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The target of rapamycin (TOR) kinase is a master regulator that
integrates nutrient signals to promote cell growth in all eukar-
yotes. It is well established that amino acids and glucose are major
regulators of TOR signaling in yeast and metazoan, but whether
and how TOR responds to carbon availability in photosynthetic
organisms is less understood. In this study, we showed that photo-
synthetic assimilation of CO, by the Calvin-Benson-Bassham (CBB)
cycle regulates TOR activity in the model single-celled microalga
Chlamydomonas reinhardtii. Stimulation of CO, fixation boosted
TOR activity, whereas inhibition of the CBB cycle and photosynthe-
sis down-regulated TOR. We uncovered a tight link between TOR
activity and the endogenous level of a set of amino acids including
Ala, Glu, GIn, Leu, and Val through the modulation of CO, fixation
and the use of amino acid synthesis inhibitors. Moreover, the
finding that the Chlamydomonas starch-deficient mutant sta6
displayed disproportionate TOR activity and high levels of most
amino acids, particularly GlIn, further connected carbon assimila-
tion and amino acids to TOR signaling. Thus, our results showed
that CO, fixation regulates TOR signaling, likely through the syn-
thesis of key amino acids.
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he target of rapamycin (TOR) kinase is a fundamental reg-

ulator of cell growth and metabolism that integrates nutri-
ent and energy signals to the cell growth machinery (1, 2).
TOR associates to other proteins to constitute two functionally
and architecturally distinct complexes, termed TOR complexes
1 and 2 (TORC1 and TORC2) (3). The core components of
TORC1 include the TOR kinase, Raptor/Kogl and LSTS,
whereas TORC2 is composed of TOR, LSTS, Sinl/Avol, and
Rictor/Avo3. Like TOR itself, TORC1 and TORC?2 are highly
conserved in eukaryotes, although TORC2-specific components
have not been identified in the green lineage (Viridiplantae).

TOR promotes cell growth in response to the availability of
nutrients, activating anabolism and inhibiting catabolism under
favorable conditions. Amino acids are main activators of
TORCI signaling in yeast and metazoans, although activation
of this pathway in multicellular organisms requires additional
input from growth factors (4, 5). In mammals, amino acid abun-
dance is mainly signaled to mTORCI via the small GTPases
RAGs and RHEB and the lysosomal Ragulator complex, while
amino acid signaling to TOR is partially conserved in yeast (4,
6). It is currently unknown how many different amino acids are
sensed by TORC1 in yeast and mammals, but leucine and argi-
nine are key regulators of mTORCI activity, and yeast TORC1
responds preferentially to glutamine (4).

TORCI is structurally and functionally conserved in plants.
In Arabidopsis thaliana, TORC1 promotes cell growth by regu-
lating fundamental processes, including ribosome biogenesis,
transcription, cell expansion, autophagy, metabolism, and nutri-
ent assimilation (7-9). However, upstream regulators of yeast
and mammalian TORC1 such as RAGs and RHEB are not
conserved in plants, suggesting that different regulatory mecha-
nisms may operate in these organisms. Plant TOR integrates
hormone and stress signals, but the underlying mechanisms are
poorly understood. The plant hormones auxin and ABA have
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been identified as positive and negative regulators, respectively,
of TOR signaling in Arabidopsis (10, 11).

Energy and nutrients are also key regulators of TOR activity
in plants. An original study performed in Arabidopsis seedlings
demonstrated that exogenous glucose activates TOR kinase
activity through glycolysis-mitochondria—-mediated energy and
metabolic relays (12). Neither hormones nor amino acids can
substitute for glucose, suggesting that different inputs may act
on plant TOR (12). Mounting evidence indicates that amino
acid availability modulates TOR activity in plants. Inhibition of
branched chain amino acid biosynthesis by genetic or chemical
approaches led to TOR inhibition (13, 14), whereas addition of
glutamine or isoleucine to leaf discs from Arabidopsis stimulates
TOR activity (15). In plants, nitrogen is taken up by roots, and
studies performed in TOR-overexpressing seedlings correlated
root elongation with TOR function under excess nitrate, sug-
gesting that nitrogen is an important nutrient for TOR signal-
ing (16). Supporting this hypothesis, it has been shown that
nitrate, ammonium, and glutamine promote TOR activity via
activation of the small GTPase ROP2 (17).

TORCI components are widely conserved in algal genomes,
including freshwater and marine species (18, 19). Studies per-
formed in the model green alga Chlamydomonas reinhardtii
(hereafter Chlamydomonas) provided new insights into TOR
signaling in photosynthetic eukaryotes (20). Biochemical evi-
dence revealed the presence of Chlamydomonas TOR in a
high-molecular-mass complex that associates with microsomal
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membranes (21). The sensitivity of Chlamydomonas to rapamy-
cin has been exploited to dissect TOR signaling in this alga
(22). Chemical inhibition of Chlamydomonas TORC1 with
rapamycin blocks translation (23), induces the synthesis and
storage of triacylglycerol (24), and triggers autophagy (25).
Transcriptomic and metabolomic studies of Chlamydomonas
cells treated with rapamycin uncovered TOR as a central regu-
lator of primary metabolism (26, 27). Moreover, quantitative
phosphoproteomic analysis following TOR inhibition identified
proteins involved in translation, carotenoid biosynthesis,
autophagy, and cell signaling (28, 29).

