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Many photosynthetic autotrophs have evolved responses that adjust their metabolism to limitations in nutrient availability. Here
we report a detailed characterization of the remodeling of photosynthesis upon sulfur starvation under heterotrophy and photo-
autotrophy in the green alga (Chlamydomonas reinhardtii). Photosynthetic inactivation under low light and darkness is achieved
through specific degradation of Rubisco and cytochrome b¢f and occurs only in the presence of reduced carbon in the medium.
The process is likely regulated by nitric oxide (NO), which is produced 24 h after the onset of starvation, as detected with NO-
sensitive fluorescence probes visualized by fluorescence microscopy. We provide pharmacological evidence that intracellular
NO levels govern this degradation pathway: the addition of a NO scavenger decreases the rate of cytochrome b¢f and Rubisco
degradation, whereas NO donors accelerate the degradation. Based on our analysis of the relative contribution of the different
NO synthesis pathways, we conclude that the NO,-dependent nitrate reductase-independent pathway is crucial for NO production
under sulfur starvation. Our data argue for an active role for NO in the remodeling of thylakoid protein complexes upon sulfur

starvation.

In the wild, growth of photosynthetic autotrophs is
often limited by nutrient availability. Macronutrients
such as nitrogen, sulfur, phosphorus, and carbon, the
building bricks for all biomolecules, are in suboptimal
concentrations in many ecosystems. Organisms have
evolved a variety of responses to adjust their metabo-
lism to limitations in nutrients, resulting in their accli-
mation to environmental conditions. These responses
can be divided into general or nutrient-specific re-
sponses (Grossman, 2000; Merchant and Helmann,
2012; Obata and Fernie, 2012). They comprise cell di-
vision arrest, changes in gene expression, down-
regulation of anabolic pathways and up-regulation
of catabolic pathways, activation of scavenging pro-
cesses, and increased uptake from alternative sources.
In several instances, proteins rich in the limiting
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element are replaced by alternative isoforms with a
more appropriate amino acid composition.

In the green alga (Chlamydomonas reinhardtii), the in-
creasing number of available genetic tools allows the
more detailed study of both ubiquitous and specific stress
responses, such as nutrient limitations (Grossman et al.,
2007; Zhao et al., 2009; Schmollinger et al., 2013; Sizova
et al,, 2013; Baek et al., 2016, 2018; Shin et al., 2016;
Ferenczi et al., 2017; Greiner et al., 2017; Crozet et al.,
2018). These stresses consistently encompass the expres-
sion of scavenging enzymes for the missing element and
selective degradation processes (Merchant and Helmann,
2012; Saroussi et al., 2017). For instance, when facing
phosphorus starvation, C. reinhardtii attempts to recover
phosphate by degrading a fraction of the polyploid
chloroplast chromosome and secreting phosphatases that
scavenge phosphate from the surrounding environment
(Quisel et al., 1996, Wykoff et al., 1998; Yehudai-Resheff
et al., 2007). Phosphorus starvation also leads to an in-
creased susceptibility to photoinhibition, which targets
primarily PSII (Quisel et al., 1996; Wykoff et al., 1998;
Malnoé et al., 2014).

Under nitrogen starvation, C. reinhardtii also degrades a
fraction of its polyploid chloroplast chromosome (Sears
etal., 1980), while expressing an L-amino acid oxidase as a
scavenging enzyme in the periplasm where it deaminates
external amino acids to release assimilable ammonium
(Vallon et al., 1993). In addition, cells undergo a transition
from a vegetative to a gamete state together with a re-
placement of their ribosomes by other isoforms, which are
more error-prone (Picard-Bennoun and Bennoun, 1985;
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Bulté and Bennoun, 1990). Other changes upon nitrogen
starvation encompass storage of reduced carbon as starch
and triacylglycerol (TAG) lipids (Kajikawa et al., 2015;
Yang et al., 2015), and a block of photosynthesis due to a
specific degradation of cytochrome bgf and Rubisco (Bulté
and Wollman, 1992; Wei et al., 2014).

When starved for sulfur, C. reinhardtii dramatically
down-regulates global RNA translation (Gonzalez-
Ballester et al., 2010). To scavenge sulfur from exter-
nal soluble sulfate esters, it synthesizes a periplasmic
arylsulfatase as a scavenging enzyme (Schreiner et al.,
1975). It also accumulates TAGs, degrades sulfoquino-
vosyl diacylglycerol (Sugimoto et al., 2007; Kajikawa
et al, 2015; Yang et al, 2015) and down-regulates
photosynthesis, a condition that can lead, under spe-
cific growth conditions, to hydrogen evolution (Wykoff
et al., 1998; Ghirardi et al., 2000; Melis et al., 2000;
Zhang et al.,, 2002; Antal et al., 2003; Forestier et al.,
2003; Kosourov et al.,, 2003; Hemschemeier et al.,
2008; Grossman et al., 2011). However, there are con-
flicting reports as to the exact site at which photosyn-
thesis is inhibited upon sulfur starvation: It has been
mainly attributed to a PSII photodestruction (Wykoff
et al., 1998; Nagy et al., 2016, 2018), but Malnoé et al.
(2014) reported that this photoinhibitory effect was in-
direct, being the result of a downstream block in pho-
tosynthetic electron transfer at the level of cytochrome
bef complexes. The selective degradation of the cyto-
chrome bef complex in the absence of sulfur is thus
reminiscent of a similar process previously observed in
the absence of nitrogen sources (Bulté and Wollman,
1992; Wei et al., 2014). These two macronutrients con-
tribute to widely different metabolic pathways that
nevertheless overlap in some instances, like the bio-
synthesis of sulfur amino acids or glutathione. In C.
reinhardtii, sulfur assimilation is regulated by the
transmembrane polypeptide SAC1 (for sulfur acclima-
tion 1), a transporter-like protein induced upon sulfur
limitation, and by the kinase SAC3, activated through
phosphorylation (Zhang et al., 2004; Pollock et al., 2005)
and involved in transcriptional repression of chloro-
plast RNA (Irihimovitch and Stern, 2006). The sulfate
anion (50,*") is the preferred source of S and is
imported by a number of transporters, some of which,
such as SLT2, a sodium/sulfate cotransporter, are only
expressed upon sulfur shortage. Once inside the cell, it
must be activated by the enzyme ATP sulfurylase to be
assimilated. The activated form of SO,*’, adenosine
phosphosulfate (APS), can serve as a substrate for SO >~
reduction or it can be further phosphorylated by APS
kinase to give 3’-phosphoadenosine phosphosulfate,
used by sulfotransferases to catalyze the sulfation of
various cellular substrates (Pollock et al., 2005). In the
pathway leading to SO,*  reduction, the S of APS is
reduced to SO;*~, which is further reduced to sulfide by
sulfite reductase in the chloroplast, with final incorpo-
ration into Cys and Met (Leustek and Saito, 1999).

