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Abstract

In oxygenic photosynthesis, state transitions distribute light energy between Photosystem I and
Photosystem II. This regulation involves the reduction of the plastoquinone pool, activation of
the STT7 protein kinase by cytochrome bsf complex, phosphorylation and migration of Light
Harvesting Complexes II (LHCII). Here we show the C-term of cyt bs subunit acts on
phosphorylation of STT7 and state transitions. We used site-directed mutagenesis of the
chloroplast petB gene to truncate (remove L215%) or elongate (add G216%) the cyt b subunit.
Modified complexes are devoid of heme ¢; and degraded by FTSH protease, revealing that salt
bridge formation between cyt bs (PetB) and subunit IV (PetD) is key to the assembly of the
complex. In double mutants where FTSH is inactivated, modified cyt bsf are accumulated but
the phosphorylation cascade is blocked. We also replaced the arginine interacting with heme ¢;
propionate (R207K?). In this modified complex, heme ci is present but the kinetics of
phosphorylation are slower. We show that highly phosphorylated forms of STT7 are
accumulated transiently after reduction of the PQ pool, and represent the active forms of the
protein kinase. Phosphorylation of the LHCII targets is favored at the expense of the protein

kinase, and the migration of LHCII towards PSI is the limiting step for state transitions.

Significance statement

State transitions are regulatory mechanisms that optimize the quantum yield of photosynthesis.
Chlamydomonas reinhardtii is the choice organism to study this regulation at the molecular
level. Our study describes an unprecedented mechanism of stereochemical changes at the Q;
site of the cytochrome bsf complex that trigger STT7 protein kinase activation through
autophosphorylation.

Abbreviations

Cyt, cytochrome; stt, state transitions; sulV, subunit IV
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Introduction

In oxygenic photosynthesis, two photosystems PSII and PSI, connected by the cytochrome bsf
complex, work in series to transfer electrons from a primary electron donor, water, to a terminal
electron acceptor, NADP*. Electron transfer is coupled to proton translocation across the
thylakoid membrane for generating a proton-motive force used for ATP synthesis. The
reduction of CO» into C3 compounds requires ATP and NADPH. State transitions optimize the
yield of photosynthesis by distributing the mobile light harvesting complexes II (LHCII)
between PSII and PSI. When the plastoquinone (PQ) pool is oxidized, dephosphorylated LHCII
attach to PSII (State 1), and conversely when the excitation pressure on PSII is high, giving an
reduced PQ pool, LHCII are phosphorylated and migrate towards PSI (State 2) '. In
Chlamydomonas reinhardtii the STT7 protein kinase contains a transmembrane helix and a
stromal kinase domain that phosphorylates LHCII 2. The PBCP and PPHI1 phosphatases,
localized to the stroma of chloroplasts, dephosphorylate LHCII 3. Whereas PBCP and PPH]1 are
constitutively active, STT7 activity is regulated by a number of factors; in the absence of
cytochrome bgf complex 4, or when its lumenal PQ binding site Q, is obstructed >/, state
transitions are blocked. The transmembrane domain of STT7 interacts with cytochrome f'and
the Rieske subunit of cyt bgf®?. The kinase domain of STT7 is on the other side of the thylakoid
membrane where the stromal loop of cyt bef subunit IV, between helixes F and G, allows for
STT7 autophosphorylation in vitro '°.

In mitochondrial and bacterial cytochrome bci, the cytochrome b subunit contains 8
transmembrane helixes and it is encoded by a single petB gene, see Figure 1 A. In cyanobacteria
and chloroplasts, cytochrome bsf'complex binds a chlorophyll a and a -carotene molecule, and
the cytochrome b is split in cyt be and subunit IV (sulV), see Figure 1B, encoded by petB and
petD respectively. While the split of cytochrome b into bs and sulV leaves the coordination of
the b-hemes and the quinone binding pocket Q, unchanged !!, several structural rearrangements
take place: helix H is lost and heme c; occupies the Q; site, covalently bound by C35%. Because
of these structural differences to the cyt bci complex, the stromal side of the cyt bgf complex is
a good example of how distinct evolutionary features were maintained in respiratory vs.
photosynthetic membranes. In addition, modified cyt bsf complexes are prone to degradation
by the nuclear-encoded thylakoid ATP-dependent zinc metalloprotease FTSH'2. FTSH from
Chlamydomonas reinhardtii comprises two subunits, FTSH1 and FTSH2. In this work, we
made use of an available mutation in FTSH'? to restore photosynthesis in mutants where cyt

bef'accumulation was impaired.
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In a previous work '© we noted that the C-terminal end of the cytochrome b¢ subunit forms a
salt bridge with Argl25 of sulV. We showed R125%"V is involved in a direct interaction with
the STT7 protein kinase. Truncation or elongation of cyt bs was done by removing the last
Leu215 (xL215%) or adding an extra Gly216 (G216%). Amino acid R207%, that interacts with
the propionate group of heme ci in cytochrome bgf crystal structure !, was substituted with a
similarly positively charged Lys in strain R207K s,

In this work we confirmed that the stromal region of cyt bef'is intimately connected to the STT7
protein kinase, not only at the level of sulV, but also through an interaction with the C-terminal
part of cyt bs. In a variety of strains, we studied the kinetics of state transitions using a variety
of techniques and protein phosphorylation using PhosTag PAGE and western blot to propose a

mechanistic model for state transition.