Despite recent progress on the study of TOR signaling in algae,
little is known about upstream regulation of this pathway by
nutrients and the underlying mechanisms. The similar response of
TOR inhibition and nitrogen starvation suggested that this nutri-
ent might regulate TOR signaling in Chlamydomonas (22, 24, 25,
27, 30). The TOR kinase has also been connected to inositol poly-
phosphate metabolism in Chlamydomonas, but the precise role of
these molecules in TOR signaling is currently unknown (31). A
recent study demonstrated that phosphorus availability regulates
TOR activity via LSTS8 in Chlamydomonas. Phosphorus starvation
results in a sharp decrease in LST8 abundance and down-
regulation of TOR activity (32). The transcription factor PSR1, a
global regulator of the phosphorus starvation response in Chlamy-
domonas (33), has been linked to the control of TOR signaling,
as neither LST8 level nor TOR activity is properly regulated in
PSR1-defective cells (32).

Photosynthetic organisms are able to fix inorganic carbon
species like CO, to more reduced organic forms, a fundamental
process that sustains life on Earth. This reaction is driven by
the Calvin-Benson-Bassham (CBB) cycle in the chloroplast of
plant and algal cells. Although nutrients such as nitrogen, phos-
phorus, sulfur, amino acids, and glucose have been shown to
regulate TOR in different organisms, it is currently unknown
whether this signaling pathway responds to inorganic carbon.
In this study, we aimed to investigate whether carbon availabil-
ity regulates TOR signaling using Chlamydomonas as model
system. Our results demonstrated that the carbon source is a
main regulator of TOR activity. We found that the photosyn-
thetic assimilation of CO, efficiently activates TOR, probably
through the synthesis of central amino acids.

Results

The Carbon Source Modulates TOR Activity. Given the fundamen-
tal role of TOR in coupling nutrient availability to cell growth,
we investigated whether the carbon source regulates TOR in
Chlamydomonas. To this aim, we monitored TOR activity in
wild-type cells with atmospheric CO, as the sole carbon source
(high saline medium, HSM) or using acetate as an additional
carbon source [Tris-acetate-phosphate (TAP) medium], which
sustains robust growth and biomass productivity in Chlamydo-
monas (ref. 34; Fig. 14). The analysis of RPS6 phosphorylation,
an established readout of TOR activity in Chlamydomonas
(32), revealed a twofold increase in TOR activity in TAP-grown
cells (Fig. 1B), which is consistent with a previous report show-
ing stimulation of TOR activity under mixotrophic conditions
in Chlamydomonas (30). The abundance of TOR and LST8
proteins was similar in cells grown either with acetate or
atmospheric CO, (Fig. 1B), indicating that the carbon source
might influence TOR activity without altering the level of
TORCI1 proteins.

Amino acids are main regulators of TOR signaling (4, 5),
and a significant portion of assimilated carbon is invested in the
synthesis of amino acids in Chlamydomonas (34). Thus, to
understand why TAP-grown cells displayed higher TOR activity
compared to HSM-grown cells, we analyzed the concentration
of all amino acids in both conditions. The total amino acid
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content was around 40% higher in cells using acetate as addi-
tional carbon source (SI Appendix, Fig. S14), and the level of
eight amino acids increased significantly (Fig. 1C). This subset
of up-regulated amino acids included Glu, Gln, Ala, Val, Leu,
Met, Gly, and Pro, some of which (Ala, Leu, Glu, Gln) are
among the most abundant amino acids in Chlamydomonas (SI
Appendix, Fig. S1B). Taken together, these results showed that
the carbon source controls TOR activity in Chlamydomonas
and pinpoint amino acids as potential TOR regulators.