Given the similarities shared by the response to
nitrogen and sulfur starvation, it is tempting to imagine
that analogous signaling pathways are at work. The
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target of rapamycin signaling pathway was recently
discovered to play a major role in the response to
starvation, as a regulator of S/C/N metabolism in
plants (Dong et al., 2017), but other molecular players
remain to be discovered. Therefore, a deeper under-
standing of the mechanisms leading to photosynthesis
inactivation under sulfur starvation is required, notably
the identification of the signaling molecules and of the
metabolites from which they are produced.

Here, we characterized extensively the effects of sulfur
starvation on the photosynthetic apparatus of C. rein-
hardtii, using the same approaches, growth conditions
(heterotrophy /photoautotrophy), and light conditions
that were previously used to study nitrogen starvation
(Wei et al., 2014). We aimed to gain information about the
signal involved in the remodeling of the photosynthetic
apparatus, and we found many similarities between sul-
fur and nitrogen starvation, providing evidence that nitric
oxide (NO) also plays a key role in the photosynthetic
response to sulfur starvation.

RESULTS

Sulfur Starvation Inactivates Photosynthesis through
Specific Degradation of Cytochrome bef and Rubisco

Figure 1 shows the major photosynthetic changes
undergone by the photosynthetic apparatus of C. rein-
hardtii wild type-524~, a wild-type strain for photo-
synthesis, when starved of sulfur for 72 h under low
light (5-15 wE-m~2-s71). When cells were starved of
sulfur in the absence of reduced carbon sources (mini-
mal medium without sulfur, MM-S), i.e. when survival
strictly depends on photosynthesis, the shape of the
fluorescence transients remained indicative of an active
electron flow (Fig. 1A, right), with a limited decrease in
®pgyrover the 72 h of starvation (Fig. 1B, left). Despite an
identifiable sensing of sulfur starvation, as demon-
strated by the induction of the SLT2 transporter
(Fig. 1C, right), the level of photosynthetic proteins
tested showed no significant changes before 48 to 72 h
of starvation that caused some decrease in both cyto-
chrome bef and Rubisco.

In marked contrast, when kept in heterotrophic con-
ditions (Tris-acetate phosphate without sulfur [TAP-S]),
C. reinhardtii cells displayed a dramatic decrease in elec-
tron transfer downstream of the plastoquinone pool
(Fig. 1A, left, gray line) but this was not because of PSII
inactivation, as demonstrated by the limited change in
maximum photochemical efficiency of PSII in the dark-
adapted state (Fy/Fy; Fig. 1B, right, black line). Protein
profiles of total protein extracts did not show drastic
changes throughout the 72 h of starvation (Supplemental
Fig. S1). Consistent with fluorescence data, the content in
PSII core proteins D1 and D2 only moderately decreased
in these experimental conditions (Fig. 1C, left). In marked
contrast, subunits from the cytochrome b¢f complex and
from Rubisco were barely detectable after 48 h of sulfur
starvation, which identified them as the main targets of
photosynthesis inactivation (see Supplemental Fig. S2A
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Figure 1. Effects of sulfur deprivation on the photosynthetic apparatus in different growth conditions. A, Kinetics of fluores-
cence induction of dark-adapted (30 min) wild type-S24~ cells in TAP-S (left) and MM-S (right), recorded at to and t,. a.u.,
Arbitrary units. B, Left, ®pg;; (quantum yield) calculated as (Fy — Fs)/Fm. This parameter shows the efficiency of the entire
electron transport chain. B, Right, F\/Fy calculated as (Fp — Fo)/Fum. This parameter gives information about the PSII efficiency.
Black line with squares, TAP-S (with acetate); gray line with circles, MM-S (without acetate). Mean of seven independent
experiments * sem. C, Whole protein extracts of cells harvested at the time points indicated after the onset of sulfur starvation
(-S), and probed with the antibodies indicated: D1/D2 (PsbA/PsbD subunit of Photosystem II); PsaA (subunit of Phososystem I);
LHCII (Light harvesting complex I1); B-CF; (ATP synthase subunit); Cyt. f, Cyt. bs, Rieske, SU IV (Cytochrome bgf subunits);
RbcL and RbcS (Rubisco subunits); PTOX 2 (Plastid terminal oxidase 2); NDA2 (NADH dehydrogenase), and SLT2 (Sodium/
sulfate cotransporter 2). Each condition was analyzed at least three times. To detect all proteins, samples from each replicate
were loaded onto mirror gels. Best representative blots are shown. C, Left, protein levels of cells starved in TAP-S; C, right,

protein levels of cells starved in MM-S.

for quantification and Supplemental Fig. S3 for loading
controls). These findings are reminiscent of C. reinhardtii
responses to nitrogen starvation (Wei et al., 2014) but also
of previous studies on Dunaliella (Dunaliella salina;
Giordano et al., 2000). Besides this marked inhibition in
photosynthesis, no major changes were observed for mi-
tochondrial respiration (see the unchanged content in
respiratory cytochromes, Supplemental Fig. S4A). En-
hanced chlororespiration was observed with an increased
accumulation of the two major chlororespiratory en-
zymes NDA2 and PTOX2 (Fig. 1C), concomitant with the
augmented activity of the pathway (Supplemental Fig.
S4B), as previously reported for cells starved of nitrogen
(Wei et al., 2014).

The loss of cytochrome be¢f was consistent with the
fluorescence induction kinetics typical of a block of
photosynthetic electron flow downstream of the plas-
toquinone pool (Fig. 1A, left, gray line), which ex-
plains the drop in ®pgy (Fig. 1B, left, black line). To
better understand the mechanism of photosynthesis

720

inhibition upon sulfur starvation, we investigated
whether cytochrome bgf inactivation would occur before
its degradation. We thus measured the peroxidase activ-
ity of the c-hemes, which are embedded within the cyto-
chrome bgf complex over the period of sulfur starvation.
Using the ECL method (Vargas et al., 1993), we observed
that the loss of the heme signals and the loss of their ap-
oproteins followed similar kinetics (Supplemental Fig.
S2B), suggesting that protein degradation is not caused by
heme inactivation.

