisingly, increasing the KCN concentration up to 
20 mM induced a rise in the Fma x level of  the WT cells 
with no detectable reoxidation of  the plastoquinone pool. 
This latter effect was confirmed by placing the algae, 
originally adapted to State I, in State II conditions by an 
incubation with 1 mM SHAM + 1 /.tM AA. A subsequent 
addition of  20 mM KCN restored an Fm, x level close to 
that of  State I (Fig. 2). A similar effect of  cyanide was 
observed when the cells were initially placed in State II by 
anaerobiosis (result not shown). It is noteworthy that the 
kinetics of  the KCN-induced changes occurred with a half 
time of  5 rain, i.e., on a time scale close to what has been 
previously reported for State II to State I transitions [19]. 

In order to determine whether the effect of  high cyanide 
concentrations on fluorescence yields was related to a 
decreased phosphorylation of  the antenna proteins - -  as it 
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Fig. 2. Kinetics of the changes in fluorescence yield in WT cells of C. 
reinhardtii upon addition of 1 /xM Antimycin A+ 1 mM SHAM fol- 
lowed by addition of 20 mM KCN. Fluorescence levels were plotted 
relative to the Fmax level recorded before addition of these compounds. 
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Fig. 3. Antennae phosphopolypeptides viewed after autoradiography of an 
electrophorogram loaded with SDS-solubilized thylakoids membrane pro- 
teins from 32p-labelled cells. WT cells were placed (1) in State I by a 
strong aeration in the dark during 15 min.; (2) in State II by an incubation 
in the dark with 1 /.tM AA+I mM SHAM; (3) as in (2) with a 
subsequent incubation in presence of 20 mM KCN. p9 and pl0 are 
apoproteins of CP29 and CP26, respectively; pll, p13, p17 are LHC II 
subunits. 

is the case for a genuine transition to State I in C. 
reinhardti i  - -  we labelled the cells in vivo with 32p and 
compared the phosphorylation patterns in the thylakoid 
membranes from cells placed in the same three conditions 
as in Fig. 2. The corresponding autoradiogram is shown on 
Fig. 3. As we reported previously [4] incubation of  WT 
cells with SHAM + A A  for 20 min in darkness (lane 2) 
induced an increase in polypeptide phosphorylation as 
compared to that in cells adapted to State I (lane 1). 
32p-labelling increased on five antenna proteins: three 
LHCII subunits, p13, p l l  and p17, and the apoproteins of  
CP29 and CP26 corresponding respectively to p9 and p l0  
[20]. Subsequent incubation of  these State II cells for 
another 20 min with 20 mM KCN (lane 3) induced an 
extensive dephosphorylation of  the antenna proteins, 
thereby producing a phosphorylation pattern typical of  
State I. 

This dephosphorylation effect of  cyanide could arise 
from its action on the kinase/phosphatase system which 
controls state transitions [3]. However, it was also possible 
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that, at high concentrations, cyanide would cause a direct 
chemical hydrolysis of the phosphate bonds on the antenna 
proteins. Although monoalkyl phosphate esters are gener- 
ally inert to alkali treatment [21], we could not rule out the 
possibility of  a nucleophilic substitution of the phosphate 
group by cyanide. In this case we reasoned that NaF, a 
potent inhibitor of the LHC phosphatase [22], would not 
prevent a dephosphorylation of  the LHC-complexes driven 
by 20 mM KCN. Although 10 mM NaF successfully 
inhibits the LHC-phosphatase in broken chloroplasts from 
higher plants [23], we had to use a much higher concentra- 
tions (100 mM NaF) with intact cells of  C. re inhardt i i .  