CO, Fixation Promotes TOR Activity. To investigate the link
between TOR and carbon assimilation in Chlamydomonas, we
analyzed the effect of HCO5;~ on RPS6 phosphorylation under
autotrophic growth conditions. In aquatic systems, microalgae
like Chlamydomonas actively transport and efficiently use
HCO;™ as the carbon source for photosynthesis (ref. 35; Fig.
24). Accordingly, it is well established that the addition of
HCO;™ to Chlamydomonas cells potently augments photosyn-
thesis (ref. 36; Fig. 2B). In this study, we found that HCO;™
boosted RPS6 phosphorylation within 30 min, indicating that the
assimilation of HCOj;™ triggers TOR activity in Chlamydomonas
(Fig. 2C). The impact of HCO3;~ on TOR activity mirrored the
stimulation of photosynthesis as both RPS6 phosphorylation and
O, production gradually decreased following the 30-min HCO3;™
boost (Fig. 2 B and C). We also analyzed whether HCO5;™ might
change the abundance of TOR and LSTS proteins, but no signif-
icant effect was detected (Fig. 2C). To demonstrate that TOR
mediates the increased phosphorylation of RPS6 in response to
HCO;™, we examined RPS6 phosphorylation upon HCO;™
addition in rapamycin-treated cells. Indeed, inhibition of TOR
by rapamycin fully prevented the HCO; -induced phosphoryla-
tion of RPS6 (Fig. 2D).

We next investigated the mechanism by which HCO;™ pro-
motes TOR activity in Chlamydomonas. For its assimilation,
HCO;™ must be converted to CO, through the carbonic anhy-
drase CAH3 localized in the thylakoid lumen, and then rubisco
catalyzes the formation of 3-phosphoglycerate (3PG) from ribu-
lose-1,5-bisphosphate (RuBP) and CO,, a key reaction in the
CBB cycle (ref. 34; Fig. 24). To study the possible effect of dis-
rupting CO, fixation on TOR, we used glycolaldehyde (GLA),
a specific inhibitor of phosphoribulokinase (PRK) activity that
interrupts the CBB cycle and inactivates photosynthesis (37).
We indeed confirmed that GLA blocks PSII activity in our
experimental setup within 30 to 60 min (SI Appendix, Fig. S2).
GLA treatment led to a strong decrease of RPS6 phosphoryla-
tion that was detectable within 2 h following GLA addition
(Fig. 2E). Moreover, we found that the inhibition of the CBB
cycle by GLA abolished the HCO3 -mediated up-regulation of
TOR activity (Fig. 2F), indicating that disruption of CO, fixa-
tion inhibits TOR activity in Chlamydomonas.

Photosynthetic carbon assimilation constitutes a major
source of intermediates for the synthesis of amino acids. We
thus analyzed whether HCO; -induced stimulation of photo-
synthesis might change the amino acid content in Chlamydomo-
nas. Excluding Ser and Gly, the level of all amino acids
increased within 30 min of HCO;3™ addition (Fig. 2G). Some
amino acids (Val, Leu, Ile, Thr, Pro, Met, Phe, Tyr) remained
high, while others (Ala, Glu, Gln, Cys, Asp, Asn, Lys, His, Arg,
Tip) gradually decreased in the time course of the experiment.
Among the transiently up-regulated amino acids, Ala, Glu,
Gln, Asp, and Asn displayed a similar trend to TOR activity,
peaking at 30 min after HCO;™ addition. Moreover, Ala and
Glu were the amino acids most highly induced by HCO;™ at 30
min (Fig. 2G). We also studied the effect of GLA on the amino
acid content in Chlamydomonas. In contrast to HCO; ™, inhibi-
tion of CO, fixation by GLA caused a progressive decline of
most amino acids (Fig. 2H). The negative effect of GLA on the
amino acid content and TOR activity was evident after 2 to 4
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Fig. 1. Carbon source modulates TOR activity in Chlamydomonas. (A) Growth rate of wild-type 4A+ Chlamydomonas cells under autotrophic (HSM) or
mixotrophic (TAP) conditions. Growth rate is expressed in h~', and it was calculated as the increase in cell number during a time period (see Materials
and Methods). Five biological replicates were analyzed for each condition. (B) Immunoblot analysis of phosphorylated RPS6 (P-RPS6), RPS6, TOR, and LST8
proteins in cells growing exponentially in HSM or TAP medium. TOR activity was determined as the ratio of phosphorylated to total RPS6 protein from
three biological replicates (a. u., arbitrary units). Coomassie brilliant blue-stained gels were used as protein loading control. (C) Amino acid content of
Chlamydomonas in HSM or TAP medium. Amino acids up-regulated and down-regulated in the presence of acetate (TAP) are shown in red and blue,
respectively. Amino acids with no significant change in both media are shown in gray. Each condition included at least eight biological replicates. Error

bars represent SD of the mean values. Asterisks represent significant differences according to two-tailed Student’s t test, ***P < 0.001. DW, dry weight.

h since the absolute levels of amino acids at the 1-h time point
might still be sufficient to activate TOR, despite a reduction in
the relative amount (Fig. 2 E and H). Actually, the level of
some amino acids that might be important for TOR activation
such as Gln, Leu, and Val were not decreased after 1 h GLA
treatment (Fig. 2H). Gln was the only amino acid that
remained high in GLA-treated cells, probably because of a
decrease in the C/N ratio upon photosynthesis inhibition and
the availability of NH,* under these conditions (SI Appendix,
Fig. S2). These results revealed a tight link between TOR activ-
ity and the endogenous level of some amino acids including
Ala, Glu, Gln, Leu, and Val in response to the stimulation or
inhibition of CO, fixation.