The above results show a striking similarity with
those obtained during nitrogen starvation (Wei et al.,
2014), where a similar remodeling of the photosynthetic
apparatus was observed. To further pursue the com-
parison between sulfur and nitrogen starvation, we
analyzed the effect of sulfur starvation in darkness and
at higher light intensity, to determine whether the re-
modeling of thylakoid proteins is induced by light and
linked to photo-damage events, or if it is a light-
independent regulated process.
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The Degradation of Cytochrome b¢f and Rubisco Is
Light Independent

Cells were starved of sulfur in heterotrophic medium,
either in darkness or at a high light intensity of
120 E-m~2-s71, an intensity often used to trigger sulfur
starvation-induced hydrogen production (Wykoff et al.,
1998; Melis et al., 2000; Zhang et al., 2002; Antal et al.,
2003; Forestier et al., 2003; Hemschemeier et al., 2008;
Nagy et al., 2016). Samples were analyzed as above for
fluorescence induction kinetics and by immunoblots
(Fig. 2). In darkness, wild type-S24~ exhibited responses
similar to those observed under low light (Fig. 1): ®pgyy
decreased dramatically with limited changes in Fy/Fy.
Protein immune-detection confirmed the specific deg-
radation of cytochrome b¢f and Rubisco (Fig. 2C).

We noted that wild type-524~ better preserved PSII
in darkness than another wild-type strain, called T222*
(Malnoé et al., 2014). In the latter case there was a
marked PSII inactivation when S-starvation was per-
formed in darkness (Supplemental Fig. S5A). As shown
by the behavior of a representative tetrad of the prog-
eny from a wild type-524~ X wild type-T222* cross,
there is allelic variation between these two strains that

De Mia et al.

nevertheless behave as wild type for photosynthesis in
S-replete conditions (Supplemental Fig. S5B).

By contrast with its behavior in darkness, wild type-
S24~ undergoing S-starvation at 120 uE-m~2-s7!
showed an inhibition of photosynthesis due to photo-
inactivation of PSII, as indicated by the decrease in Fy /
Fy values (Fig. 2B). Analysis of protein extracts dem-
onstrates that in addition to cytochrome bef and
Rubisco, PSI as well as PSII proteins were also degraded
at 120 uE-m~2-s~! (Fig. 2C). Thus, upon sulfur star-
vation, high light induces the degradation of several
photosynthetic proteins, as reported in numerous for-
mer studies (Wykoff et al., 1998; Antal et al., 2003),
whereas under low light or darkness, a light-
independent mechanism targets cytochrome bef and
Rubisco and triggers thylakoid remodeling in hetero-
trophic conditions.

Specific Degradation of Cytochrome bef and Rubisco Is
Controlled by Chloroplast Proteases

To identify the mechanism of this selective protein
loss, we investigated the role of the two major proteases
localized in the chloroplast that are involved in abiotic
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Figure 2. Effects of sulfur deprivation in darkness and in high light (120 uE-m~2-s~1). A and B, Changes of ®pg); and Fy/Fy, in wild
type-S24~ starved in TAP-S. Black line (squares), complete dark; dashed line (triangles), high light, 120 nE-m~=2-s~'. Data
represent the mean of three experiments =+ sem. C, Whole protein extracts from high light samples (left) and dark samples (right),
harvested at the time points indicated, and probed with the antibodies indicated. B8-CF; is an internal loading control. Each
condition was analyzed at least three times. To detect all proteins, samples from each replicate were loaded onto mirror gels. Best

representative blots are shown.
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stress responses, ClpP (responsible for degradation of
stromal proteins) and FtsH (involved in the degrada-
tion of thylakoid membrane proteins; Georgakopoulos
et al., 2002; Sokolenko et al., 2002). We first used the
mutant ftsh1-1, which accumulates normal levels of an
inactive FtsH protease and is more sensitive to light, as
demonstrated by its lower ®pgpy in S-replete conditions,
compared with wild type-524~ (Malnoé et al., 2014;
Supplemental Fig. S6A). When starved of sulfur in
heterotrophic conditions under low light, the ftshi-
1 mutant maintained cytochrome bef but degraded
Rubisco, even though the cells were struggling to find S,
as demonstrated by the induction of the SLT2 trans-
porter (Fig. 3, left). Preservation of cytochrome bgf is
consistent with the very limited decrease in ®pgy; in the
ftsh1-1 mutant, where around 60% of the initial pho-
tosynthetic efficiency was maintained after 72 h
(Supplemental Fig. S6C). We then looked at the be-
havior of the clpP-4;y mutant in similar conditions.
clpP oy displays a 4-fold reduced amount of the Clp
protease (Majeran et al., 2000) and has previously been
demonstrated to respond differently to wild type-524~
upon N starvation (Wei et al.,, 2014). In this mutant,
cytochrome bef was degraded, albeit at a lower rate,
whereas Rubisco remained unaltered (Fig. 3, right). We
noted that PSII and ATP synthase were degraded at a
later stage of starvation, which is indicative of an en-
hanced susceptibility of the cells to the absence of sulfur
when the activity of ClpP is hampered.

Overall, these experiments show that in the absence
of sulfur, degradation of stromal Rubisco is under the
control of the stromal Clp protease, whereas degrada-
tion of the integral cytochrome bef complex is under the
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.S 0 24 48 72 (h) -S 0 24 48 72 (h)
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Figure 3. Sulfur starvation in ftsh1-1 and clpPsyy mutants. Whole
protein extracts from cells starved in TAP-S at 15 wE-m~2-s71, har-
vested at the time points indicated, and probed with the antibodies
indicated. B-CF; is an internal loading control. Each mutant was ana-
lyzed at least three times. To detect all proteins, samples from each
replicate were loaded on mirror gels. Best representative blots
are shown.
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control of the transmembrane FtsH protease. The pre-
served accumulation of the cytochrome b¢f complex
and of Rubisco in the protease mutant strains also ex-
cluded the possibility of a significant contribution of
transcriptional and translational regulation to the re-
modeling of the photosynthetic apparatus in our ex-
perimental conditions.

