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Abstract

PSIT antenna size heterogeneity has been inten-
sively studied in the past. Based on DCMU fluores-
cence rise kinetics, multiple types of photosystems
with different properties were described. However,
due to the complexity of fluorescence signal anal-
ysis, multiple questions remain unanswered. The
number of different types of PSII is still debated
as well as their degree of connectivity. In Chlamy-
domonas reinhardtii we found that PSIIa possesses
a high degree of connectivity and an antenna 2-3
times larger than PSIIZ, as described previously.
We also found some connectivity for PSIIS in con-
trast with the majority of previous studies. This
is in agreement with biochemical studies which de-
scribe PSII mega-, super- and core- complexes in
Chlamydomonas. In these studies, the smallest
unit of PSII in vivo would be a dimer of two core
complexes hence allowing connectivity. We discuss
the possible relationships between PSIIa and PSIIS
and the PSII mega-, super- and core- complexes.
We also showed that strain and medium dependent
variations in the half-time of the fluorescence rise
can be explained by variations in the proportions of
PSIla and PSIIS. When analyzing the state tran-
sition process in vivo, we found that this process
induces an inter-conversion of PSIla and PSIIS.
During a transition from state 2 to state 1, DCMU
fluorescence rise kinetics are satisfactorily fitted by
considering two PSII populations with constant ki-
netic parameters. We discuss our findings about
PSII heterogeneity during state transitions in rela-
tion with recent results on the remodeling of the
pigment-protein PSII architecture during this pro-
cess.

*Corresponding author : F.Franck@ulg.ac.be

1 Introduction

Photosynthesis is the process by which light en-
ergy is converted into chemical energy (ATP and
NAD(P)H) usable for the synthesis of organic com-
pounds. The first step of this process is the ab-
sorption of light by antenna pigments of PSI and
PSII. Excitation energy is then transferred to reac-
tion centers of the photosystems where photochem-
istry drives a flow of electrons and protons across
the thylakoid membrane, which permits the syn-
thesis of ATP and NAD(P)H. The antenna of PSI
is enriched in chlorophyll a and absorbs to longer
wavelength than PSII which is enriched in chloro-
phyll b. Due to this, photosystems can be excited
differently depending of the excitation light quality
and this can lead to an imbalance of the electron
transport chain. In order to correct this imbalance,
LHCII antenna complexes can migrate between PSI
and PSII and make their cross section to vary, thus
restoring the excitation balance. This phenomenon,
termed ‘state transitions’ has been discovered inde-
pendently by Bonaventura and Myers and by Mu-
rata [1, 2].

State transitions have been extensively studied
in Chlamydomonas reinhardtii because in this or-
ganism, up to 80% of the LHCII can migrate be-
tween the photosystems [3], against about 20-25%
for higher plants. In Chlamydomonas, like in other
studied organisms, the redox state of the plasto-
quinone (PQ) pool is the main determinant of state
transitions through binding of plastoquinol to the
Qo site of Cyt bgf [4, 5]. Under conditions of over
reduction of the PQ pool (due to over-excitation
of PSII or to non-photochemical reduction by the
NAD(P)H dehydrogenase NDA2), the kinase STT7
phosphorylates LHCII which then migrates to PSI
(state IT) [6]. Under conditions where the PQ pool is
oxidized, STT7 kinase is inactivated and a constitu-



tively active phosphatase dephosphorylates LHCII
antenna which then migrates to PSII (state I) [7,
8]. Rintaméiki et al. showed that STT7 activation is
not only under control of the PQ pool redox state
but is also part of a complex network involving the
thioredoxin/ferredoxin system [9].

In addition (and in relation) to their function
in regulating the distribution of antenna pigment-
proteins between PSI and PSII, state transitions
can also control the relative electron fluxes through
linear and cyclic electron transports [10, 11]. For
cyclic electron transport to occur, it is admitted
that ferredoxin reduced by PSI can reduce the PQ
pool via the cyt bgf, via an unknown ferredoxin:PQ
oxidoreductase or via NAD(P)H thanks to NDA2
[12, 13, 14]. Cyclic electron transport is favoured
over linear electron transport in state II, which per-
mits the synthesis of extra ATP by the generation
of a trans-thylakoidal electrochemical gradient in
the absence of net production of reducing equiva-
lents. Thus, regulation of cyclic electron transport
by state transitions allows the cell to regulate the
ratio of ATP to NADPH produced during the light-
phase of photosynthesis.

It is well known that PSI and PSII are not ho-
mogeneously dispersed in the thylakoid membrane.
PSII is located mainly in the grana (appressed
membrane region) but a small part is present in the
stroma exposed (non-appressed) membrane region
while PSI is strictly present in the latter [15, 16].
In addition to these heterogeneities, structural and
functional heterogeneity has also been shown for
different PSII sub-populations. PSII heterogene-
ity was first described by Melis and Homann based
on previous observations that the fluorescence rise
of dark-adapted chloroplast did not follow a first
order reaction kinetics [17, 18]. Melis and Homann
concluded to the existence of two PSII populations,
namely the PSIIa and the PSIIS [19, 20]. This was
inferred from the analysis of the semilogarithmic
plot of the kinetics of the complementary area (CA)
above the fluorescence rise curve in presence of the
inhibitor DCMU. This inhibitor binds the pocket
Qp of PSII and permits the photochemical reduc-
tion of the primary quinone Q4 without influence of
its reoxidation by plastoquinones. Previous works
showed [21, 22, 23] that the complementary area
over the fluorescence rise curve (area between the
fluorescence curve and a horizontal line at the max-
imal fluorescence level Fj;) in presence of DCMU
is proportional to the number of photosystems able
to realize reduction of Q4. Melis and Homann [19]
found two phases in the time-dependent increase of
the CA and ascribed them to the two populations
of PSII. Since then, many studies have been con-
ducted on this subject and a third phase has been

discovered: phase v [24, 25].