Inhibition of Photosynthesis Down-Regulates TOR Activity. Photo-
synthesis provides ATP and NADPH required for carbon fixa-
tion. Based on the regulatory role that CO, fixation plays on
TOR activity (Fig. 2), we speculated that the disruption of pho-
tosynthesis might disturb TOR signaling in Chlamydomonas. To
test this hypothesis, we monitored TOR activity in air-grown
cells subjected to darkness or treated with 3-(3,4-dichloro-
phenyl)-1,1-dimethylurea (DCMU), an inhibitor of photosyn-
thetic electron transport at PSII level. Our results showed that
the inhibition of photosynthesis by darkness or DCMU (S/
Appendix, Fig. S2) led to a gradual and pronounced decrease of
TOR activity (Fig. 3 A and B). To characterize the regulation of
TOR by light, we analyzed the effect of a dark-to-light transition
on TOR activity. Interestingly, reillumination of dark-adapted
cells resulted in a fast and strong reactivation of TOR (Fig. 3C).
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Moreover, we found that inhibition of CO, fixation by GLA fully
prevented the reactivation of TOR by light (Fig. 3C), further
supporting the regulation of TOR by carbon fixation.

We also determined the amino acid content in Chlamydomo-
nas cells subjected to darkness or treated with DCMU. Two
clusters of amino acids with similar patterns were detected
under both conditions. About half of the amino acids declined,
following a similar trend to TOR activity, while the other half
increased in response to photosynthesis inhibition (Fig. 3D).
The subset of down-regulated amino acids included Ala, Glu,
Gln, Leu, and Val, whose levels were also found to correlate
with TOR activity under different carbon sources (Fig. 1) and
in response to the stimulation or inhibition of CO, fixation

(Fig. 2).

The Abundance of Intracellular Amino Acids Regulates TOR Activity.
We aimed to establish a direct role of amino acids in the con-
trol of TOR signaling by carbon fixation. Given the inability of
Chlamydomonas cells to transport amino acids other than Arg
(38), in order to show a direct link between intracellular amino
acids and TOR, we blocked the synthesis of central amino
acids. For this purpose, we treated Chlamydomonas cells with
sulfometuron methyl (SMM), an inhibitor of acetolactate syn-
thase that catalyzes the first common step in the biosynthesis of
Leu and Val (ref. 39; Fig. 44), and aminooxyacetate (AOA),
which blocks Ala formation by inhibiting alanine aminotrans-
ferase (ref. 40; Fig. 44). The analysis of the amino acid profile
of SMM- and AOA-treated cells confirmed the efficiency of the
two inhibitors. As expected, SMM caused a sharp drop of Leu
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Fig. 2. CO, fixation activates TOR signaling in Chlamydomonas. (A) Schematic representation of photosynthesis and CO, fixation. The incorporation of
HCOs™ to the CBB cycle and the inhibitory effect of GLA are indicated. (B) Photosynthetic rate of Chlamydomonas cells growing in the presence of 10 mM
HCO3™ (0, 0.5, 1, 2, and 4 h) in HSM. Three biological replicates were analyzed for each time point. (C) Inmunoblot analysis of P-RPS6, RPS6, TOR, and
LST8 of Chlamydomonas cells grown as described in B. (D) Western blot analysis of P-RPS6 and RPS6 in Chlamydomonas cells treated (+) or not (—) with 1
pM rap for 2 h and then 10 mM HCO3™ for 0.5 h. (E) Western blot analysis of P-RPS6 and RPS6 of Chlamydomonas cells treated with 10 mM GLA for 0,
0.5, 1, 2, and 4 h. (F) Western blot analysis of P-RPS6 and RPS6 in Chlamydomonas cells treated (+) or not (=) with 10 mM GLA for 2 h and then 10 mM
HCO3™ for 0.5 h. Coomassie brilliant blue-stained gels were used as protein loading control. For TOR activity determination in C to F, the P-RPS6/RPS6
ratio was calculated from three biological replicates (a.u., arbitrary units). Untreated cells were used as control. Error bars represent SD of the mean val-
ues. Asterisks in B, C, and E represent significant differences according to one-way ANOVA and Bonferroni's test: *P < 0.05, **P < 0.01, and ***P < 0.001.
Asterisks in D and F represent significant differences according to two-tailed Student’s t test: **P < 0.01 and ***P < 0.001. (G, H) Hierarchical clustering
analysis showing the relative abundance of each amino acid over the time course in HCO3™ (G) or GLA (H) treatment after normalization to untreated
(0 h) sample using log2 transformation. Four biological replicates were analyzed for each treatment.