Sustained Production of Nitric Oxide Occurs under
Sulfur Starvation

We have shown previously that NO is produced
when C. reinhardtii is starved of nitrogen (Wei et al,,
2014). NO is produced in response to a series of abi-
otic stresses during which it is suspected to act as a
signaling molecule that modulates enzymatic activities,
protein localization, and proteolytic susceptibility
(Wendehenne and Hancock, 2011; Zaffagnini et al.,
2016; Blaby-Haas and Merchant, 2017). Although NO
production in C. reinhardtii under sulfur starvation has
recently been documented (Minaeva et al., 2017), the
kinetics of synthesis and the source(s) of this molecule
are still to be elucidated. Thus we sought to better
characterize NO production sources and NO effects
under sulfur limitation using a fluorescence microscopy
approach. To detect endogenous NO production in situ,
we monitored fluorescence levels after incubation with
the NO-specific fluorescent probe 4-amino-5-methyl-
amino-2’,7’-difluoro-fluorescein diacetate (DAF-FM
DA). This permeant molecule is naturally nonfluores-
cent. After entering the cell it becomes esterified, be-
comes nonpermeant, and remains trapped inside the
cell. In the presence of NO (or its oxidation products,
N>O; and NOY), it is converted into the highly fluo-
rescent triazol derivative.

To observe NO production, wild type-524~ cells
were starved of sulfur and, at the indicated time
points, aliquots were harvested, incubated for 1 h in the
presence of DAF-FM DA (5 uM) before recording flu-
orescence levels. Figure 4 shows chlorophyll (Chl) auto-
fluorescence in red and the DAF-FM DA signal in
green. In cells kept in TAP medium the green fluores-
cence was not observed; only the red signal in the
chloroplasts is observed (Supplemental Fig. S7, left).
When cells were incubated with DEA NONOate (a
strong NO donor), the DAF-FM DA signal increased
strongly, especially in the extra-chloroplastic compart-
ments (Supplemental Fig. S7, middle). When cells were
transferred to TAP-S medium, a faint green signal,
which appeared after 12 to 15 h, became prominent
after 24 h of starvation (Fig. 4). The signal then
remained at a high level for the remainder of the ex-
periment, with fluorescence emission originating from
all compartments. This signal disappeared when the
highly efficient NO-scavenger, Carboxy-PTIO potas-
sium salt (cPTIO), was added to the starvation medium,
demonstrating that the signal originates from NO
(Supplemental Fig. S7, right). Thus sulfur starvation
leads to sustained NO production over 4 d, concomitant
with cytochrome b¢f and Rubisco degradation.
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Because the response to sulfur starvation depends on
the growth conditions, we repeated the same NO
measurements in phototrophic conditions (MM-S,
Fig. 5), which led to a limited decrease in the quantum
yield of fluorescence. In these conditions we observed a
faint green fluorescence emission, indicating that NO
production remained just above its basal level. Thus,
the absence of cytochrome b¢f and Rubisco degradation
correlates with the absence of NO production.

These observations constitute a first indication that
NO, whose production is determined by the growth
conditions, is involved in the response to sulfur limi-
tation in C. reinhardtii. To get further insights into the
link between NO production and the remodeling of the
photosynthetic apparatus, we designed a series of ex-
periments using diverse NO donors and scavengers.

Testing the Involvement of Nitric Oxide as a
Triggering Signal

To understand whether NO plays a direct role in the
remodeling of the photosynthetic apparatus, we mod-
ulated its intracellular concentration using pharmaco-
logical approaches. We starved wild type-S24~ cells in
TAP-S at 15 uE m~2 s~ ! for 24 h before adding NO
donors possessing different NO-release kinetics:
sodium nitroprusside (SNP) and S-nitroso-N-acetyl-DL-
penicillamine (SNAP). In parallel we tested the NO-
scavenger cPTIO. Donors were added either alone or
in the presence of cPTIO to verify possible indirect ef-
fects unrelated to NO (Fig. 6; Supplemental Fig. S8).
After drug addition, photosynthetic efficiency and
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TAP-S Figure 4. NO production during sulfur starvation
72h in heterotrophic growth conditions. Visualization
of NO production in vivo, using the DAF-FM DA
(5 uM) probe. Wild type-S24~ cells were starved
in TAP-S at 15 wE-m~2-s7', harvested at the
time points indicated, and observed with a fluo-
rescence microscope after a washing step in
sulfur-free medium and 10-fold concentra-
tion. CHLORO, chlorophyll autofluorescence;
DAF-FM DA, NO-dependent green fluorescence;
MERGE, chlorophyll and NO-dependent signals
visualized simultaneously.

protein accumulation were analyzed over 8 h, in com-
parison with the untreated control, wild type-524~ in
TAP-S. Donors and scavengers were added 24 h after
the onset of starvation, when photosynthetic parame-
ters start to change (Fig. 1B).

The results, shown in Fig. 6, demonstrate that the
amount of intracellular NO affects photosynthetic effi-
ciency during S-starvation. All drugs had an effect on
photosynthesis and acted downstream of PSII, as in-
dicated by the limited effects on Fy/Fy; (Fig. 6A).

Addition of cPTIO alone during S-starvation largely
slowed down photosynthesis inhibition (Fig. 6A,
squares), and this effect was also observed when cPTIO
was added every 24 h for the entire duration of the
starvation (Supplemental Fig. S8A). Removing endog-
enous NO preserved photosynthetic efficiency, proba-
bly by blocking the signal that triggers protein
degradation. Immunoblot analysis of the content of
cytochrome f and Rubisco at the onset of starvation (0 h)
and before (24 h) and after (32 h) incubation with cPTIO
(0.2 mM) showed that cytochrome f and Rubisco deg-
radation were prevented (Fig. 6B, left). Strikingly, after
8 h of cPTIO treatment protein levels were higher than
at the time of addition (24 h; Fig. 6C for quantification).
Moreover, D1 accumulation appeared unchanged by
NO levels, suggesting again that the specific degrada-
tion of cytochrome b4f and Rubisco is regulated inde-
pendently, at least in these conditions.