Phase « is ascribed to a sub-population of
dimeric PSII localized in the appressed membrane
region of the thylakoid [26]. They are characterized
by an antenna of 210-250 chlorophylls [26] and con-
nectivity (p). This term was proposed by Joliot and
Joliot and is related to the transfer of absorbed en-
ergy from a closed reaction center (in which Q4
is already reduced) to an open neighboring unit
[17]. Connectivity is reflected by a sigmoidal flu-
orescence rise. Phase (3 is ascribed to a population
of monomeric PSII localized in the non-appressed
membrane region of the thylakoid. They are char-
acterized by an antenna 2 to 3 times smaller than
PSIIa («~130 Chl) and do not possess connectiv-
ity, which is reflected as an exponential fluorescence
rise. The last « phase is characterized by a rate
10 to 40 times slower than phase « but it seems
that, in contrast to the two previous phases, it is
not directly related to photoreduction of Q4. In-
deed, the rate constant of this v phase behaves in
a non-linear way towards light intensity [27]. The
existence of four phases has been suggested [28] but
most studies report only three phases (see [29] for
review).

It is most often considered that the increase in
fluorescence intensity during the DCMU-FR is es-
sentially due to Q4 reduction, following the origi-
nal theory of Duysens and Sweers [30], but other
theories with different explanations for the slow
phases of the DCMU-FR have emerged (reviewed
in in [31]) such as fluorescence yield variations due
to conformational changes [32, 33, 34]. Even if the
different phases in the DCMU-FR are interpreted
as reflecting different Q4 reduction kinetics, an-
tenna size heterogeneity is not the only possible in-
terpretation for these phases (other interpretations
are reviewed in [29]). Differences in trapping effi-
ciency could also result in the appearance of several
phases. For example, a lower photochemical quan-
tum yield for PSIIZ versus PSIla would lead to an
overestimation of the proportion of PSIIS with the
analysis of the semilogarithmic plot of the kinetics
of the CA above the fluorescence rise curve. The
comparison of the PSIIS and PSIla quantum yields
has been conducted in the past. Although lower
quantum yield for PSII associated to the slow phase
of the induction kinetics (usually ascribed to phase
B) has been reported [35, 18, 36, 37], other stud-
ies showed similar quantum yields for both types of
PSII [38, 39]. It is clear that the case is not settled.
In any case, even if a proportion of PSII had a lower
quantum efficiency, the amplitude of this difference
is too low to account entirely for the proportion of
PSIIS [29]. It was also suggested that the 3 phase
was related to PSII being less sensitive to DCMU



addition [40], but this could be circumvented by
using a sufficiently high DCMU concentration (20
M) [41]. In any case, Melis and Duysens showed a
very good correlation between the different phases
in the absorbance changes at 320nm (reflecting Q4
reduction) and the different phases in DCMU-FR
[35]. Moreover, biochemical studies demonstrated
the existence of multiple PSII complexes with dif-
ferent antenna sizes (see below) and it must neces-
sarily be reflected in a multi-phasic character of the
DCMU-FR.

It should also be mentioned that other type of
PSII heterogeneities (not related to the sole pho-
toreduction of Q 4 in presence of DCMU) have been
described such as PSII reducing side heterogeneity,
which refers to the ability of a reaction center to
transfer electron to the secondary acceptor Qp [29].
These will not be addressed here.

The proportions of PSIIa and PSIIS are not fixed
and vary with culture conditions as well as with
sample preparation. It has been reported that pro-
tein phosphorylation of chloroplast membrane, that
simulates state transition, leads to an increase in
the amplitude of phase 8 whether by conversion of
PSIIa into PSIIS [42] or by preferential quenching
of PSITw [43, 44]. However, these studies, like most
studies on PSII heterogeneity (with exception of the
work of Lazar et al. and Nedbal, Trtilek, and Kaf-
tan, [27, 45]) were conducted on chloroplast prepa-
rations or isolated thylakoids. The method of iso-
lation of these organelles and their resuspension in
various media are likely to influence the properties
of the photosynthetic apparatus and the relevance
of the results to the in vivo situation can be ques-
tioned. Other factors influencing the proportion of
PSIla and PSIIS have been described such as tem-
perature [46, 47], concentration in Mg?* [44] , pH
[20] and greening time in the case of higher plants
[48, 49].

In addition to this description of heterogeneity by
functional analysis of the fluorescence rise of PSII in
vivo, biochemical studies have been conducted more
recently. Methods used were mainly based on iso-
lation of PSII complexes and subsequent analysis.
Most studies report the existence of PSII megacom-
plexes composed of a dimer of supercomplex CsSs
where C refer to the PSII core complex and S to the
strongly bound LHCII trimer (one LHC trimer and
two LHC monomer). Other complexes have been
reported in spinach chloroplast such as the CoSoMs
supercomplex where two moderately bound LCHII
trimers and one monomer bind the C5Sy supercom-
plex [50]. A third type of L (for loosely bound)
LHC trimer may bind the supercomplex but the
resulting complex would be rare [51]. In Chlamy-
domonas reinhardtii, the largest supercomplex de-

tected is C3S4, probably due to the lack of CP24
[52], which is needed to bind M trimers.