Results

Truncated or elongated versions of cyt bs are degraded by FTSH

C. reinhardtii mutants were obtained by site-directed mutagenesis and chloroplast
transformation of a ApetB strain with pWBA plasmids carrying an aadA resistance cassette and
various mutated versions of the perB gene (for the complete list of strains used in this study see
Supplementary Table S1). Transformants were selected on TAP medium supplemented with
spectinomycin and sequenced to verify the presence of the mutated petB genes. While we
successfully complemented two different ApetB strains with the pWBA plasmid carrying the
WT petB gene, the mutants (R207K, xL215 and G216) did not accumulate the cyt bs subunit
(Supplementary Figure S1) neither did they grow under photoautotrophic conditions.
Therefore, cyt bs C-terminal modifications specifically impede cyt bsf assembly and function.
The mutant with an inactivated FTSH protease !> (R420C substitution in strain fishl-1, kindly
provided by Catherine de Vitry) was then used as a host strain for transformation with the
pWBA plasmids carrying mutated or non-mutated petB. Transformants were selected on TAP
medium containing spectinomycin. Genotyping by PCR showed homoplasmy was reached after
> 3 months of restreaking under antibiotic resistance pressure, see Supplementary Figure S2.
Genetically modified strains were tested on plates and compared to reference strains (Figure 2).
WT and s#¢7-1 ? grew on tris-acetate-phosphate (TAP) and minimal (MIN) media while the cyt

bef-less strain ApetB '3 required acetate. The control strain (fishl-1 transformed with non-
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mutated pWBA plasmid) fish, and site-directed mutants of the petB gene R207K", xL.215% and
G216" were able to grow slowly under phototrophic conditions. Mutants xL275% and G216
have low photosystem II quantum yield ¢psu and high Fv’/Fm (see Materials and Methods for
chlorophyll fluorescence), similarly to ApetB, while fish and R207Ks showed little difference
to the WT. The high fluorescence state of xL215% and G216 suggested they were blocked in
State 1 whereas R207K" showed a decreased Fy’ upon dark anaerobic adaptation, i.e. transited
to State 2 in response to the reduction of the PQ pool (see Supplementary Figure S3 for the
kinetics of Fm’ decrease corresponding to the false color images of Figure 2). All strains had a
similar Fv/Fu, showing the maximal quantum yield of PSII was not affected. Fv/Fm was even
larger for mutants st7-1, xL.215% and G216%, consistently with being constitutively locked in
State 1 (See also Supplementary Figure S3).

The increase of PSI antenna size in State 2 was detected using chlorophyll fluorescence
emission spectra at 77K (see Supplementary Figure S4). State 2 was observed for the WT, fish
and R207K"s but absent in s#¢7-1, xL215% and G216% supporting a block of state transitions in

these strains.

Truncated or elongated versions of cyt b have a blocked Q-cycle

Cytochrome bsf complex turnover (Q-cycle) was measured in vivo using flash-induced
absorbance changes: electrochromic shift (ECS) and cyt b and f oxidation-reduction kinetics
(see Figure 3). These measurements showed that cyt bgf complexes accumulated to the same
level as fish in R207K"¢, xL.215% and G216%. Although the Q-cycle of R207K" was not affected,
xL215% and G216 were blocked in the plastoquinone reduction site Qi. The differences in cyt
f reduction kinetics were not statistically relevant (overlapping 95%-confidence envelopes,
half-time ranging from ~ 2.5 ms to ~ 10 ms). A difference of statistical significance was found
only for cyt b oxidation kinetics between fish (7.1 <ti2<9.5ms) and R207K"®
(12.2 < t2 < 15.6 ms) and the two other mutants xL215%¢ and G216 (ti2 > 100 ms). Although
the difference in cyt b reoxidation rates between R207K*® and fish was statistically significant
(Figure 3C), it did not affect the overall electron transport in the chain (see ¢psn in Figure 2). In
contrast, in the latter two mutants xL215% and G216, electrogenic transport (Q-cycle in Figure
3D) and heme b reoxidation (Figure 3F) are impaired, showing a block of the low-potential

chain at Qj, and translating into a low photosystem II quantum yield ¢psn in the light (Figure 2).

Truncation or elongation of cyt b¢ impedes the binding of heme ci
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Accumulation of various protein subunits were detected by total protein extraction from a
culture grown in TAP in low light (5-10 pmolphotons m? s1), SDS-PAGE and immunodetection
using specific antibodies (Figure 4). While dpetB , was devoid of cytochrome bs subunit '3, and
stt7-1 lacked the STT7 kinase (Figure 4A), fish and R207K accumulated these proteins to WT
levels. xL215% and G216” mutants also accumulated normal levels of STT7 and cyt bs.
Truncated cyt be (xL215%) ran slightly faster on the gel than the elongated form (G216%) but
for both, the bands were much less diffuse than in all other samples (Figure 4C). Similar
changes in polypeptide mobility were reported for mutants affected for heme binding 4. Heme
staining (TMBZ, tetramethylbenzamidine peroxidase activity) showed absence of cyt bs and a
90 % reduction of cyt f'in ApetB while cyt f was detected in all other strains (Figure 4D). Only
xL215% and G216% showed absence of heme staining even though the bs polypeptide was
detected (Figure 4D). Our conclusion is that heme c¢; does not bind covalently to the truncated
or elongated versions of the cyt b¢ subunit, and that modified complexes accumulate when
FTSH is inactivated.

stt7-9 accumulated less of a higher molecular version of STT7, as previously reported !> and
attributed to the expression of a putative STT7-Arg fusion. PETO (also referred as suV) is a
subunit loosely bound to cyt bef complex ©!7. PETO was expectedly reduced in ApetB and
iniD1-4 '8, a strain attenuated for cyt bef complex. DLSA '°, a petD-petL chimeric construct
assembling a sulV-PetL protein fusion, and RI25E*" 10 Jost PETO as well (see Figure 4B),
although they accumulated WT amounts of the complex. It suggested a loss of interaction of
PETO with these modified sulV, and protein degradation. Different levels of PETO were also
observed in fish, R207K%, xL215% and G216, potentially supporting the destabilization of

protein-protein interactions at the cyt bs — sul'V interface.