The addition of SNP and SNAP caused both a more
pronounced and faster decrease in quantum yield
(Fig. 6A, triangles and stars). The stimulated inhibition
of photosynthesis by these NO donors was fully
counteracted by cPTIO when added concomitantly
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Figure 5. NO production during sulfur starvation
in photo-autotrophic growth conditions. Visuali-
zation of NO production in vivo, using the DAF-
FM DA (5 uM) probe. Wild type-S24~ cells were
starved in MM-S at 15 wE-m~2-s71, harvested at

the time points indicated, and observed as in 8
Figure 4. o
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Q
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o
=
w
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<
o
w
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o
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(Supplemental Fig. S8B and C), suggesting that the
observed effect was likely due to NO accumulation
rather than to unspecific effects of these drugs. The
faster inhibition of photosynthesis was associated with
faster protein degradation even though the effects ob-
served in these cases were stronger for cytochrome bef
than for Rubisco. The quantification of RbcL did not
show strong differences between treated and non-
treated samples (Fig. 6B and C). Nevertheless, both
donors were found to accelerate the degradation of
cytochrome b¢f with a more prominent effect for SNP.

Together, our data indicate that cPTIO-dependent
scavenging of endogenous NO blocks protein degra-
dation and preserves photosynthetic efficiency,
whereas exogenous addition of NO accelerates the
degradation process and inactivates photosynthesis
much faster. These results strongly suggest that NO is a
key signaling molecule for photosynthetic inactivation
under sulfur starvation.

The Source of NO

That NO is crucial for photosynthetic regulation rai-
ses the question of its source upon S-starvation. To
address this point, we used a series of distinct NO-
synthesis inhibitors.

Wild type-S24~ (nit1-137 nit2-124 mt") is a strain that
lacks nitrate reductase (NR), an enzyme involved in NO
production (Sakihama et al., 2002; Chamizo-Ampudia
et al., 2016). Thus, we chose specific inhibitors of
the NR-independent NO-producing pathways. We
used L-NC-nitroarginine methyl ester (L-NAME) and
amino guanidine (AG) to block the NO synthase-like
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dependent pathway, DL-a-difluoromethyl-Orn (DFMO),
to block the polyamine-dependent pathway and tung-
state to block the synthesis of MoCo, a molybdenum co-
factor required for the activity of five enzymes (NR; sulfite
reductase; xanthine oxido/reductase, aldehyde dehy-
drogenase, and the Amidoxine Reducing Component,
ARC, recently renamed NO-forming NR or NOFNIR), all
of which have been described as putative nitrite-
dependent producers of NO (Tewari et al., 2009; Wang
et al, 2010; Maia and Moura, 2011, Wei et al., 2014;
Chamizo-Ampudia et al., 2016). We added these inhibi-
tors twice, every 24 h, to reach a 1 mm final concentration
at the end of the experiment. These drugs had no sub-
stantial effect in control cultures kept in TAP
(Supplemental Fig. S9B). In contrast to this, when wild
type-S24~ cells were starved in TAP-S, all inhibitors
slowed down the inhibition of photosynthesis (Fig. 7).
These results demonstrate that all pathways are involved
in the production of NO upon sulfur starvation. .-NAME,
AG, DEMO, and tungstate all preserved photosynthetic
efficiency, albeit to a different extent. Interestingly, tung-
state was the most effective in preserving photosynthesis,
suggesting a prominent role of nitrite-dependent path-
ways, even in the absence of the NR enzyme.

DISCUSSION

Our results show that when starved for sulfur, C.
reinhardtii slowly undergoes photosynthesis inactiva-
tion, which is completed within 4 d. This functional
inhibition is achieved through the specific degradation
of Rubisco and cytochrome b¢f, controlled by the
stromal and thylakoid proteases ClpP and FtsH,
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Figure 6. NO accumulation affects the kinetics of photosynthesis inhibition and cytochrome bef degradation. A, Evolution of the
photosynthetic parameters, ®pgy; (left) and Fy/Fy, (right), measured after addition (indicated by arrows) of NO donors (SNAP,
0.05 mm and SNP, 0.5 mM) or a NO scavenger (cPTIO, 0.2 mM) in wild type-S24~ cells starved in TAP-S medium at 15
mE-m~2-s71; dashed line corresponds to the control (cells in TAP-S without any drug addition). Data show the mean of five
independent experiments = sem. Statistical significance was assessed by using a two-way ANOVA test (P < 0.05) between control
(nontreated) and drug-treated samples. SNP, SNAP, and cPTIO score with P< 0.01. B, Immunoblots showing the accumulation of
the proteins indicated. Extraction was performed at indicated time points. Drugs were added at 24 h (SNP, 0.5 mM; SNAP,
0.05 mMm, and cPTIO, 0.2 mm only in last lane) during starvation in TAP-S at 15 wE-m~2-s71. B-CF; is an internal loading control.
Each condition was analyzed at least three times. To detect all proteins, samples from each replicate were loaded on mirror gels.
Best representative blots are shown. C, Relative band intensity * sem for Cyt fand RbcL. Extraction was performed at indicated
time points. Drugs were added as in B. Data are normalized to T. Asterisks correspond to statistically significant differences
assessed with a one-way ANOVA test (P< 0.05). For cPTIO, P=0.03 and P=0.015 for cyt fand RbcL, respectively; SNP, P=0.031
for cyt f.

respectively. Our data are in contrast with previous 2000; Zhang et al., 2002, 2004; Forestier et al., 2003;

studies on sulfur starvation, most of which have de-
scribed a photosynthetic inhibition due to PSII inacti-
vation/degradation (Wykoff et al.,, 1998; Grossman,

Plant Physiol. Vol. 179, 2019

Nagy et al., 2016, 2018). These studies focused on H,
production, which requires higher light intensities
during starvation (80-300 uE-m~2-s~!) than those used
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Figure 7. Effects of different NO synthesis inhibitors on photosynthetic
efficiency. Evolution of the photosynthetic parameters, ®ps, (top) and
Fv/Fm (bottom), measured after addition (indicated by arrows) of
L-NAME (1T mM), DFMO (1 mM), tungstate (Tung, 1T mM), and amino
guanidine (AG, 1 mM) in wild type-524~ cells starved in TAP-S at 15
wnE-m?-s'. The black line (diamonds) corresponds to the control (cells in
TAP-S without any drug addition). Data show the mean of four inde-
pendent experiments = sem. Statistical significance was assessed using a
two-way ANOVA test (P < 0.05) between control (nontreated) and
inhibitor-treated samples. All drugs show a score of P < 0.01.

here to observe the selective degradation of cytochrome
bef and Rubisco. We have shown previously (Malnoé
et al., 2014), and confirmed here, that increasing the
light intensity at which S-starvation is performed trig-
gers photoinhibitory processes, which drive inactiva-
tion and degradation of PSII and also PSI. This is a
straightforward consequence of the lower metabolic
demand for carbon fixation upon growth arrest, which
leads to NADPH accumulation, over-reduction of the
photosynthetic electron transfer chain and reactive
oxygen species (ROS) production, which will damage
PSI and PSII. The decreased pool of sulfur amino acids
should also contribute to photoinhibition by slowing
down protein synthesis, and thus repair cycles.