A stepwise mechanistic model has been proposed
for LHCII dissociation from PSII and reassocia-
tion with PSI after phosphorylation by the STT7
kinase during state transitions in Chlamydomonas
[53, 54]. Initially, cells are in state 1 and unphos-
phorylated LHCII stabilize the PSII-LHCII mega-
complex. First, the phosphorylation of LHCII type
I in the major LHCII trimers triggers the disso-
ciation of the megacomplex, resulting in individ-
ual C2Ss supercomplexes. Secondly, the increase in
the phosphorylation of CP26 and CP29, as well as
the PSII core subunits D2 and CP43 (although the
role of the latter remains unclear), induces the dis-
placement of remaining LHCII from the PSII core
complex, resulting in discrete Cy core complex. Fi-
nally, a part of dissociated phospho-LHCII migrates
from the PSII-rich appressed region membrane to
the PSI-rich non-appressed region membrane and
associates with PSI [55, 56, 57, 58], leading to state
2 while the other part may aggregate to form an
energy-dissipative complex [59, 60]. Nevertheless,
the existence of a LHCII energy dissipative com-
plex is in contradiction with results of Delosme,
Olive, and Wollman who showed a complementary
change in LHCII association with PSI and PSII
upon state transition [3]. Recent results in Ara-
bidopsis thaliana suggest that in addition to the
control of LHC phosphorylation by STN7 kinase,
the association/dissociation of supercomplexes is
under the control of a new parallel but independent
regulatory pathway involving Psb27 and PsbW pro-
teins [61, 62].

The structural PSII heterogeneity, and the com-
plexity of the rearrangement of pigment-protein
complexes during state transitions, outlined above,
are likely to have their counterpart in terms of
changes in functional antenna size during state
transitions. However, an in situ analysis of func-
tional PSII heterogeneity from the fluorescence rise
curve in presence of DCMU has not been per-
formed. Here, we analyze PSII heterogeneity re-
lated to DCMU-FR in Chlamydomonas reinhardtii
cells, we show how this heterogeneity is affected
during state transitions and discuss the results in
terms of changes in antenna size heterogeneity.

2 Material and methods

2.1 Strains and Growth Conditions

The Chlamydomonas reinhardtic wild-type strain
1690 used in this work was obtained from the
Chlamydomonas Resource Center. The mutant stt7



unable to realize state transitions was obtained
from J.-D. Rochaix [63]. Cells were grown at 25°
C in Tris-acetate-phosphate medium [64] under 80
pmol PAR m~2s~! continuous white light and reg-
ularly diluted to ensure that cells were in exponen-
tial phase. In section 3.2, other wild-type strain
were used, such as strain 25 (derived from the
CC-400 cw1b [65]) and strain 2’ (derived from the
wt strain 137c [66]). In that section, cells were
grown in Tris-acetate-phosphate medium and in
Tris-buffered mineral media.

2.2 Chlorophyll concentration deter-
mination

Pigments were extracted from whole cells in ethanol
and debris were removed by centrifugation at
10,000g for 5 min. The Chl (a + b) concentration
was determined according to [67] with a lambda
20 UV /Vis spectrophotometer (Perkin Elmer, Nor-
walk, CT).

2.3 Chlorophyll fluorescence mea-
surement

Chlorophyll fluorescence emission measurements
were made using a PAM (pulse amplitude modu-
lated) chlorophyll fluorimeter (type FMS 1, Hansat-
ech instruments, UK). Prior to each measurement,
cultures were dark-adapted for 30 minutes. The an-
alytical light was provided by light-emitting diodes
with an emission maximum at 594 nm. The fre-
quency of measuring flashes was 1500 per second
and their integral light intensity was less than 0.1
pmol PAR m~2s~1. Fj, level was obtained by ap-
plying a pulse of saturating light (6000 pmol PAR
m~2s71) provided by a halogen light source. Mea-
surements of chlorophyll fluorescence rise curve in
presence of 20uM DCMU were made in cell suspen-
sions (2 ml) using a AquaPen AP-C 100 fluorime-
ter (PSI, Czech Republic). The maximal intensity
(100%) was 1670 pmol PAR m~2s~! at 455 nm.
Chlorophyll concentration was adjusted to 10 ug
ml~! for PAM measurements and to 1 pug ml~! for
chlorophyll fluorescence rise curve measurements.

2.4 Low temperature fluorescence
spectra

Fluorescence emission spectra at 77K were recorded
using a LS 50B spectrofluorimeter (Perkin Elmer).
The excitation wavelength was 440 nm. Excita-
tion and emission spectral width slits were 10 and
5 nm, respectively. A broad blue filter (CS-4-96,
Corning, Corning, NY) was placed between the ex-
citation window and the sample to minimize stray

light. Cells were frozen in liquid nitrogen. Chloro-
phyll concentration was lower than 2 ug ml~!, and
it was verified that no changes in the intensity ratio
of the 685 and 715 nm emission bands arose from
reabsorption artefacts. Spectra were normalized to
a fluorescence intensity of 1 at 685 nm.

2.5 Curve fitting

Fitting of the fluorescence rise in presence of
DCMU was realized with the R package nls and
the port algorithm. R is an open-source statistical
software freely available under GNU license [68].
Nlis package allows the simultaneous direct fitting
of several curves of the DCMU-FR, which permits
an increase in the reliability and accuracy in the
determination of the model parameters [27]. It also
gives the possibility to control which parameter is
allowed to vary between curves and which cannot,
depending of the experimental design (see [69] for
a good manual on nls). The principle of non-linear
regression is to minimize the square of the distance
between experimental data and a theoretical curve
(x?) by testing multiple combinations of parame-
ters. The parameters giving the minimal x? are
then choosen for subsequent analysis. Comparison
of the quality of fit by different models was real-
ized using the R function AIC. When specified, the
error range was determined using the R function
confint.nls. This function calculates the x? subse-
quent to a stepwise change of each parameter and
determines if the new x? is significantly worse than
the x? determined by the best fitting. This gives a
confidence interval. The confidence level was set to
90%. For more information on error range deter-
mination, see [70, 39].

3 Results and discussion

Different approaches have been proposed for the
determination of PSII antenna heterogeneity from
the fluorescence rise in presence of DCMU (DCMU-
FR). The original procedure of Melis and Homann
is based on deconvoluting the time-course of the
complementary area (CA) over the fluorescence rise
curve. This approach suffers from two main prob-
lems. First, it requires a very accurate determina-
tion of the maximum level of fluorescence FM. This
can be difficult since small distortions of the sig-
nal not attributable to photochemistry occur, such
as caused by non-photochemical quenching (NPQ)
and technical limitations of experimental appara-
tus. Bell and Hipkins showed that an error of 2% in
Fs determination leads to an error of 150% in the
amplitudes and rates of different photosystems [71].