STT7 phosphorylation in response to reducing conditions

STT7 phosphorylation state was analyzed by polypeptide separation on PhosTag-SDS-PAGE
and immunodetection with STT7 antisera. Oxidizing conditions (ox) favoring State 1 were
obtained after 1 hour preillumination in the presence of DCMU under oxic conditions (rotary
shaken in air); and reducing conditions (red) were reached 10 min after addition of 5 uM FCCP
(membrane uncoupler) in the dark, boosting the glycolytic flux and the overflow of reductant.
Sampling of the proteins was done by fast quenching of cultures in cold acetone. When Phos-
Tag is incorporated to denaturing gels, the dephosphorylated polypeptide runs faster than the
phosphorylated polypeptide. Here in Figure 5, we denoted D—, P—, and PP- the three
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phosphorylation forms recognized by the STT7-antiserum. In s#¢7-1, used as a negative control,
neither in oxidizing nor in reducing conditions could we detect non-specific bands (see the two
rightmost lanes in Figure 5A). In all other strains placed in oxidizing conditions, STT7 was
detected as a major band, suggesting that the protein kinase accumulated mostly under its (D—)
dephosphorylated form. After the WT was shifted to reducing conditions, this band
disappeared, the migration of STT7 was significantly delayed and split into (P-)
phosphorylated and (PP-) highly phosphorylated forms. The heterogeneity in STT7
phosphorylation levels was always, within experimental accuracy (see next section), in favor
of the highly (PP-) phosphorylated forms (for example compare 5A, 5B and 5C). In the DLS4
mutant, in which petD fusion to petL gives an extra helix to sulV, destabilizes STT7 binding
and blocks state transitions ', P— is accumulated at the expense of PP—. Similarly, in iniD1-4,
attenuated in cyt bef complex '8, P— dominates over PP—. In cyt bef -less mutant ApetB, only P—
is found, as it is in mutants accumulating cyt bef'to WT levels, but blocked for state transitions
(PWYE, RI25E*"V, xL215%, G216%). ftsh and R207K" showed a distribution of STT7 between
the three D—, P— and PP- forms with less immunoreaction. This attenuation of bands in
PhosTag-PAGE was inconsistent with the similar levels of STT7 detected in Figure 4C.

Therefore, we decided to address the time-dependence of the phosphorylation pattern.

Kinetics of STT7 phosphorylation and state transition

As in the experiments described above, cells were treated with DCMU and incubated for 1 h
under light-oxic conditions (0x). At time ¢ = 0 these cultures were transferred to the dark, and
reducing conditions (red) were induced by addition of 5 uM of the membrane uncoupler FCCP
(Figure 6). Proteins were sampled by fast quenching in cold acetone at various delays after the
induction. Protein samples were loaded on PhosTag-PAGE and reacted against STT7 antiserum
or on standard PAGE and immunoblotted with an anti-phosphothreonin (a-PT) antibody.

In the WT (Figure 6A), in response to reducing conditions, and within the time-resolution of
the sampling (2-5 min) the D—form of STT7 disappeared and the PP—form accumulated. At the
same time, LHC2 polypeptides P13 (LHCBM3,4,6,8,9) and P17 (LHCBM2) 202! were
substantially increased in their phosphorylation states. At # > 10 min, the PP—form steadily
decreased while the P—form increased. However, P13/P17 stayed phosphorylated during the

course of the kinetics.
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In fish (Figure 6B), PP—formation was delayed, showing a maximal accumulation at 5 <¢< 15
min. Phosphorylation of P13/P17 peaked at ¢ = 15min. In R207K"¢ (Figure 6C), PP—formation
was further delayed to 10 < # < 20 min while the P—form was still detected in a non-negligible
amount. P13/P17 phosphorylation peaked at # = 30 min. At # > 30 min, PP— and P—form were
destabilized in both ftsh and R207K"¢, and STT7 returned to its D—form. In a kinetics model of
competing chemical reactions, the reaction rates and the level of accumulation of reaction
intermediates are linked, slower phosphorylation rates of STT7 are consistent with less

phosphorylated state of STT7 at¢=0.

Discussion

The C-term of cyt be straps the complex subunits together

The chloroplast cytochrome bsf complex is involved in photosynthetic electron transport while
its mitochondrial counterpart, the cytochrome bci complex is involved in respiration. Apart
from the difference between cyt c1 and cyt £, which play very similar roles in terms of electron
transport, the most significant genetic difference is that the bacterial and mitochondrial petB
gene is split into petB and petD in chloroplast or cyanobacterial version of the b-type
cytochrome 22, The petB-petD split co-occurs with the presence of C35%, forming the thioether
bond to the ¢; heme. Therefore, the fragmentation of the core subunits of the complex was
thought '! to accommodate heme c; insertion 2*. Here we show that the truncation (xL215%) or
elongation (G216%) of the cyt bs do not allow for cyt bef accumulation, neither does the
modification of the vicinity of heme c¢i’s propionate (R207K"s), this could involve a general
quality control of the complexes by the FTSH protease. Accordingly, since heme c¢; does not
bind covalently to C35% in the presence of a modified C-term of cyt b, cyt bef accumulation is
only favored when FTSH is inactivated. We therefore conclude that the salt-bridge formed
between the C-term of cyt be and sulV straps these two subunits together. When loosened
(G216") or fastened (xL215%), the strap fails to stabilize the CCB2-4/CCB3/cyt be transient
heme c¢; ligation complex 2*. The final step of assembly of the complex being aborted (G216,
xL215%) or altered (R207K"s) modified complexes are degraded by FTSH.