found that the inhibition of carbon fixation by GLA fully pre-
vented the up-regulation of TOR induced by SMM and AOA

and Val, whereas AOA led to a pronounced decrease of Ala
(Fig. 4B). However, the down-regulation of Leu, Val, and Ala

synthesis by SMM and AOA also resulted in a strong increase
of some amino acids, probably because of the redirection of
fixed carbon to the synthesis of other amino acids and/or the
activity of transaminases. Indeed, SMM boosted the level of
Gln, Glu, and Ala among other amino acids while AOA mark-
edly raised Leu, Val, Gln, Glu, Asp, Asn, and Pro abundance
(Fig. 4B). We next analyzed the effect of SMM and AOA on
TOR activity. Notably, TOR activity was up-regulated in cells
treated with these inhibitors, indicating that TOR responds to
changes in amino acid abundance (Fig. 4C). Moreover, we
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(Fig. 4D). Thus, our results revealed that carbon fixation is the
primary regulator of TOR activity in SMM- and AOA-treated
cells and demonstrated a direct link between the abundance of
intracellular amino acids and TOR in Chlamydomonas.

Starch Deficiency Up-Regulates TOR Activity. Starch biosynthesis is
an essential outlet of photosynthetic electron transport. In
Chlamydomonas, it has been shown that the disruption of
starch synthesis results in a pronounced drop in photosynthetic
capacity and the redirection of photosynthetically fixed carbon
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were treated with 10 mM GLA for 30 min. P-RPS6 and RPS6 were detected by Western blot in these conditions. Coomassie brilliant blue-stained gels
were used as protein loading control. For TOR activity quantification in A, B, and D, the P-RPS6/RPS6 ratio was calculated from five, four, and three bio-
logical replicates, respectively. Untreated cells were used as control. Error bars represent SD of the mean values. Asterisks in A and B represent significant
differences according to one-way ANOVA and Bonferroni’s test: *P < 0.05, **P < 0.01, and ***P < 0.001. Asterisks in C represent significant differences

according to two-tailed Student’s t test: **P < 0.01 and ***P < 0.001.

under autotrophic conditions (41). Thus, to further explore the
connection between TOR and carbon fixation in Chlamydomonas,
we analyzed TOR activity in the sta6 mutant, which is unable to
synthesize starch because of the lack of the enzyme ADP glucose
pyrophosphorylase (42). Since the sta6 mutant was generated in
the cell wall-deficient cwl5 background (42), first of all we con-
firmed that cw!5 and wild-type cells display the same basal TOR
activity in our experimental setup (SI Appendix, Fig. S34). Actu-
ally, we also determined the amino acid profile in both strains,
and no significant differences were detected for any amino acid
(81 Appendix, Fig. S3B). Remarkably, the analysis of RPS6 phos-
phorylation in sta6 cells revealed a much higher TOR activity in
this mutant compared to the cwl5 strain (Fig. 54), indicating
that the inability to synthesize starch up-regulates TOR. To
exclude that the up-regulation of TOR activity in sta6 cells might
be related to additional mutations reported in this strain (43),
we also monitored RPS6 phosphorylation in a sta6-rescued
strain (44). As anticipated, the complemented sta6 strain exhib-
ited the same level of RPS6 phosphorylation as ecwl5 cells (S
Appendix, Fig. S44).

Given the tight connection found between TOR activity and
the amino acid content in Chlamydomonas, we determined the
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amino acid abundance of sta6 cells under autotrophic growth.
The total amino acid content was around 60% higher in the
sta6 mutant (SI Appendix, Fig. S4B). All amino acids other than
Ile, Tyr, Thr, Trp, and Phe were up-regulated in sta6 cells (Fig.
5B), although the most remarkable increase was detected in the
Gln content, which was eight times higher (SI Appendix, Fig.
S4C). To further investigate the misregulation of TOR in the
starch-deficient sfra6 mutant, we determined TOR activity and
amino acid abundance in this strain under conditions that
either increase or diminish the activity of TOR. On the one
hand, addition of HCO3;™ to cwl5 and sta6 cells stimulated
TOR activity in both strains, although to a different range. Like
in wild-type cells (Fig. 2B), HCO;™ led to a sevenfold raise of
TOR activity in cwl5 cells, whereas this increase was less pro-
nounced in the sta6 mutant (Fig. 5C). The effect of HCO;™ in
the amino acid content of ¢cwl5 and sta6 cells was similar, but
some amino acids like Gln did not increase in the sfa6 mutant
(Fig. 5B), probably because of the massive concentration of this
amino acid before HCO;~ addition (SI Appendix, Fig. S4C).
On the other hand, inhibition of CO, fixation or photosynthesis
down-regulated TOR activity in sta6 cells to levels comparable
to the ones detected in cwi5 cells despite the much higher
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Fig. 4. TOR activity responds to the intracellular abundance of amino acids. (A) Schematic representation of CO, fixation and the metabolic pathways
for the synthesis of Val, Leu, Ala, Glu, and GIn. The inhibitory effect of GLA, SMM, and AOA is indicated. (B) Heat map showing the relative abundance
of each amino acid over the time course in SMM or AOA treatment after normalization to untreated (0 h) sample using log2 transformation. (C) Western
blot analysis of P-RPS6 and RPS6 in Chlamydomonas cells grown in HSM and treated with 5 M SMM or 1 mM AOA for 1 and 2 h, respectively. (D) West-
ern blot analysis of P-RPS6 and RPS6 in Chlamydomonas cells treated (+) or not (—) with 10 mM GLA for 2 h and 5 uM SMM or 1 mM AOA for 1 h. Coo-
massie brilliant blue-stained gels were used as protein loading control. For TOR activity determination in C and D, the P-RPS6/RPS6 ratio was calculated
from three biological replicates (a.u.). Untreated cells were used as control. Error bars represent SD of the mean values. Asterisks in C and D represent sig-
nificant differences according to Bonferroni’s test and one-way ANOVA, respectively: *P < 0.05, **P < 0.01, and ***P < 0.001.