Secondly, the determination of the contributions of
the different phases starts by calculating the rate
and amplitude of the slowest phase and subtract-
ing it from the kinetics of the whole complementary
area. This operation is repeated from the slowest
phase to the last fastest phase. This implies that
any small error in the determination of the first slow
phase (the most inaccurate) affects the calculation
of the next phases. Moreover, as discussed before,
the slowest phase () is not related to the photore-
duction of Q4 and for this reason, determination
of its kinetics and extent by the time course of the
CA is not relevant.

In 1995, Trissl and Lavergne [72, 73] introduced
a new method of determination of PSII heterogene-
ity based on direct fitting of the time course of the
fluorescence rise. This method is more accurate
than the Melis and Homann’s original approach be-
cause mistakes due to an erroneous determination
of F s are avoided. Lazar et al. used this approach
to determine PSIT antenna heterogeneity of PSII on
wheat leaves and Chlamydomonas reinhardtii cells
[27]. The novelty of their study was in the simulta-
neous direct fitting of several curves of the DCMU-
FR at different light intensities. This increases the
reliability and accuracy of the determination of the
model parameters.

In the presence of DCMU, the fluorescence rise
(DCMU-FR) can be fitted with the equation :

— pi)PSII¢ o (¢)
_ piPSIIflosed (t)

rFy(t) =Y  FPSII (1 (1)

i=1

where rFy (t) is the normalized rise of fluores-
cence intensity, F'PSII; is the proportion of vari-
able fluorescence associated to PSII of type i, p; is
the connectivity parameter described by Joliot and
Joliot [17],t is the time and PSTI¢°%4(¢) is the pro-
portion of closed PSII of type i at time t. This last
term is described by the equation

PSII{ 4 (t) = PSIIR ™ (1 — eRD)  (2)

where PSII{™ is the proportion of open PSII of
type i at time 0 (which is 1 in case of dark adapted
material) and k; is the rate constant of reduction
of the PSII. These equations, derived from Lazar
et al. [27], allows a good fit of the DCMU-FR.

In theory, k; is not a constant but varies with
time due to excitation energy transfer between
closed and open PSII. As the time increases, the
increase in the proportion of closed PSII leads to
an increase in the effective antenna size of open
PSII. Thus, k;(t) vary according to :

K0
1 — pPSIIgesed (¢)

ki (1) (3)

where kY is the initial rate constant when all PSII
are open. However, there is no explicit solution to
these 3 equations (see supplemental data), thus pre-
venting the use of non-linear regression algorithm.
To circumvent this problem, we could use an iter-
ative process to fit our data (as used in [27]). The
problem with such process is that it is difficult to
know if the algorithm has converged to a suitable
solution. In order to be able to use a regression
algorithm, we considered k; as a constant, charac-
terizing the kinetics of a whole phase (thus, in our
case, such a value k; cannot be interpreted as a
quantification of the initial rate constant k?).

It is important to note that the proportion of flu-
orescence F'PSII; associated to each photosystem
type represents the proportion of chlorophylls asso-
ciated with each type of photosystem and is not a
quantification of the proportion of each type of pho-
tosystem, due to their differences in antenna size.
The proportion of photosystems wPSII; can only be
calculated from their contributions to the comple-
mentary area over the fluorescence rise curve (CA)
[21, 23]. The proportion CA; of the CA that corre-
sponds to PSII; has been calculated from the fluo-
rescence rise associated to each PSII type. This is
mathematically calculated after the regression pro-
cedure giving the p;, k; and F'PSII; parameters.

Most earlier fluorescence studies report the exis-
tence of three PSII types: PSIla, PSIIZ and PSITy
in which only PSIIa are able to share excitation en-
ergy (connectivity) between individuals units [29].
Is is tempting to ascribe the PSII mega-,super- and
core- complexes described in most recent biochem-
ical studies to the PSIla, PSIIZ and PSIIy. How-
ever, in earlier functional studies, the ability to
share excitation energy between individuals units
was restricted only to PSIIa while new biochem-
ical evidences suggest a dimeric organization, and
therefore the possibility for energy transfer between
neighbouring units for all PSIT complexes. There
is, therefore, a need of comparing the suitability of
models, which consider a connectivity term (p) ei-
ther for PSIla only, for PSIIa and PSIIS or for all
PSII types.

In order to decide which model is best adapted,
we fitted DCMU-FR curves measured at different
light intensities (same data as section 3.1) with the
three models. In model 1, connectivity was allowed
only for PSIla. In model 2, it was allowed for PSITa
and PSIIS whereas in model 3, it was allowed for
all type of PSII. Usually, the quality of a fit is de-
termined on the value of the 2. The lower it is,



the higher is the efficiency of the fit to describe
the experimental data. However, comparing qual-
ity of models with different number of variables (in
our case, more parameters due to connectivity for
PSIIA3 and PSIIvy) with the x? is not appropriate be-
cause adding variables increases the complexity of
the model and the number of solutions possible for
the fit. It will always be possible to add artificial,
non-biologically meaning parameters and increase
the quality of the fit. Thus, to avoid overfitting, it
is necessary to take into account the complexity of
the model in the assessment of the quality of the fit.
The Akaike’s information criterion (AIC) permits
the comparison of different models with different
number of variables by judging the quality of the
fit and introducing a penalty for the number of pa-
rameters used [74]. AIC was determined according
to equation 4 where k is the number of parameters
and L is the maximized value of the likelihood func-
tion for the estimated model. For more information
on AIC, see Burnham and Anderson [75].