Physiological Responses to Nutrient Starvation

The light-independent degradation of Rubisco when
C. reinhardtii is starved for sulfur can be viewed as an
attempt to remobilize sulfur. Indeed, Rubisco, the most
abundant protein on earth that amounts to about 30%
of the soluble proteins in C. reinhardtii (Sugimoto et al.,
2007; Michelet et al., 2013), is a major reservoir of sulfur.

726

Being composed of eight large and eight small subunits
that together contain 256 sulfur atoms embedded in Cys
or Met residues, its degradation would allow the cells to
cope with a transient decrease in external sulfur sources.

Sulfur remobilization is unlikely to explain degra-
dation of cytochrome bef , which, despite its 27 methi-
onines, 13 cysteines, and a [2Fe-2S] prosthetic group per
monomer (Stroebel et al., 2003), is not a major source of
sulfur compared with other photosynthetic protein
complexes such as PSII (86 sulfur-containing residues in
the core subunits) and PSI (80 sulfur-containing resi-
dues and three [4Fe-4S] clusters in the core subunits). Its
degradation should rather be taken as indicative of a
response aimed at preventing photosynthetic electron
transfer upon growth arrest.

The dual-targeted degradation of Rubisco and cyto-
chrome bef in sulfur-deprived conditions is better un-
derstood when compared with the very similar
situation produced by nitrogen deprivation (Wei et al.,
2014). In both conditions, central metabolism slows
down drastically, leading to growth arrest and down-
regulation of gene expression. Thus, the energy de-
mand for DNA replication, translation, and protein
synthesis dramatically decreases. At the same time,
catabolic pathways are activated to remobilize as much
sulfur or nitrogen as possible. Up-regulation of catab-
olism leads to overaccumulation of reduced carbon,
mainly as starch and TAG lipids (Kajikawa et al., 2015).
Because carbon metabolism is intimately linked to
nitrogen and sulfur metabolism, with which it shares a
mutual genetic regulation (Kopriva and Rennenberg,
2004), the cells try to avoid such imbalance between
these macronutrients, by shifting, in heterotrophic
conditions, toward respiration at the expense of pho-
tosynthesis: Rubisco degradation prevents carbon as-
similation and thus overaccumulation of additional
carbon skeletons, whereas cytochrome b¢f degradation
blocks altogether the cyclic and linear electron flows,
thus collapsing photosynthetic ATP and NADPH pro-
duction. Mitochondrial respiration will provide enough
energy to sustain the limited cell metabolism, and
consumes at the same time the carbon skeletons in ex-
cess. It is also of note that chlororespiration is stimu-
lated upon sulfur deprivation, as it is upon nitrogen
starvation (Wei et al., 2014). Thus the chloroplast be-
comes a catabolic organelle to balance C, N, and S levels
in coordination with mitochondria. These responses to
N and S deprivation are activated in heterotrophic
conditions but not in phototrophic conditions. This
contrast calls for responses to starvation through a hi-
erarchy of signals, the first one being the availability of
reduced carbon in the medium. Its presence allows a
sustained respiratory metabolism, which should trigger
the switch toward photosynthesis inactivation when
the signal “sulfur or nitrogen deprivation” is perceived.
This is consistent with the absence of photosynthesis
inactivation when C. reinhardtii is starved for nitrogen
in the absence of mitochondrial respiration (Bulté and
Wollman, 1990; Wei et al., 2014). This situation, similar
to the absence of external reduced-carbon sources
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(photoautotrophic conditions), does not lead to degra-
dation of Rubisco and cytochrome bef, and preserves
photosynthesis until the internal S and N resources are
completely exhausted.

NO as a Key Factor for Metabolic Response to
Nutrient Deprivation

A key element in photosynthesis inactivation upon N
or S deprivation is the accumulation of NO, which is
instrumental in the degradation of cytochrome b¢f and
Rubisco (Wei et al., 2014 and this study). Its strong
accumulation could result either from its increased
production or from a decreased efficiency of NO-
scavenging systems in the chloroplast. The latter pro-
cess may be borne by flavodiiron proteins at the
acceptor side of PSI. These proteins, called FLVA and
FLVB in Chlamydomonas, have been ascribed a role in
ROS/RNS detoxification in bacteria and archea (Chaux
et al., 2017). They assemble into heterodimers that play
a role in acclimation to fluctuating light (Zhang et al.,
2009; Jokel et al., 2015; Gerotto et al., 2016; Saroussi
et al,, 2017). Upon sulfur deprivation, FLVA/FLVB
are initially induced within the first 24 h and subse-
quently degraded (Jokel et al., 2015). The kinetics of this
degradation fit perfectly with our results and may
suggest that flavodiiron degradation enhances NO ac-
cumulation under sulfur starvation.

That an increased production of NO also plays a role
in the present protein degradation process is supported
by our experiments with NO scavengers, supporting its
direct involvement in the degradation process. In
Chlamydomonas two major NO synthesis pathways
have been described. The main one is the nitrite-
dependent pathway, involving either NR and the
ARC enzyme (Chamizo-Ampudia et al., 2016), or an
NR-independent process still to be characterized at the
molecular level (Hemschemeier et al., 2013; Wei et al.,
2014). The other pathway is the Arg-dependent path-
way, occurring either from the degradation of polya-
mines or through an as yet unidentified NO
synthase-like enzyme (Barroso et al., 1999; Corpas
et al.,, 2004; Tun et al.,, 2006; Yamasaki and Cohen,
2006). Here, using various inhibitors of NO synthesis
we provided evidence that the NR-independent nitrite-
dependent pathway plays a major role upon sulfur
deprivation.