This is most likely because of  the restricted diffusion of  
NaF through both the plasma membrane and the double 
chloroplast envelope. We have previously shown that the 
mechanism of state transitions are similar in the WT and 
PS II mutants from C. re inhard t i i  [7,19]. Therefore the 
experiments shown in Fig. 4A and 4B, were performed 
with intact cells from a PS II mutant which are most 
convenient for the study of  the reversion from State II [7]. 
Due to the absence of  PS II centers, the reduced plasto- 
quinone pool from cells placed in State II in darkness, can 
be fully reoxidized by P S I  upon illumination, thus gener- 
ating State I. On the other hand, such mutants display a 
simple fluorescence pattern with no induction phase [24]. 
Their constant fluorescence emission originates from the 
free antenna proteins which are not associated with PS I. 
Traces 1 in Fig. 4 correspond to cells placed in State I by a 
strong aeration in darkness. The much lower fluorescence 
level in traces 2 reflects an increased connection of an- 
tenna proteins with P S I  when cells were placed in State II 
by an incubation for 10 min in darkness with SHAM + AA. 
We then attempted to revert State II to State I in the 
absence (traces 3) and presence (traces 4) of 100 mM NaF. 
In the case of  Fig. 4A the reversion to State I was achieved 
by merely illuminating for 10 min. the cells originally 
adapted in the dark to State II. The oxidation of the 
intersystem electron carriers, driven by PS I, deactivated 
the kinase and allowed the LHC-phosphatase to restore the 
full complement of  non-phosphorylated free antenna pro- 
teins. The fluorescence level thus obtained was typical of 
State I (compare traces 1 and 3 in Fig. 4A). When 100 mM 

NaF was added to the cells in State II during the last 10 
min of darkness, a subsequent illumination for 10 min did 
not cause the fluorescence yield to rise significantly above 
its level in State II (Fig. 4A, trace 4). This indicated that 
100 mM NaF was able to block transitions from State II to 
State I in vivo. In the case of  Fig. 4B, the reversion from 
State II to State I was achieved by adding 20 mM KCN to 
the sample adapted to State II in darkness (trace 3). 
Incubation with 100 mM NaF in State II prior to the 
addition of KCN prevented the restoration of this high 
fluorescence yield (compare traces 3 and 4 on Fig. 4B). 
These data ruled out the possibility that KCN acted by 
itself as a phosphatase since restoration of  State I still 
depended on the activity of  the endogeneous LHC-phos- 
phatase. 

KCN could then act on the kinase/phosphatase system 
either by stimulating LHC-phosphatase activity or by in- 
hibiting LHC-kinase activity. To distinguish between these 
two hypotheses, we studied the effect of KCN on the 
changes in protein phosphorylation in vitro using purified 
thylakoid membranes from the wild-type strain (Fig. 5). In 
this case, the low phosphorylation state corresponding to 
State I was obtained by labelling the membranes with 
['y-3ep]ATP in the dark for 15 min (Fig. 5, lane 1). A 
subsequent illumination for 15 min reduced the plasto- 
quinone pool and activated the kinase leading to a State II 
situation with an increased phosphorylation on several 
antenna proteins (lane 2). We then added 5 mM (lane 3) or 
20 mM KCN (lane 4) in the last 5 min of darkness before 
switching on the light for 15 min. Whereas 5 mM KCN 
did not prevent transition to State II, 20 mM KCN locked 
the membranes in their low phosphorylation state, typical 
of  State I. This is reminiscent of the effect on phosphoryla- 
tion that we observed in vivo (Fig. 3). We then looked to 
the effect of a subsequent 15 min incubation in the dark 
after the membranes were fully phosphorylated in the light 
(lane 5). The fact that the antenna proteins remained 
phosphorylated in these conditions indicated that the phos- 
phatase was no longer active in our in vitro system. 
Consequently, antenna proteins remained equally phospho- 
rylated whether the experiment was performed in the 
absence or presence of  NaF (compare lanes 5 and 6). Once 
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Fig. 4. Fluorescence yields associated with state transitions in cells from the FUD7 mutant lacking PS II centers. Experiments show the NaF sensitivity of a 
reversion from State II to State I by a 10 min. illumination (A) or by addition of 20 mM KCN (B). Curves 1: cells were placed in State I by a strong 
aeration in darkness. Curves 2: cells were placed in State II by an incubation with Antimycin A + SHAM in darkness. Curves 3: reversion from State II to 
State I by a 10 min. illumination (A) or by incubation in darkness with 20 mM KCN (B). Curves 4: same experimental conditions as for curves 3, except 
that 100 mM NaF was added in darkness, 10 min before setting the reversion conditions. 
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protein phosphorylation was induced in the light a further 
addition of  20 mM KCN for another 15 min had no 
dephosphorylating effect (lane 7). This in vitro system 
allowed us to observe an inhibition of  antenna protein 
phosphorylation by 20 mM KCN in the absence of  an 
active phosphatase. Thus, we conclude that KCN specifi- 
cally inhibited the activity of  the LHC-kinase and did not 
act through a stimulation of  the LHC-phosphatase activity. 