AIC = 2k — 2In(L) (4)

AIC for the three models is shown in table 1.
The AIC of model 2 is lower than that of model 1
and model 3, which is an indication that model 2
describes the experimental data better than other
models. Moreover, the difference between the two
best models AIC,,04e13 - AIC 10412 18 18. Consid-
ering the rule of thumb given in Burnham and An-
derson, which requires a difference in AIC of more
than 10 to definitely choose one model over another
model [75], we decided to make the subsequent fit-
ting of DCMU-FR curve with model 2. Residuals of
the fit for the three models are shown in figure S1.
In contrast to what was described in most previous
studies, we had to conclude that PSIIS are char-
acterized by a non 0 connectivity (only two former
studies [72, 27] came to the same conclusion).

3.1 Rate constant dependence on
light intensity

We began our analysis by comparing fluorescence
rise curves in presence of DCMU at different light
intensities. The purpose of such a procedure is to
verify the photochemical character of the different
phases. This also helped us to validate our method
by comparing our results with those of Lazar et al.
[27]. Due to the complexity and to the high num-
ber of parameters in equation 1, multiple possibili-
ties exist for fitting the experimental data although
they do not always have a biological sense. We thus
force the fitting program to find common values for
some parameters. In this case, connectivity and

model AIC A;
1: connectivity allowed only | -14599 | 2416
for PSIl«
2: connectivity allowed for -17025 0
PSIla and PSIIS
3: connectivity allowed for -17007 | 18
PSIla, PSIIS and PSITy

Table 1: Determination of the best model to anal-
yse PSII antenna size heterogeneity by calculating
the AIC on the entire data set of section 3.1. In
model 1, connectivity was allowed only for PSIIa.
In model 2, it was allowed for PSIIa and PSIIS
whereas in model 3, it was allowed for all type of
PSII. A, represents the AIC differences : A; = AIC;
- AIC,,,;». Model 2 has been selected because it had
the lower AIC value.

proportion of each type of photosystems had to re-
main unaltered between individuals sample. This
makes sense since the only difference between sam-
ples is the intensity of illumination. Thus, the only
parameter which may change are the rate constants
of Q4 reduction k;.

Figure 1A shows the DCMU-FR measured at dif-
ferent light intensities and the corresponding fits.
The curves are plotted from time 0 to the time
when rFy reaches 1. Figure 1B shows the effect
of light intensity on the rate constant values k for
each type of photosystem. We see that for PSIIa
and PSIIB, the value is linearly correlated to the
intensity of illumination, which confirms the photo-
chemical character of the fluorescence rise for these
two PSII types. This is not the case for PSIIy (or
~ phase) for which a different pattern is observed
(Fi. 1B, inset). Therefore, the v phase seems influ-
enced by other factors than the absorption of light.
This phase did not represente more than 4% of the
variable fluorescence intensity (results not shown)
while it represented a fraction of the CA that varied
with light intensity. For this reason, determination
of the kinetics and extent of this phase by the time
course of the CA is considered not relevant. Thus
in the subsequent analysis, phase v was mathemat-
ically removed from the results to avoid any error
in the determination of the proportion and kinetics
of PSIIa and PSIIS by the method of the CA.

Proportions, rate constants of photoreduction
and connectivity of the three types of photosystem
are detailed in table 2.

If one admits that the rate constant of a phase of
the DCMU-FR curve reflects the size of the light-
harvesting antenna associated with the correspond-
ing type of PSII, it is possible to calculate the ra-

tio &ilesiia which is determined from the ratio of
Chlpsrip
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Figure 1: A: Time course of the DCMU-FR measured at different light intensities on the wt strain 1690
grown on Tris-buffered mineral media. Only 5 intensities are shown for clarity. 100 % = 1670 pmol PAR
m~2s~! PAR. Experimental curves and fits are shown as dots and full lines, respectively. B: value of
the rate constant of photochemistry of PSIIa and PSIIS plotted against the intensity of illumination.
Inset shows the rate constant of photochemistry of PSIIy. The errors bars were calculated according to
section 2.5. Data are representative of one experiment out of at least three independent determinations.

type | % k(s D
PSIla | 52 46.6 = 1.4 0.75
PSIIB | 48 174 +24 0.58

Table 2: Proportion (%), rate constant of Q4 pho-
toreduction (k) and connectivity (p) of each type
of photosystem determined by fitting model 2 on
FR-DCMU curves of the wt strain 1690 measured
at different light intensities. Rate constant was de-
termined by averaging individual rate constants for
particular light intensities recalculated for an in-
tensity of illumination of 10 x mol PAR m~2s~!
in order to allow an easy comparison with previous
studies (see Table 2 from Lazér et al. [27]).

ko

2 in most studies. However, the rate constant

as determined in this study represents the kinet-
ics of a whole phase and not the initial rate con-
stant kY (see above). It is thus influenced not only
by the antenna size but also by the connectivity.
A better approach to calculate the ratio %ﬁﬁ;
is based on the proportion of each type of photo-
systems (wPSII;) and the proportion of chlorophyll
fluorescence associated to them (F'PSII;) following
equation 5 :

Chlpsiia  FPSI, /wPSII, 5)
Chlpsrisg  FPSIlz/wPSllg
Chlpsiia

The average ratio determined here by

Chlpsrip

this approach was 2.14 £+ 0.39. This would mean
that the PSIla antenna is about 2-3 times larger
than PSIIZ antenna if the pigments of both PSII
types were equally excited. The excitation wave-
length in this study (430 nm) however preferentially
excites Chl a, which would tend to an overestima-
tion of PSIIS antenna size and proportion if the

Chl % is higher for PSIIS. In earlier studies ra-

tios between 1,65 and 8 were obtained (see Table 2
from Lazér et al. [27]). Such variations are proba-
bly caused by the different species and preparations
studied.