TOR activity inherent to the starchless mutant (Fig. 5 D-F).
The analysis of the amino acid content under these conditions
revealed similar effects for most amino acids except Ile, Tyr,
Thr, Trp, and Phe, which were less abundant in the sta6 mutant
and markedly increased in response to the inhibition of CO,
fixation or photosynthesis (Fig. 5B). Taken together, these
results suggested that the higher TOR activity of the sta6
mutant might be due to the elevated concentration of key
amino acids such as Gln, which activates TOR signaling in yeast
and mammalian cells (4).

Discussion

The CBB cycle catalyzes the incorporation of inorganic CO,
into organic molecules, an essential process performed by pho-
tosynthetic organisms that keeps life on Earth. In this study, we
found that CO, fixation promotes the activity of the cell growth
master regulator TOR in the green alga Chlamydomonas. The
TOR pathway integrates different nutrient signals including the
availability of organic carbon compounds like glucose. In non-
photosynthetic eukaryotes, glucose is the major carbon source
and TOR perceives glucose deficiency through the AMPK/Snfl
kinase (4). In plants, it has been shown that exogenous glucose
taken up by root glucose transporters activates TOR kinase
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activity (12). Glucose-TOR signaling seems to be a main chan-
nel for the regulation of central metabolism in plants, as pro-
found transcriptional reprograming takes place in metabolic
networks upon glucose stimulation of TOR (12). Chemical tar-
geting of mitochondria demonstrated that glucose-mediated
activation of plant TOR depends on mitochondrial electron
transport chain and oxidative phosphorylation (12).

In the absence of exogenous carbon supply, CO, fixation
provides carbon skeletons for all reactions in photosynthetic
cells. In order to sustain cell growth, a significant portion of
fixed carbon is invested in the synthesis of amino acids (34). In
close agreement, we found that HCO; ™~ addition to Chlamydo-
monas cells quickly increased the level of all amino acids except
Gly and Ser, which are likely down-regulated due to a decrease
of rubisco oxygenase activity and photorespiration (Fig. 2G).
Conversely, inhibition of CO, fixation resulted in a sharp drop
of most amino acids (Fig. 2H), corroborating the role of fixed
carbon in the synthesis of amino acids. Our results also demon-
strated that carbon fixation regulates TOR activity in Chlamy-
domonas. Stimulation of CO, fixation with HCO3;~ boosted
TOR activity, whereas inhibition of this fundamental process
led to a strong decline of TOR activity (Fig. 2). Moreover, the
amino acid profile of Chlamydomonas cells subjected to differ-
ent carbon sources or treated with inhibitors of carbon fixation,
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photosynthesis, or amino acid synthesis uncovered a close link
between the kinase activity of TOR and the abundance of Ala,
Glu, Gln, Leu, and Val (Fig. 6). Thus, in close agreement with
the established and evolutionarily conserved role of amino
acids as TOR regulators (4), our study strongly suggests that
the modulation of TOR activity by fixed carbon in Chlamydo-
monas is ultimately governed by the intracellular abundance of
a subset of key amino acids (Fig. 6).