The Q-cycle is required for efficient electron transport at steady state
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The G216% and xL215% mutant cells showed slower photoautotrophic growth than the WT or
fish strains. This is reminiscent of the QiKO strain 2%, where the cyt bef complex lacks both
hemes c; and bu. Malno€ and coworkers showed although the single turnover of the Q, site was
unchanged, the multi-turnover rate of the complex was 5% of the WT, this residual flux being
attributed to a back-reaction from reduced heme b1 to the semiquinone in Q.. In our work on
the G216 and xL215% mutants lacking only ci, we confirmed that quinol oxidation at the Q,
site was not affected: flash-induced bifurcated electron transfer from Q.H> to heme b and f'was
unchanged. In contrast, the steady-state electron transport, requiring multi-turnover of the
complex via the Q-cycle, was impaired at the step of quinone reduction at Q;. This is due to the
absence of heme c;, a cofactor missing in the electron-transport chain, and a modified protein
moiety in the quinone binding site. As noted previously, F405'V shapes the cavity and gates the
quinone access to the heme iron 2627, The F40Y**/ mutant shows a slower heme b re-oxidation
during single-turnover reactions but is lacking a phenotype in multiple-turnover settings?°.
Another hint about heme c¢; in the Qj catalysis comes from the R207K% mutant, where R207 %,
interacting with heme c; propionate, was replaced by a K. In R207K"s, cyt b reoxidation rate
was 60% slower (statistically significant). Although it may be relevant for the function of the
Q; site, it did not have any significant effect on the overall electron transport rate nor on the
photosynthetic growth rate of the cells.

The stromal side of the cyt b¢f complex is a protein docking site for STT7, PETO and other
proteins

For the functional study of the modified cyt bsf complexes, we used fishl-1 as a host for the
genetic engineering 2. We found in G216 and xL215%, that cyt bs subunit accumulated to WT
levels, and retained PETO #. In contrast, PETO accumulation is reduced DLSA and RI25E%7.
We take this as a support to the crosslinking data and model of interaction between PETO and
sulV 7, and suggest that unbound PETO gets degraded by proteases. Although PETO is
phosphorylated in State 2 '6, the presence or absence of PETO does not have any influence on
state transitions 2. This algal-specific protein may rather stabilize cyt bef supercomplexes under
anaerobic conditions %8, In cyanobacteria, R125%!V binds to PETP ?° instead of PETO or STT7
10 As for Chlamydomonas PETO, cyanobacterial PETP may regulate the dynamic interaction
of cyt bef complex with other protein complexes . In the spinach cyt bef complex, the thylakoid
soluble phosphoprotein (TSP9) is docked to the cyt bs — sulV stromal interface 3'. The
binding / release mechanism proposed below for STT7 may work similarly for PETP and TSP9,
providing a regulatory control on the signaling or metabolic pathways involving PETP and

TSP9.
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A phosphorylation model for state transitions

In Figure 5A we showed a phosphorylation of STT7, from the dephosphorylated form D— to
the mildly phosphorylated P—form, that occurred in the absence of the cytochrome bef complex.

This is represented in Figure 7 as steps (1) and (2), independent from cytochrome bgf complex.

However, it does not indicate that the STT7 P—form (2) is required for binding to the cyt bg/
(3). Although not involved in the phosphorylation step from (1) to (2), cyt b¢f may bind the
D—form (1) (see dotted line) as well as the P—form (2) (solid line). Despite cyt bef being 20
times more abundant than the protein kinase ®, we showed here that a ~10-fold decrease in the
amount of cyt bef becomes limiting for STT7 phosphorylation (see iniD1-4 lane in Figure 5A).

The STT7 protein kinase directly interacts with cytochrome bgf complex sulV , which induces
STT7 autophosphorylation when ATP is added '°. This is represented in Figure 7 as central
steps @ to @

The activation of STT7 through the highly phosphorylated PP—form in step (4), is necessary
for the phosphorylation of LHCII, represented here as step (6). In the WT strain, the full
phosphorylation of LHCII is reached in less than 2 min of incubation under reducing conditions,

i.e. much faster than the kinetics of state transitions. It shows that the limiting step for state

transitions is not the phosphorylation of LHCII but the migration of LHCII from PSII to PSI.

When the formation of the highly phosphorylated forms of STT7 (4) is slowed down, like in
the fish mutants and the R207K"¢ substitution mutant, the sampling of the reaction steps allows
for a better time-resolution of the phosphorylation kinetics. Since the FTSH1/2 protease

hexamer is still present in the fzsh genetic background (with inactive FTSH1-R420C) it should
transiently colocalize, as part of the quality control on thylakoid proteins, with its potential
substrates (such as native or R207K?¢ cyt bsf complex). Atypical dwelling due to FTSH1-R420C

might interfere with STT7/ bef interaction and thus could slow down state transitions. In Figure
6C, the phosphorylation of the P13 polypeptide seems to occur before P17, and P13 remains

phosphorylated to the detriment of P17, see step (7). P13 and P17 appear phosphorylated at the
expense of the STT7 PP—form, which returns to the P— or to the D—forms, the latter being
strongly favoured at 60 minutes in the R207K% mutant. It suggests the PBCP / PPHI

phosphatases have a lesser affinity for P13, step (8) to (9) (see Figure 6C).