The question arises whether the PSII heterogene-
ity evidenced here can be explained in terms of
structural differences between the PSII populations
that were previously separated using gel filtration
[53, 54]. Only two functional populations of PSII
are predicted by DCMU-FR analysis (PSIIa and
PSIIB) while gel filtration analysis predicts three
different PSII populations (mega-, super- and core-
complexes). Iwai, Takahashi, and Minagawa per-
formed functional optical cross-section analysis on
PSII fractions obtained by gel filtration separation
[53]. Fractions composed mainly of PSII mega- and
super- complexes had a similar optical cross sec-
tion in contrast to the fraction composed mainly of
PSII core complexes for which it was approximately
two times lower. This indicates that PSII mega-
and super- complexes are hardly distinguishable by
functional analysis of the DCMU-FR since PSIT an-



tenna size heterogeneity determination cannot dis-
criminate two PSII populations with the same an-
tenna size. It could be argued that although the
antenna size of PSII mega- and super- complexes is
the same, the connectivity may change. However,
the accuracy for the decomposition of induction ki-
netics is not sufficient to reliably resolve them on
this basis. Taking into account that the reduction
rate constant found in this study for PSIla is 2-3
times higher than for PSIIS, it is tempting to con-
clude that PSIIa phase refers to PSIT mega- and
super- complexes and that PSIIS phase refers to
PSII core complexes.

3.2 The optical cross-section, as de-
termined by the half-time of the
fluorescence rise, is proportional
to the proportion of PSIla

® PSll,
A Psll A

1 1 1 1
0.2 0.4 0.6 0.8

proportion of photosystem

Figure 2: A: correlation between % and the propor-
tions of PSIla and PSIIS. 7 is the time when the
normalized variable fluorescence level reaches 0.5.
R? for linear regression was 0.8 for both types of
photosystem. The different wt strains (2’,1690,25)
were grown in different media (Tris-buffered acetate
or mineral media).

To have an idea of the variations in the pro-
portions of different PSII types in Chlamydomonas
reinhardtii, we applied our analysis to several
DCMU-FR of suspensions of different wt strains
(2°,1690,25) grown in different media (TAP, TMP,
Bold) after dark-adaptation. We noticed large vari-
ations between samples. In other words, the pro-
portions of PSIIa and PSIIS vary extensively for
dark-adapted cells.

We took advantage of these variations in order

to investigate the relationship between the propor-
tions of different PSII types and the half-time of
the whole fluorescence rise, a parameter that is fre-
quently used to characterize the PSII average op-
tical cross-section e.g. [76, 77, 78, 79]. It is indeed
possible to characterize the rate of the fluorescence
rise by determining the half-time 7 of the fluores-
cence increase as the time when the normalised
variable fluorescence level reaches 0.5.

Figure 2B shows a positive and negative corre-
lations between % and the variable proportions of
PSIla and PSIIS, respectively. In other words,
the cell seems to adapt its ability to harvest light
at PSII by converting fast PSIla into slow PSIIS
and inversely. From these results, it appears that
dark adaptation (usually used as standard condi-
tion) does not necessarily conduct to cells which
are in the same state. It is known that growth con-
dition can influence the amount of PSII-free and
PSII-bound LHCII [80], thus modifying the ratio
between different PSII types. This result could also
explain the large variation in the determination of
PSII heterogeneity observed in previous studies (see
table 2 from Lazdr et al. [27]) where amounts of
PSIIa and PSIIB ranged from 13.5% to 76% and
from 9% to 40%, respectively.

type | k(s7!) p
PSIla | 724 £ 9.9 089 £ 0.07
PSIIB | 14.1 + 3.8 0.11 4+ 0.21

Table 3: Summary of connectivity and rate con-
stant of PSIIa and PSIIBZ. Values are averages of
the samples used in figure 2. Values of rate constant
are recalculated for an intensity of illumination of
10 ¢ mol PAR m~2s! to allow an easy compari-
son with previous studies. Error ranges represent
standard deviations.

Average values for rate constants of photoreduc-
tion (k) and connectivities (p) of PSIIa and PSIIS
are given in table 3. Values of k are in accordance
with section 3.1 and previous studies (see Table 2
from Lazdr et al. [27]). A non-zero connectivity
term for PSIIS is found again, although its value
is here quite variable and lower compared to its
value in section 3.1. The p value for PSIl« is higher
than in section 3.1 and may be overestimated. In-
deed, according to Lavergne and Trissl [72], it is
possible to calculate the antenna size enhancement
for open PSII surrounded by closed ones as J+1,
where J = p/(1 — p), which makes J very sensitive
to small errors in p determination. For a p value
of 0.89, this antenna size enhancement would be
around 9, which would indicate a connectivity be-
tween several super/mega complexes. Commonly



found p values around 0.7 give an antenna size en-
hancement of 3.3. Here, p values of 0,75 (section
3.1) and 0,62 (see below, section 3.4) lead to an-
tenna size enhancements of 4.0 and 2.63, respec-
tively, which do not require connectivity between
super/mega complexes. More data and higher reli-
ability on p would be necessary to conclude on this
issue.

The variations in PSII heterogeneity and in half-
time of the fluorescence rise from one sample to an-
other were most probably due to uncontrolled vari-
ations in the PQ pool redox state. Such variations
are easily produced as consequences of changes in
the medium composition of cultured cells (acetate
concentration), or depending on the extent of aer-
ation of the culture and dark-adaptation time be-
fore measurements. Therefore, changes in PSII op-
tical cross-section from one sample to another were
most probably due to changes in metabolic sta-
tus of the cells and thus to changes in excitation
energy distribution between PSIT and PSI (state
transitions). In the next sections, we investigated
changes in PSII heterogeneity during experimen-
tally controlled state transitions.