We have previously demonstrated that cytochrome b r f  
complexes are involved in the activation of  the kinase 
[25,26]. Therefore the possibility existed that high concen- 
trations of  KCN would block the activation of  the kinase 
by altering the function of  cyt. b 6 f  complexes. For in- 
stance, it has been shown that cyanide at high concentra- 
tions induces a removal of the methionine ligand in cy- 
tochrome c [27]. Electron transfer through the cyt. b 6 f  
complexes is accompanied by a spectral change at 520 nm 
in the 1 -10  ms time range after an actinic flash, known as 
phase b in the rise of  the electrochromic shift [28]. This 
spectral change has been attributed to the so-called Q-cycle 
[29,30] or semiquinone cycle [31] and fully develops when 
reduced plastoquinones are available at the Qz site of  the 
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Fig. 5. Phosphorylation patterns in WT thylakoid membranes incubated 
with [~/-32p]ATP in various conditions. Thylakoid membranes were kept 
in darkness for 15 min (lane 1), then illuminated for 15 rain in the 
absence (lane 2) or presence of KCN at 5 mM (lane 3) or 20 mM (lane 
4). Samples from lane 2 were subsequently incubated for another 15 rain 
either in the dark, in the absence (lane 5) or presence (lane 6) of 10 mM 
NaF, or in the light with 20 mM KCN (lane 7). (,x) PS II phosphopro- 
teins, and ( • )  unidentified phosphoproteins. 
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Fig. 6. Time-course of the 520 nm absorption change after a saturating 
flash in C. reinhardtii. To avoid anaerobiosis, the WT cell suspension 
was kept well aerated in darkness during the experiments. The 520 nm 
absorption change was recorded 10 min after addition of KCN. Chloro- 
phyll concentration was in the range 20 to 30 /xg Chl. m1-1. (0)  
Dark-adapted cells, and ([]) + 20 mM KCN. 

cyt. b 6 f  complex. We next examined these shifts in algal 
cells treated with 20 mM KCN. As shown in Fig. 6, the 
slow electrochromic phase (phase b) was not observed in 
aerated cells in the absence of  KCN, which is consistent 
with the presence of  an oxidized PQ pool [32]. Addition of  
KCN at 20 mM induced a large increase in phase b, which 
is indicative of  a reduction of the PQ pool. This elec- 
trochromic rise was very similar to the one obtained with 
algae either treated with 0.5 mM KCN (results not shown) 
or placed under anaerobic conditions or incubated with 
SHAM + AA, two situations which are known to reduce 
the PQ pool in C. reinhardtii. [6-10]. Deconvolution of 
the decay signal into different exponential components [28] 
allowed us to confirm that the changes in the kinetics of  
the shift at 520 nm in the presence of  KCN resulted from a 
genuine increase in phase b and not from a mere change in 
the decay rates of  the spectroscopic signal (result not 
shown). This spectroscopic study indicated that PS I charge 
separation, electron transfer from cytochrome b 6 f to P S I  
via plastocyanin, and the so-called Q cycle were not 
significantly altered by the 20 mM KCN treatment. 

4. D i s c u s s i o n  

The present study showed that cyanide has two contrast- 
ing effects regarding state transitions in C. reinhardtii. At 
low concentrations, below 5 mM, KCN acted as a regular 
inhibitor of  the mitochondrial electron transfer chain [9]. 
As expected from the consecutive decrease in the intra- 
cellular ATP content [4], it induced a reduction of  the 
plastoquinone pool and a transition to State II in TAP- 
grown ceils. In a recent study with a mixothiazol-resistant 
mutant [33] Bennoun confirmed our previous observations 
[4] that this reduction of  the plastoquinone pool arises from 
a metabolic interaction between the chloroplast and the 
mitochondria. 