At this stage, it is still unclear how many phosphorylation reactions occur in the transient STT7-

LHCII complex at step (6). Activated STT7 PP—form may hydrolyse ATP to phosphorylate
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several LHCII complexes. It is also possible that STT7 PP—form transfers a phosphate to LHCII

and requires cyt bef reactivation to reset to the PP—form.

Role of the quinone binding sites Qo and Qi

In support to previous work >, we confirm here that the quinone binding site Q, plays a pivotal
role in state transitions: Figure 5B shows that STT7 is blocked under its P—form in the PWYE
mutant, blocked in the Q, site. In accordance with STT7 being blocked in the P—form in the
strain devoid of cyt bef complex, a functional Q, site, and movement of the Rieske protein 7,
may be required for the binding of cyt b¢f complex to STT7 through its transmembrane helix
and luminal extension.

In the cyt bef complex crystal structure, the C-terminal carboxylate group of cyt be interacts
with the guanidinium group of R125%V (5). In vivo, this salt-bridge can be broken to allow
R125%V to interact with STT7 (3) and (4) '°. A similar protein-protein interaction is found in
the ala2B1B2 complex of deoxyhemoglobin: a salt bridge is formed between the C-terminal of
the B1 subunit and the amino group of Lys40 in the 0.2 subunit. This bond is broken upon oxygen
binding to the heme iron (oxyhemoglobin) 32. This conformational change accounts for the
cooperative binding of the other three oxygen molecules in the complex. In the cytochrome bsf’
complex, the binding/release of ligands to the heme ¢; iron may induce similar long-distance
stereochemical changes. The Q; site can accommodate quinone analogs such as the NQNO
inhibitor or heme iron ligands like carbon monoxide (CO) *3-3. Both chemicals change heme
¢i’s midpoint redox potential. Heme c¢; titrates in two pH-dependent waves in the presence of
NQNO, showing an equilibrium between two conformations of the complex 3. Taken together,
our results suggest that depending on Q; occupancy and conformation of R207 % interacting
with heme c¢; propionate 3, the unpinning of cyt 5s-COOH from R125%!V, is a signal for STT7

kinase activation via autophosphorylation.

Materials and Methods

Chlamydomonas strains and growth conditions
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The Chlamydomonas reinhardtii strains used in this study are listed in Table 1. They were
maintained under photoheterotrophic conditions on Tris-acetate phosphate (TAP) plates
supplemented with 2% agar at 25°C under 5-10 umolphotons m s, Photoautorophic growth was
tested in minimum (MIN) medium. Liquid cultures were grown in liquid TAP medium under
the same light intensity unless indicated otherwise. Light was provided by “warm white” LEDs.

WT t222 (IBPC, Paris), derivated from 137c¢ 37, was used as a reference strain in this work.

Plasmids and petB mutants

Plasmid pWBA containing the aadA (spectinomycin-resistance) cassette *® downstream of WT
petB was used for mutagenesis and chloroplast transformation. When transformed in the ApetB
strain, the site-directed mutated strains were noted R207K, xL.215, and G216 see Supplementary
Figure S1. The fish I-1 strain !> was then used as the host strain for chloroplast transformation.
The control strain, fish (fish 1-1 transformed with non-mutated pWBA plasmid) and site-
directed mutated strains (note the bs superscript) R207K?s, xL.215" (truncation of the cyt bs by
deleting L.215) and G216 (elongation of the cyt be by adding a Gly at position 216) were
obtained using mutated pWBA plasmids as follows. Plasmid DNA was precipitated on gold
particles using the Seashell Technology S550d gold DNA protocol. fishi-1 cells spread on TAP
medium with 150 ug.mL"! spectinomycin were transformed by gold particle bombardment.
After transformation, cells were left to recover in the dark for up to 24 h and transformants were
incubated under low light (5-10 pmolphotons m s7!). Transformants were transferred repeatedly

on TAP + spectinomycin medium until homoplasmy was reached.

Genotyping

DNA extraction was performed using the “Chelex” method. Clones were resuspended in 30 pL
H>0, 30 pL of ethanol was added and the mix was vortexed for 3s. 200 uL of 5 % Chelex 100
solution (Bio-Rad) was added before 8min incubation at 95 °C. Resin was pelleted by
centrifugation and supernatant was used as template for PCR. Genotyping PCRs were
performed using WT-specific primers for each mutation. Sensitivity and selectivity of the
amplifications were checked using diluted WT DNA extract, see Supplementary Figure S2.

Mutations were confirmed by sequencing of the target region of petB.

Chlorophyll fluorescence measurements
Chlorophyll fluorescence was measured on cells grown on plates using a laboratory built system

39, Maximum quantum efficiency of PSII [Fv/ Fum = (Fm — Fo) / Fm], PSII quantum yield [¢psu
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= (Fm—F) / Fm] under 500 pmolphotons m™? s7'. PQ pool was oxidized by a 15min dark adaptation
before transfer to anaerobic conditions (N flush) and Fy / Fm was recorded during a 10 min

period in the dark with 200 ms saturating pulses.