3.3 Development of a protocol to de-

termine PSII antenna size het-
erogeneity during state transi-
tion

We then tried to determine the changes in PSII
antenna size heterogeneity during state transitions.
To trigger a transition from state 1 to state 2, we
used the method described by Bulté et al. [81],
which consists of inhibiting mitochondrial respira-
tion either by using inhibitors/uncouplers of res-
piration, or by anoxia. Impairment of mitochon-
drial respiration leads to a depletion of ATP and
a non-photochemical reduction of the PQ pool by
the NAD(P)H dehydrogenase NDA2, thus inducing
a transition to state 2. State 1 (or a state close to
it) is usually achieved first by dark-adapting well-
aerated cells in order to oxidize the PQ pool (this
is only valid for cells grown on mineral media).

To determine PSII heterogeneity, we performed
measurements of the DCMU-FR on cells dark-
adapted for 30 min (state 1) or cells in presence of
mitochondrial inhibitors KCN (potassium cyanide)
and SHAM (salicylhydroxamic acid) for 20 min
(state 2). The fluorescence rise was first found
faster in state 2 than in state 1 which is in con-
tradiction with the common sense if PSII antenna
size is smaller in state 2. The results were similar
if mitochondrial respiration was impaired by the
addition of the uncoupler FCCP or by an anoxia

caused by the addition of glucose oxydase and glu-
cose (results not shown). In state 2 condition, there
was an increase and a decrease in Fp and Fj, lev-
els, respectively. The decrease of Fy; is explained
by the reduced PSII antenna size in state 2. The
increase of Fp can be explained by the fact that
binding of DCMU in the dark can induce a back
transfer of electron from PSII-bound semiquinone
Q% to Qa [82, 83]. In the case when the PQ pool
is highly reduced like in state 2 inducing conditions
(due to a constant non-photochemical reduction)
many PSII centers may have a Q5 bound and the
addition of DCMU leads to Q4 reduction before
the illumination. Therefore, in this situation, the
fluorescence rise under illumination only represents
a small pool of initially oxidized PSII.

In order to probe all the PSII pool in state 2, PQ
pool had to be rapidly oxidized before the addition
of DCMU. We thus used a different approach to
reoxidize the PQ pool after reaching state 2. For
this, instead of using respiration inhibitors to in-
duce PQ reduction and state 2, we bubbled N5 in
a closed electrode chamber of algal suspension and
let the cells consume the remaining Oy through res-
piration in order to cause anoxia and a transition to
state 2. When state 2 was reached, opening of the
electrode chamber and adding air led to the arrest
of non-photochemical reduction and to re-oxidation
of the PQ pool. This was confirmed by PAM fluo-
rimetry measurements during the whole procedure
(Fig. 3). The fluorescence level of PSII measured
under low analytic modulated light is dependent
on the redox state of Q4 in the reaction center of
PSII and, indirectly, by the subsequent intermedi-
ates in the photosynthetic electron transport chain
together with state transitions. In order to mon-
itor the redox state of Q4 without the influence
of state transitions, we first performed experiments
with the mutant strain stt7 which lacks the abil-
ity to realize state transition. Figure 3A shows the
PAM fluorescence trace of the stt7 strain. Removal
of oxygen induces a rapid increase of Fo which re-
flects the non-photochemical reduction of PQ pool.
Then, addition of oxygen (air) induces a fast de-
crease of Fo which reflects the re-oxidation of PQ
pool, thus confirming that PQ pool can be oxidized
almost instantly by O2 most probably via the plas-
tid terminal oxydaze (PTOX).

In contrast to the stt7 strain, the increase of Fg
after removal of oxygen in the wt strain 1690 (Fig
3B) is not so apparent because it is counterbalanced
by a general fluorescence decrease due to detach-
ment of LHCII from PSII (transition to state 2) as
indicated by the decrease of maximum level F,.
Addition of oxygen after transition to state 2 leads
to a slight decrease of Fp which reflects PQ pool
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Figure 3: Determination of changes in the redox status of PQ pool and state transitions by PAM
fluorimetry as described in section 2.3. A: state transition deficient mutant stt7. B: wild type strain 1690.

Strains were grown on Tris-buffered acetate media.

Os is removed or added when indicated. Removal is

realized by bubbling N5y and closing the electrode chamber and addition is realized by opening the closed
chamber and bubbling air. Data are representative of one experiment out of at least three independent

determinations.

re-oxidation. This is followed by a transition back
to state 1 as indicated by the increase of F; caused
by the re-association of LHCII to PSII.

In both cases (stt7 and wt strains), the re-
oxidation of PQ pool by Os is realized in less than
2 minutes after its addition (as indicated by the
duration of the decrease of F). Moreover, in the
wt strain, Fj; did not increase within this time,
indicating that back transition to state 1 did not
start yet (this is confirmed by the non-significant
variation in the low temperature fluorescence ra-
tio between 0 and 2 min after O, addition, see fig
4A). Therefore, PSII antenna heterogeneity analy-
sis could be realized on samples taken from 2 min
after the addition of Oy (state 2) to the end of the
transition to state 1.

3.4 Transition to state 2 from state
1 is reflected in conversion of
PSIIa and PSIIjS

PSII antenna heterogeneity variations were deter-
mined on samples taken from 2 to 20 minutes after
addition of Os. First, it was verified that state

‘ Pa pp ko (S_l) kﬂ (S_l) ]l%:
wt | 0.62 0.15 48.6 154 3.1
stt7 | 0.64 0.16 64 19 3.3

Table 4: Summary of connectivity and rate con-
stant of PSIIa and PSIIB. Values are averages of
the 7 samples used in figure 4. Values of rate con-
stant are recalculated for an intensity of illumina-
tion of 10 y mol PAR m~2s7! to allow an easy
comparison with previous studies. Data are rep-
resentative of one experiment out of at least three
independent determinations.