In yeast and mammalian cells, Leu and Gln regulate TORC1
signaling via the RAG family of small GTPases (4). Recent studies
performed in Arabidopsis indicated that amino acids are also key
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upstream signals for plant TOR activation. Accumulation of
branched chained amino acids, particularly Val, in a mutant defec-
tive in Leu biosynthesis leads to up-regulation of TOR activity
(13). Moreover, the same study showed that exogenous feeding of
plants with Val, Leu, and Ile stimulated TOR activity (13). Simi-
larly, incubation of Arabidopsis leaf discs in Ile or Gln
up-regulated TOR activity (15). An in-depth analysis of TOR reg-
ulation by nitrogen and amino acids in Arabidopsis revealed an
efficient activation of TOR by exogenously supplied amino acids,
although with different capacities (17). A group of amino acids
composed by Ala, Gln, Gly, Cys, Ser, Glu, Asp, and Leu exhibited
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inorganic CO, into organic molecules such as amino acids and starch, a
main carbon sink in photosynthetic cells. Photosynthesis provides ATP and
NADPH to fuel chemical reactions from the CBB cycle. The availability of
fixed carbon modulates the endogenous level of Ala, Glu, GIn, Leu, and
Val, increasing with HCO3;™ and decreasing upon inhibition of CO, fixation
(GLA) or photosynthesis (DCMU, dark). These amino acids regulate TOR
activity, which couples carbon sufficiency to cell growth. The inability of
the sta6 mutant to synthesize starch redirects part of the fixed carbon to
the synthesis of amino acids, particularly GIn, leading to a massive increase
of TOR activity. Heat maps show the relative levels of amino acids and
TOR activity in Chlamydomonas cells under the conditions indicated in
Figs. 2, 3, and 5. Inhibitors of CO, fixation (GLA), photosynthesis (DCMU),
and TOR (rap) are indicated.

high potency for Arabidopsis TOR activation, while other amino
acids had little or no regulatory effect on TOR activity (17).
Despite the evolutionary distance between plants and algae,
our study in Chlamydomonas also connected TOR activity reg-
ulation to a similar set of amino acids. Fluctuations in carbon
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availability resulted in profound changes in TOR activity and the
endogenous level of Ala, Glu, Gln, Leu, and Val, reinforcing the
tight relationship among carbon fixation, amino acids, and TOR
in photosynthetic organisms (Fig. 6). Furthermore, experiments
performed with amino acid synthesis inhibitors demonstrated a
direct connection between intracellular amino acid abundance
and TOR. Blocking the synthesis of Ala or the branched chain
amino acids Val and Leu resulted in a marked increase of other
central amino acids and the up-regulation of TOR activity (Fig.
4). The amino acids identified in Chlamydomonas as potential
TOR regulators are generated from the central carbon-skeleton
donors pyruvate (Ala, Leu, and Val) and a-ketoglutarate (Glu
and Gln) (SI Appendix, Fig. S5). Remarkably, a similar conclu-
sion was reached in Arabidopsis since addition of amino acids
derived from pyruvate or the nitrogen-assimilation pathway
exhibited the highest TOR-activating capacity (17). The same
study also concluded that external supply of amino acids origi-
nating from glycolate (Gly, Ser) and sulfur-assimilation (Cys)
pathways led to high activation of TOR (17). However, the
endogenous levels of Gly, Ser, and Cys followed an opposite
trend to TOR activation in Chlamydomonas (SI Appendix, Fig.
S5), precluding these amino acids as potential regulators of
TOR activity in response to carbon availability.

The molecular mechanisms by which TOR perceives amino
acids have been reported only in yeast and mammals. Yeast
TORC1 seems to sense Leu availability through the
Leu-transfer RNA synthetase (45). In mammalian cells, the
cytosolic proteins SESTRIN2 and CASTOR1 have been identi-
fied respectively as specific sensors of Leu and Arg acting
upstream of mTORC1 (5). How mTORCI perceives Gln is
unclear, but it has been reported that activation of mMTORCI1 by
Gln occurs via glutaminolysis (46). Neither orthologs of Leu
and Arg sensors nor upstream mTORCI regulators have been
identified in plant and algal genomes, suggesting that the TOR
pathway might have experienced specific evolutionary adapta-
tions in the green lineage. Unlike yeast and mammals, algae
and plants are autotrophic and can synthesize all amino acids
using CO, as the sole carbon source. Thus, photosynthetic
eukaryotes might have developed unique mechanisms to signal
carbon and amino acid sufficiency to the TOR pathway.

The finding that the Chlamydomonas starchless mutant sta6
displays excessive TOR activity provided a further connection
of carbon assimilation and amino acids to TOR signaling. Our
results indicate that the inability of sta6 cells to synthesize
starch redirects part of the assimilated carbon to the synthesis
of amino acids (Fig. 5), as revealed by the higher abundance
detected in the sta6 mutant of most amino acids, notably Gln,
which increased eight times. Given the direct link identified in
this study between amino acids and TOR (Fig. 4), it is plausible
that redirection of fixed carbon to the synthesis of amino acids
boosted TOR activity in the sta6 mutant (Fig. 6). Supporting
this conclusion, we found that inhibition of carbon fixation or
photosynthesis abolished the hyperactivation of TOR in sta6
cells (Fig. 5). The TOR pathway has been shown to regulate
starch metabolism in plants and algae. Mutations in the LS78-1
gene or down-regulation of AfTOR expression triggers starch
accumulation in Arabidopsis (47, 48). Similarly, treatment of
Chlamydomonas or the unicellular red alga Cyanidioschyzon
merolae with rapamycin increases the starch content (26, 49).
However, the impact of starch deficiency on plant TOR signal-
ing has not been explored yet. Our study suggests that starch
might regulate cell growth in Chlamydomonas since starch defi-
ciency activates TOR, the main growth-promoting pathway in
the cell. This hypothesis is in agreement with a previous study
in plants showing that starch acts as a major integrator in the
regulation of plant growth (50).