Time-resolved spectrophotometry

Flash-induced absorbance changes were measured using a JTS10 spectrophotometer
(BioLogic) upgraded by Daniel Béal (JBeamBio) where the light source is a pulsed light-
emitting diode and the measuring wavelength is selected through various interference filters.
Single turnover sub-saturating flashes are provided by a pulsed Nd:YAG laser pumping an
optical parametric oscillator (Continuum lasers). For a guide of good practice using this
apparatus, see the recent work of Mathiot and Alric °. Treatment with 10 uM DCMU and 1 mM
hydroxylamine fully inhibited Photosytem II after a preillumination. The actinic flash instantly
oxidizes P700, then Plastocyanin (few microseconds), then cyt f (few hundreds of
microseconds) / Rieske Iron-Sulfur Protein, then the quinol (QH2) bound in Q,. Therefore, the
cyt freduction phase (~3 ms at 554 nm) corresponds to quinol oxidation. The second electron
from the quinol is directed towards the low potential chain and transferred to heme b1 and heme
bu. At room temperature, these hemes are very close in absorbance and barely distinguishable
41 In practice, after > 1 hour dark anaerobic adaptation, by becomes reduced, due to the
reducing poise inside the cells. Following a PSI flash excitation, the injection of an electron in
the low potential chain therefore reduces b, giving a small transient increase at 563 nm, while
both by and b1 are being oxidized by the quinone in Qi, observable as a net decrease in
absorbance. After the flash, a long-lived oxidized » heme signal is taken as an internal control
that by was reduced prior to the flash. Repetitive flashes increase the reduction phase and
decrease the net oxidation, showing the randomization of the redox state of the » hemes through

multiple Q-cycles #2.

After centrifugation, cells were resuspended at similar cell density, estimated from colorimetric
assay. On samples treated with hydroxylamine and DCMU at 50 ps and 520 nm, flash-induced
absorbance changes were typically 5 +/- 1 mO.D. Kinetics of the various strains were
normalized to 1 at 50 pus and 520 nm (see Figure S5A). The same normalization factor was
applied to cyt fand cyt b. Cyt /(554 nm) and cyt b (563 nm) oxidation-reduction kinetics were
extracted from ECS contribution using the built-in deconvolution procedure drawing a straight

baseline from 546 nm to 573 nm, as:
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573 — 554
cyt f = AAssanm — AAsy3 nm — (AAsss nm — DAs73nm) X

573 — 546
573 — 563
cytb = AAsgz nm — AAs7znm — (AAssgnm — AAs73 nm) X ©73 546

Kinetics data from three independent batches of algae were averaged, error bars correspond to
standard deviation, and fitted to a first-order kinetics phase (solid line) with an envelope
corresponding to the 95% confidence interval (dotted lines) calculated using GraphPad Prism.
It means that if 100 batches of algae were grown and measured, 95 kinetics would statistically

be contained in this envelope.

Protein isolation and Immunoblot Analysis

For protein accumulation analysis, cells from cultures at 2-4.10° cells.ml™! were spun down and
were lysed in 50mM Tris pH 6.8, 2% SDS and 1X protease inhibitor (P9599, Sigma-Aldrich)
at 37 °C for 30 min. Polypeptides were separated on 4-12 % and 12 % denaturing NuPAGE
gels with MOPS running buffer. Antisera raised against cytochrome bs, PETO, B subunit of
ATPsynthase AtpB and STT7 kinase as well as anti-phosphothreonine antibodies (Cell

Signaling) were used for immunodetection by ECL.

TMBZ peroxidase activity staining

After polypeptides separation on a 4-12 % NuPAGE gel, heme peroxidase activity was detected
by TMBZ (3,3',5,5'-Tetramethylbenzidine) staining **. The gel was incubated for 1 h in the dark
in 6.3 mM TMBZ, 175 mM sodium acetate, 30 % methanol, pH 5 before addition of 30 mM
H>0:. Staining took place at 4 °C in the dark over 72 h. Excess of dye was washed in 175 mM

sodium acetate, 30 % isopropanol, pH 5.

Induction of State 1 and State 2

Cells in exponential phase (2-3.10° cells.ml!) in photoheterotrophic conditions in low light
(10 umolphotons m™? s7') were concentrated in fresh TAP medium at 2.107cells.ml"!. After 1 h
recovery in low light, oxidizing conditions induced State 1 (1 h incubation in air, in the light
and with 10 uM DCMU). After this pretreatment, State 2 was induced by reducing conditions
such as addition of 5puM membrane uncoupler FCCP (carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone) in the dark or anaerobic treatment (N> flushing on plates)
in the dark. FCCP has an effect contrary to the Pasteur effect in yeast (oxygen and ATP

production by respiration decreases the rate of glycolysis, this is due to allosteric inhibition of
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ATP on phosphofructokinase). In uncoupled cells, ATP levels decrease, the glycolytic flux is
upregulated and production of NADPH reduces the plastoquinone pool via the NADPH-
dehydrogenase, outcompeting the Plastid Terminal Oxidase (for a table reviewing the effects
of inhibitor treatments on the PQ pool, see #4).

State transition was monitored using 77 K fluorescence emission spectra. Chlorophyll was
excited with a 455 nm LED and fluorescence was selected with a red-colored filter (high-pass
> 600 nm, Kodak Wratten 29 gelatin filter) and measured with an Ocean Optics USB2000 CCD
spectrometer. Chlamydomonas reinhardtii cells were kept frozen at 77 K in liquid nitrogen

during measurement.