transition was occurring in theses samples by mea-
suring low temperature (77K) fluorescence spectra.
At this temperature, fluorescence emission by PSI
and PS II can be distinguished. The 685 nm fluo-
rescence is emitted by PSII while the 715 nm fluo-
rescence is emitted by PSI. Variation of this ratio
indicates variation in distribution of excitation en-
ergy between PSI and PSII. Figure 4A shows a de-
crease of the ratio F715/(715+685) from 2 minutes
to 20 minutes after Oy addition in the case of wt
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Figure 4: A: variation in the ratio of fluorescence emitted at 715 and 685 nm at 77 K indicating a state
transition from state 2 to state 1 in the wt strain but not in the stt7 strain. Each value is the mean

of 3 independent experiments. Error bars represent standard deviations. B: variation of — indicating

a decrease of the optical cross-section of PSII during transition from state 2 to state 1. CT: Variations
in proportions of PSIIa during transition from state 2 to state 1. DCMU-FR were measured at 100%
of maximal light intensity. Strains were grown on Tris-buffered acetate media. For B and C, data are
representative of one experiment out of at least three independent determinations.

strain, indicating a transition from state 2 to state
1 (high and low values of F715/(715+685), respec-
tively). In contrast, in the stt7 strain, there is no
significant variation of this ratio, as expected.

We then determined changes in proportions and
properties of PSIla and PSIIS from DCMU-FR
curves during the transition from state 2 to state
1. Since biochemical studies on PSII complexes in-
dicate that state transitions are caused by changes
in relative abundances in different PSII subpopula-
tions [53, 54], we forced the fitting program to find
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common values for rate constants of photoreduction
(k) and connectivity (p) for each PSII type dur-
ing state transition. Fits and corresponding resid-
uals for the wt strain 1690 in state 1 and in state
2 (corresponding to 2 and 20 min after O addi-
tion, respectively) are shown in figure S2. Rate
constants of photoreduction (k) and connectivities
(p) of PSIIa and PSIIS for the wt and stt7 strains
are detailed in table 4. Values of k and p are in ac-
cordance with previous section and previous studies
(see Table 2 from Lazdr et al. [27]).



Changes in proportions of PSIIa in the course
of state transition are shown in figure 4C. In the
wt strain, during transition from state 2 to state
1, about 32% of slow PSIIf is converted into fast
PSITa with the same kinetics than the variation of
the ratio F715/(7154+685) and the half-time of the
whole fluorescence rise. In contrast, no significant
variation is observed in the state transition defi-
cient strain stt7. These results show for the first
time in vivo that state transition induces an inter-
conversion of two types of photosystems.

This is in agreement with recent models based
on biochemical and structural analysis of PSII after
gel filtration separation which indicate a conversion
of PSII mega- and super- complexes (that we sug-
gest to be related to PSIl«) in PSII core complexes
(that we suggest to be related to PSIIS) during
state transitions [53, 54]. In contrast to the frequent
implicit view that state 1 and state 2 are character-
ized by specific PSII states, it appears that the two
PSII populations are present in both states but in
different proportions.

4 Conclusion

In this study, we showed that variations in the op-
tical cross-section of PSII (as indicated by half-
time estimations of the DCMU-FR) can be de-
scribed as changes in PSIIa/PSIIS heterogeneity.
Our results on PSII heterogeneity during a transi-
tion from state 2 to state 1 showed for the first time
in vivo that this transition correlates with a conver-
sion of PSIIS to PSIla. Considering our results
and recent biochemical and structural researches
on PSII, we suggest that in Chlamydomonas rein-
hardtii PSIla refers to two PSII populations with
the same antenna size and a high degree of connec-
tivity, namely the PSII mega- and super- complexes
whereas PSIIS refers to a PSII population with a 2-
3 times smaller antenna size and a reduced connec-
tivity, namely the PSII core complexes. We think
that the procedure of PSII antenna size heterogene-
ity determination described in this study could be
useful to study PSII antenna size heterogeneity in
other photosynthetic organisms as well as in an-
tenna size mutants.
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Supplemental data

There is no explicit solution to the
equations (1), (2) and (3)

By re-writing equation (1), one can explicitly ex-
press PSHflosed as a function of rFy,; and p; :
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_ TFVJ' (t)
pirFv,(t) +1 —p;
Combined with equation (2), this equation leads

to

PSIISosed (¢t) (6)

okt _ (1 — TFV,i(t))(l — pi)
1-— pz(]- — T’FV’i(t)) ’

(7)

One thus have,

Fi(t) %(m (1= i1 = rF(0)
—In (1 = rFy,(t)) — In(1 — pi)). (8)
Finally, equation (3) implies
1—pi
t(pirFy(t) + 1 — p;)
(ln (1—pi(1 —rFy(t)))

—In (1= rFy(t) — In(1 —pi)). 9)

kO

3

This relation shows that kY depends on p; and
rFy;, both being unknown. Therefore kY can-
not be determined using a non-linear regression al-
gorithm simultaneously with other parameters of
equations (1) and (2).

Residuals of the fit for model 1, 2 and
3

Figure S1 indicates that model 1 is worse than
model 2 and model 3 in describing the experimen-
tal data. The residuals of model 2 and model 3
are identical because a 0 connectivity is found for ~
phase in model 3. Thus, the fit is exactly the same
for model 2 and model 3. The choice of model 2 by
the AIC criterion is based on the reduced number
of parameters in this model.

Fits and corresponding residuals for
state 1 and for state 2

Upper panel of figure S2 shows a decrease in the
rate of fluorescence increase under illumination in
state 2 compared to state 1, as expected. Lower
panel shows that the residuals for the fit in state 1
and in state 2 are small. This indicates that the fit
prediction is very close to the experimental data.
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Figure S1: Residuals of the fits on data of section 3.1 for model 1 (connectivity allowed only for PSIla) ,
model 2 (connectivity allowed for PSIIae and PSIIS) and model 3 (connectivity allowed for PSIIa, PSIIS3
and PSIIv).
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Figure S2: Upper panel, DCMU-FR of wt strain 1690 in state 1 and in state 2. Symbols : experimental
data, line : fit. Lower panel, Residuals for the fits in state 1 and in state 2.
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