Two possible mechanisms for the NO-stimulated
protein degradation may be involved. NO could in-
duce redox posttranslational modifications such as
nitrosylation (Astier and Lindermayr, 2012; Morisse
et al., 2014; Zaffagnini et al., 2016) or Tyr nitration
(Jacques et al., 2013; Mata-Pérez et al., 2016), which may
target proteins for degradation or modify the proteases
responsible for degradation, thus acting either as a tag
or a trigger. Alternatively, it may affect NO-responsive
enzymes like guanylate cyclases and truncated hemo-
globins, which would then activate even more complex
signaling pathways to reach acclimation. Recently, the
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truncated hemoglobin THB1 was shown to be induced
upon sulfur starvation and to be involved in NO de-
toxification, while controlling the expression of some
sulfur-responsive genes. (Minaeva et al., 2017). Indeed,
NO can fulfill a signaling function either coupled with
hemoglobins, after direct interaction with heme groups
(Ouellet et al., 2002; Perazzolli et al., 2004, 2006;
Smagghe et al., 2008; Hemschemeier et al., 2013;
Minaeva etal., 2017), or as a nitrosylating agent coupled
with glutathione, reduced (GSH) or with other proteins
considered as alternative nitrosylases (Kornberg et al.,
2010; Stamler and Hess, 2010; Nakamura and Lipton,
2013; Zaffagnini et al., 2013, 2016). In that respect, glu-
tathione, a Cys-containing tripeptide, may be crucial for
the diffusion of the signal.

Glutathione is the main redox buffer, a key molecule
at the crossroads between carbon, nitrogen, and sulfur
metabolism, playing a major role in stress responses,
NO metabolism, and signaling. GSH is the main deni-
trosylating molecule for most nitrosylated proteins. It
also interacts with NO to form the S-nitrosoglutathione
(GSNO) molecule, the main NO reservoir of the cell and
the main transnitrosylating agent. Therefore, the GSH/
GSNO ratio critically controls nitrosylation levels
(Zaffagnini et al., 2013). In Chlamydomonas, the gluta-
thione content strongly decreases during sulfur star-
vation either in autotrophy (Fang et al., 2014) or in
mixotrophy (Supplemental Fig. 5S10). The breakdown of
glutathione may facilitate ROS-induced overoxidation
and nitrosative stress, two events that are enhanced
under sulfur deprivation, where the Calvin-Benson
cycle is blocked and the photosynthetic electron trans-
fer chain becomes over-reduced. The decreased content
of glutathione under sulfur starvation may therefore
contribute to reinforce the signaling triggered by NO.

As to the high specificity of the nitrosylation-based
signal, it is of note that alternative nitrosylases, when
nitrosylated, are able to transfer their NO moiety to
downstream targets, with a high degree of specificity.
Only a few transnitrosylases have been described in the
literature, including SNO-hemoglobin, SNO-glyceral-
dehyde-3-phosphate dehydrogenase, SNO-caspase 3,
and SNO-thioredoxin 1 (Kornberg et al., 2010; Stamler
and Hess, 2010; Nakamura and Lipton, 2013;
Zaffagnini et al., 2016); however, none have been de-
scribed from photosynthetic organisms. Theoretically,
transnitrosylation may lead to the nitrosylation of
proteins that are not themselves targets of direct nitro-
sylation by NO or related molecules like GSNO,
thereby amplifying the signal. The signaling pathway
could therefore be a multistep cascade, with increased
specificity at each step, starting from the highly reactive
and poorly specific NO to end up with highly specific
nitrosylases. In photosynthetic organisms, NO, besides
its involvement in physiological responses (Beligni and
Lamattina, 2000; Neill et al., 2002; Pagnussat et al., 2002;
He et al., 2004; Prado et al., 2004; Mishina et al., 2007;
Tada et al., 2008; Lindermayr et al., 2010; Gibbs et al.,
2014), is also implicated in many stress responses with
increased oxidative load (Delledonne et al.,, 1998;
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Garcia-Mata and Lamattina, 2001; Graziano et al., 2002;
Feechan et al., 2005; Baudouin et al., 2006; Zhao et al.,
2007; Lee et al., 2008a, 2008b; Besson-Bard et al., 2009;
Blaby-Haas and Merchant, 2017), including nitrogen
starvation (Wei et al., 2014).

MATERIALS AND METHODS
Strains, Media, Culture Conditions, and Chemicals

Chlamydomonas reinhardtii wild-type 524~ (CC-5100, (Gallaher et al., 2015),
ftsH1-1 (Malnoé et al., 2014), and cIpP 4;;; (Majeran et al., 2000) were grown on a
shaker at 140 rpm, under continuous light (5 to 15 uE-m~2-s~! for low light;
120 pE-m~2-s7! for high light), or in darkness, at 25°C. For sulfur starvation
experiments, cells were pre-grown in TAP (Tris-acetate-phosphate) medium
(pH 7.2; Harris, 1989) under continuous light (5 to 15 pE-m™2-s7!) to reach a
concentration of 2 X 10° cells-mL~! (midlog phase). Cells were then centrifuged
at 3000 g for 5 min at room temperature, washed once in sulfur-free medium,
resuspended at 2 X 10° cells-mL ™! in sulfur-free medium with acetate (TAP) or
without acetate (Minimal Medium; named TAP-S and MM-S, respectively), and
kept on a rotary shaker with vigorous aeration (210 rpm). cPTIO, SNP, SNAP,
diethylamine NONOate diethylammonium salt (DEA NONOate), DAF-FM
DA, DEMO, 1-NAME, AG, and tungstate were all purchased from Sigma-
Aldrich. Fresh solutions were prepared before each experiment and were
kept on ice and in darkness for no longer than 6 h.