PhosTag-PAGE analysis of phosphorylated forms of STT7

To analyze fast and sensitive change of phosphorylation of STT7 kinase, cell cultures were
quenched in -20°C acetone at a ratio of 1:4. Precipitated proteins were resuspended in 50 mM
Tris pH 6.8, 2 % SDS and desalted using ZebaSpin 7K desalting column (ThermoScientific).
Separation of phosphorylated forms was done using Zn-PhosTag (Wako) at 55 uM in Tris-
Acetate polyacrylamide gel ¥°. Acrylamide:bis-acrylamide ratio in the resolving part of the gels
was 75:1. Proteins were transferred during 16 h in a wet blotting apparatus on 0.45 um
nitrocellulose membrane. Immunoblotting was performed with STT7 antisera and ECL

detection.

Phosphoproteomics analysis

Purified STT7 kinase domain and WT cyt b¢f complexes were purified and reconstituted in vitro
with ATP and polypeptides separated on SDS PAGE '°. STT7 bands were cut out, digested by
Trypsin, and sent for phosphoproteomics analysis by tandem CID (collision-induced
dissociation) analysis on a Q Exactive (Thermoscientific) to determine phosphorylation sites.
The One-to-One threading tool of the Protein Homology/analogY Recognition Engine V 2.0
(PHYRE?2 46) was used to model the structure of the kinase domain of STT7 based on the crystal

structure of the kinase domain of its homolog in Micromonas sp. RCC299 7.
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Table 1. List of mutant strains used in this work, showing the presence (+) or absence (—) of FTSH protease

activity, cyt bs and PETO subunits. Most of these strains are impaired for State Transitions (STT).

Strain Gene Description FTSH Cytbs PETO STT Reference
stt7-1 STT7 Absence of STT7 mRNA and protein + + + - 2
stt7-9 STT7 Insertion of Arg7 at STT7 3’ end + + + - 248
ApetB petB Gene knock-out + - - - 13
iniD1-4 petA Mutation of cyt f initiation codon + Low Low + 18
DLSAV  petD sulV-PetL protein fusion + + Low Slow 19
PWYE™  petD Site-directed mutation of PEWY Q, binding + + + - 6
site
RI25EY  petD sulV Argl25 replaced by Glu + + Low - 10
R207K petB Fails to accumulate cyt bgf complex + - n.d. - this work
xL215 petB Fails to accumulate cyt bef complex + - n.d. - this work
G216 petB Fails to accumulate cyt bef complex + - n.d. - this work
fish FTSHI1  ftshi-1 transformation control WT cyt be - + + Slow this work
R207Kbs petB Cyt b Arg207 replaced by Lys - + + Slower this work
xL215b petB Cyt b truncated C-terminus - + + - this work
G216 petB Cyt be C-terminus elongated with Gly - + + - this work
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619  Figure 1. Comparison between (A) the mitochondrial cytochrome bc; complex monomer and (B)
620  the chloroplast cyt bef complex monomer. In the latter, the cyt & is split into cyt bs and subunit IV,
621  helix H is missing, C35”° binds heme ¢; (yellow diamond) and helix D is not connected to E but to the
622 inter helix F and G loop R125"". Cyt bef also contains a B-carotene and a chlorophyll a molecule (not

623  drawn).
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627  Figure 2. Mutant strains generated for this study and physiological characterization of their
628  photosynthetic properties: heterotrophic growth on tris-acetate-phosphate (TAP, at 5-10 pmolphotons M”
629  *s7) and photoautotrophic growth on minimal media (MIN, at 20 umolpnotns m™ s™). Fluorescence
630  imaging of TAP-grown cells showed the maximum quantum efficiency of PSII Fv/Fm = (Fm-Fo) / Fum,
631  quantum efficiency of PSII in the light ¢psu = (Fm’-F) / Fym were measured under aerobic conditions
632  using a Chl a fluorescence imaging camera. Fluorescence changes induced by state transitions Fy’/ Fu
633  were measured on aerobic Fy compared to Fum” quenched after 30 minutes of dark anaerobic adaptation
634 (N> flushed on the plates). For numerical values, on the false color images see color bars on the right.
635  For the whole kinetics of dark anaerobic adaptation extracted from the time-resolved imaging
636  fluorimeter, see Supplementary Figure S3.

637
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Figure 3. Kinetics of electron transfer in modified cyt b¢f complexes, monitored in anaerobic intact
cells treated with 10 uyM DCMU and 1 mM hydroxylamine, using flash-induced absorbance changes.
(A, D) Electrogenic phase (electrochromic shift at 520 nm) showing the QoH: to Q; electron transfer (Q-
cycle), through the “low-potential chain” of cofactors b, bu, and ¢;. While this phase is not affected in
R207K”, it is strongly reduced in xL215% and G216" mutants. (B, E) Cytochrome f oxidation by
plastocyanin (fast absorbance decrease at 554 nm) and reduction (slower increase) by Q, shows that the
“high-potential chain” is not affected. (C, F) Cytochrome b1 reduction by Q,, (fast absorbance increase
at 563 nm) and oxidation of br and bu (slower decrease) leading to a net oxidation of by (reduced in the
dark prior to the flash under anoxia) in R207K"¢. In xL215” and G216 while cyt b reduction from Q, is
unchanged, cyt b oxidation by Q; is drastically slowed down due to the absence of heme c¢;. Data were
fitted on first order kinetics (solid lines) with envelopes corresponding to 95%-confidence intervals.
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Figure 4. Accumulation of protein subunits in various control strains and mutants affected for
state transitions. Polypeptides, isolated from heterotrophically grown cells, were separated by SDS-
PAGE and detected with specific antibodies raised against STT7, cytochrome b, and PETO. AtpB was