Protein Preparation, Separation, and Analysis

Protein extraction and immunoblot analyses were performed as described in
(Kuras and Wollman, 1994). Cell extracts were loaded on an equal Chl basis (3.5
ug per lane). Chl quantification was performed by measuring absorbance
of SDS-solubilized samples at 680 nm, where, after a 200-fold dilution,
Absggy = 0.11 corresponds to 1 ug-uL~" of Chl in the sample. For each exper-
iment shown, at least three biological replicates were analyzed. Each sample
was loaded on mirror gels, and the best representative blots are shown in the
figures. All raw images used to prepare composite figures are included in a
compressed file (Supplemental Data Set S1). Protein detection was performed
with ECL (Pierce) in a Chemidoc XRS+ System scan for membranes (Bio-Rad).
Band quantification was performed using the ImageLab (v.3.0) software. Pri-
mary antibodies were diluted as in (Wei et al., 2014) and (Malnoé et al., 2014).
All antibodies were revealed by horseradish peroxidase-conjugated antibody
against rabbit IgG (Promega). Antibodies against D1, D2, PsaA, SLT2, and
LHCII were purchased from Agrisera. Rubisco antibodies were kindly pro-
vided by the group of S. Whitney, Australian National University, Australia.
Other antibodies were described previously: cytochrome bef subunits (Kuras
and Wollman, 1994), B-subunit of ATP-synthase (Drapier et al., 1992), PTOX2
(Houille-Vernes et al., 2011), and NDA2 (Desplats et al., 2009).

Detection of C-type Hemes Using the ECL Western
Blotting Detection Reagents

ECL (Pierce) reagents were used as in (Vargas et al., 1993) according to the
manufacturer’s recommendations. The detection solution was added directly
onto the membrane surface after the transfer and incubated for 1 min. After the
excess solution was drained, membranes were revealed using the Chemidoc
XRS+ System scan for membranes (Bio-Rad). Experiments were repeated in-
dependently at least three times.

Fluorescence Measurements

Liquid cultures were dark-adapted under strong agitation for 30 min in open
Erlenmeyer flasks, and fluorescence was then recorded using a home-built
fluorimeter. Measurements were carried out for a time span of 2.5 s, with a fi-
nal pulse of saturating actinic light. The following parameters were recorded:
Fo, fluorescence yield of dark adapted cells; Fy, the fluorescence yield of the
same cells after the saturating actinic pulse; Fs, the steady state fluorescence
yield reached under a continuous illumination (250 pE-m~2-s™!), recorded
before the saturating light pulse. Quantum yield and Fy/Fy; were calculated as
follows: ®pgyy = (FM_FS)/ Fy; Fy/Fy= (FM'FO)/ Fm-
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Fluorescence Microscopy

Aliquots (15 mL) of cultures starved for the indicated times were incubated
for 1 hin the presence of 5 uM DAF-FM DA, washed, and concentrated 10 times
by centrifugation at 3000 g, 5 min, at room temperature, in sulfur-depleted
medium and imaged rapidly at room temperature with a Zeiss Axio Obser-
ver Z1 microscope equipped with a PA 63X /1.4 oil objective. Excitation was
performed simultaneously for Chl and DAF-FM DA using a blue led coupled
with a cutoff filter at 470 nm. Emission was recorded separately for DAF-FM
DA (595 nm) and Chl (650 nm), to separate the signals arising from the NO
sensor or from endogenous Chl. Images were obtained either with single pic-
tures or with 2 X 2 tile scanning. Images were collected and treated with the
ZEN 2011 (Zeiss) software. The specificity of DAF-FM for NO was tested using
DEA NONOate and cPTIO.

NO Donors and NO Scavengers

Wild type-524~ cells (150 mL), at a concentration of 2 X 10° cells-mL ™!, were
transferred in sulfur-free medium (TAP-S) for 24 h in a 500 mL Erlenmeyer
flask. Equal volumes of the original culture were divided in 250-mL Erlenmeyer
flasks, one flask for each incubation (namely control, cPTIO, SNP, SNAP, SNP +
cPTIO, SNAP + cPTIO). Drugs were added immediately after sampling (T24) at
the following concentrations: cPTIO, 0.2 mM; SNP, 0.5 mM; and SNAP, 0.05
mM; the same concentrations were used when different drugs were added si-
multaneously in mixtures. Samples were taken every 2 h, then dark-adapted
under strong agitation for 30 min in open Erlenmeyer flasks. Photosynthetic
parameters were calculated from the fluorescence records as described above
(see “Fluorescence Measurements”).

NO Synthesis Inhibitors

Treatment of wild type-524~ cells starved in sulfur was as described above.
A series of 250-mL Erlenmeyer flasks, with a control, L-NAME, AG, DFMO, and
tungstate, were used. Drugs were added immediately after the first sampling
(T24) and after 1 d (T48), to reach a final concentration of 1 mm for each com-
pound. Fluorescence parameters were recorded as described above.

Statistical Analyses

All data are reported as the sample mean * the sem (sem). Multiple com-
parisons between means of different groups were performed using a one-way
or two-way ANOVA test (ANOVA). The differences were considered to be
statistically significant for P < 0.05.

Accession Numbers

Sequence data from this article can be found in the UniProtKB/Swiss-Prot
databases under the following accession numbers: cytochrome f: CAA51422.1;
cytochrome b6: CAA51423; subunit IV: CAA51424; Rieske protein: CAA53947;
cytochrome cl: AAG44483; cytochrome c: 1509323A; RbcL: J01399.1; RBCS:
P00873, P08475; AtpB: M13704.1; PsaA: X05845.1; PsbA: CAA25670; OEE2:
M15187.1; PTOX2: XP_001703466; NDA2: XP_001703643; ClpP: 1.28803.1;
FtsH1: XM_001690837; SLT2: D2K6F1; LHCII: AAM18057, P14273.

Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. Total protein profiles during sulfur starvation.

Supplemental Figure S2. Photosynthetic complex accumulation upon sul-
fur starvation and interconnection between cytochrome b¢f degradation
and inactivation.

Supplemental Figure S3A. Protein loading control with Ponceau red stain-
ing for TAP-S and M.M.-S.

Supplemental Figure S4. Respiratory metabolism and chlororespiration.

Supplemental Figure S5. Effects of sulfur deprivation in darkness and in
heterotrophy on wild type-524~ and wild type T222+.
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Supplemental Figure S6. Sulfur starvation in the ftsh1-1 and clpP 4y mu-
tants, defective for protease function.

Supplemental Figure S7. DAF-FM DA fluorescence can be seen only in the
presence of NO or under sulfur starvation.

Supplemental Figure S8. Effects on photosynthetic parameters of cPTIO
alone or in the presence of NO donors.

Supplemental Figure S9. Effects of NO donors/scavenger and NO syn-
thesis inhibitors on photosynthetic parameters in sulfur-replete
conditions.

Supplemental Figure S10. Total glutathione content of cell extracts during
sulfur starvation.

Supplemental Data Set S1. This compressed folder contains all raw im-
ages of all the immunoblots used to prepare composite figures.
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