used as loading control (see panels A, B and C). Strain iniD1-4 accumulates reduced amounts of cyt b¢f’
complex and the knock-out mutant 4petB is completely devoid of the complex. The s¢t7-1 mutant is
devoid of the STT7 protein kinase while in s#¢7-9 a different genetic lesion produces smaller amounts
of a higher molecular mass of STT7. PWYE and R125E™" are site-directed mutants of petD, DLSA is
petD fused with petL. The reference strain fish is a transformant of ftsh -1 with a plasmid carrying non-
mutated petB while R207K"®, xL215"% and G216 are petB mutants. Panel D shows a gel with heme
staining (TMBZ peroxidase activity). Cyt f'and cyt bs do not accumulate in ApetB. While cyt bs subunit
is present (panel C), xL215"° and G216"° show an absence of heme staining of this polypeptide (absence
of heme c;). Cyt f'staining is equal to WT. Coomassie blue colloidal staining was used as loading control.
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Figure 5. Dynamic changes in STT7 phosphorylation revealed by Phos-tag SDS-PAGE. Phos-tag
delays the migration of the phosphorylated forms of polypeptides. Prior to the experiment, oxidizing
conditions (ox-label) correspond to a 60 min preillumination in the presence of DCMU (State 1 in the
WT). Incubation with SuM FCCP for 10 min induces the dark reduction (red-label) of the PQ pool (State
2 in the WT). STT7 was detected with a specific antibody. While in all oxidizing conditions (ox), STT7
is mostly dephosphorylated (-D), reducing conditions induced a variety of phosphorylated-forms, -P and
-PP, accumulated to various levels. Striking differences are observed between mutant strains. When
transferred to reducing conditions, all mutants blocked in State 1 accumulate STT7 under its P-form.
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Figure 6. Phosphorylation kinetics of thylakoid polypeptides induced by the reduction of the PQ
pool in WT (A), fish (B) and R207K® (C). Prior to the experiment, oxidizing conditions (0x) correspond
to a 60 min preillumination in the presence of DCMU. At ¢ = 0, the sample was placed in the dark and
FCCP was added. Time resolution is limited to 2 min due to protein extraction. Phosphorylation of STT7
was detected with a specific antibody after Tris-acetate Phos-tag SDS-PAGE. Various forms of STT7
were detected: dephosphorylated (-D), mildly phosphorylated (-P) and highly phosphorylated (-PP).
Phosphorylation of light harvesting complexes polypeptides was detected after Bis-Tris SDS-PAGE
using an anti phosphothreonine antibody (a-"T). Phosphorylation of polypeptides P13 and P17 are
specific for State 2.
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Figure 7. Model for cyt b¢f complex — STT7 protein kinase interaction, phosphorylations and state
transitions (see text for details). The first phosphorylation step (1) to (2) is independent from cyt bef
complex (see ApetB in Figure 4A). STT7 binds to the F-G interface of subunit IV and interacts directly
with R125"Y, steps (5) to (3). The cytochrome is required for the formation of the highly
phosphorylated form of STT7, step (3) to (4) and the phosphorylation of P13 and P17 of light harvesting
complexes II. PBCP and PPH1 phosphatases dephosphorylate LHCII, steps (6) to (9).
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705  Figure S1. Unsuccessful attempts to obtain modified cyt b when FTSH is active. Transformants of
706  a APetB strain were sequenced to verify the presence of the mutated PetB genes, but none of these
707  mutants accumulated the cyt bs subunit neither did they grow under photoautotrophic conditions.

708
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711  Figure S2. Genetic transformation of fish 1-1 strain provided homoplasmic site directed mutants
712 of the chloroplast petB gene. This is shown by WT-specific PCR on DNA extracts of mutants R207K"
713 (A)xL215% (B) and G216% (C). 10% and 1% dilutions of WT DNA extract were added to the mutant
714  DNA extract to probe the sensitivity of the PCR. PCR primers used were (same reverse R for A, B and
715 C) TTATCAATGGGCCAACGGGG and ATGTTAATGCACTTCTTAATGATTCGT (forward-
716  specific  F1, see A), CGTAAACAAGGTATTTCAGGTCCTCTA (F2, see B),
717  AAACAAGGTATTTCAGGTCCTCTATAA (F3, see C), see (D) for illustration.
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Figure S3. Kinetics of chlorophyll fluorescence quenching upon dark anaerobic adaptation (State
1 to State 2 transition). These data are from the same dataset as in Figure 2 from the main text. Anoxia
was induced at = 0 by flushing N> onto the plate. Saturating pulses were used to probe Fy’. The rise of
the steady-state fluorescence F’ is induced by the non-photochemical reduction of the PQ pool (reductive
redox poise in anoxic cells). (A) The WT strain shows a quenching of Fy* absent from mutants blocked
for state transitions (stt7-1 and ApetB). (B) While fish and R207K" are similar to the WT, xL215% and
G216 are close to stt7-1.
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Figure S4. State transitions measured as 77K chlorophyll fluorescence emission spectra. Spectra
in oxidizing (Ox) and reducing (Red) conditions were normalized on the PSII emission peak at 685 nm.
While WT, fish and R207K" show an increased PSI emission at 715 nm in reducing conditions, the sz¢7-
1, xL.215% and G216 mutants did not.
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