In conclusion, we have shown that CO, fixation and photo-
synthesis activate TOR signaling in Chlamydomonas, likely
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through the synthesis of key amino acids. The regulation of
TOR and cell growth by inorganic carbon might have biotech-
nological implications in algae and plants. Photosynthetic
organisms are responsible for converting sunlight and CO; into
organic matter and are therefore visualized as a resource for
the renewable fuel industry and a solution to mitigate the prob-
lem of raising concentrations of atmospheric CO, (51). There-
fore, modulation of TOR activity by inorganic carbon might
help to improve biomass productivity in algae and plants,
directly influencing agricultural yield or biofuel production.

Materials and Methods

C. reinhardtii Strains and Growth Conditions. C. reinhardltii strains used in this
study were wild-type 4A+, cw15, sta6, and complemented sta6 (termed as C6)
and are available as CC-4051, CC-4349, CC-4348, and CC-4567, respectively,
from the Chlamydomonas Resource Center (https:/Awvww.chlamycollection.
org/). Chlamydomonas cells were grown under standard illumination (~50 pE
m~2s~" from light-emitting diode lamps) in HSM or TAP medium (38) on an
orbital shaker (100 rpm) at 25°C. When required, cells in exponential growth
phase (~2 x 10° cells mL~") were treated with HCO3~ (Sigma-Aldrich, 55761),
GLA (Sigma-Aldrich, G-9376), rapamycin (rap; Cayman Chemical, 53123-88-9),
DCMU (Sigma-Aldrich, D7763), SMM (Sigma-Aldrich, 34224), or AOA (Sigma-
Aldrich, C-13408) at the indicated concentrations and time. For light-to-dark
transition experiments, cells grown in HSM were transferred from standard
illumination to complete darkness for the indicated time. Growth rates were
estimated during exponential growth phase according to the formula p =
In(N/No)/t, where Ny and N represent the cell number att=0h and t = 24 h,
respectively. p is expressed in h~". Cell number was determined using a Count-
ess Il FL Automated Cell Counter (Invitrogen).

Protein Preparation, Western Blot Assays, and TOR Activity Determination.
Protein electrophoresis in denaturing conditions was performed as previously
described (25). Chlamydomonas cells from liquid cultures were collected by
centrifugation (4,000 x g, 2 min), washed in lysis buffer [S0 mM Tris-HCI (pH
7.5)], and resuspended in a minimal volume of the same buffer. Cells were
lysed by two cycles of slow freezing to —80 °C followed by thawing at room
temperature. The soluble protein cell extract was separated from the insolu-
ble fraction by centrifugation (15,000 x g, 20 min, 4°C). Proteins were quanti-
fied using the Coomassie dye binding method (Bio-Rad, 500-0006) as
described by the manufacturer.

For immunoblot analyses, total protein extracts (15 to 40 pg) were sub-
jected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then
transferred to either polyvinylidene fluoride membrane (Millipore,
IPVH00010) previously activated in methanol for P-RPS6 detection or nitrocel-
lulose membrane (Amersham, 10600003) for detection of other proteins. Pri-
mary antibodies raised against Chlamydomonas P-RPS6 and RPS6 (32), TOR
(21), and LST8 (21) proteins and secondary anti-rabbit (Sigma-Aldrich, A6154)
were diluted 1:6,000, 1:6,000, 1:1,000, 1:6,000, and 1:10,000, respectively, in
phosphate-buffered saline containing 0.1% (vol/ivol) Tween-20 (Applichem,
A4974) and 5% (wt/vol) milk powder (Applichem, A0830). Proteins were
detected with the Luminata Crescendo Millipore immunoblotting detection
system (Millipore, WBLURO0500) and visualized using a ChemiDoc Imaging Sys-
tem (Bio-Rad). Coomassie brilliant blue-stained gels were used as protein
loading control.

For determination of the phosphorylation status of RPS6, phosphory-
lated (P-RPS6) and total RPS6 were quantified using the ImageLab
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software (Bio-Rad), and the P-RPS6/RPS6 ratio was calculated as previously
described (32).

Amino Acid Analysis. To determine the amino acid profile, Chlamydomonas
cells growing exponentially (~2 x 10° cells mL™") under the indicated treat-
ment were collected by centrifugation (4,000 x g, 2 min) and immediately
frozen in liquid nitrogen. Cells were then lyophilized and 2 mg of dried
weight for each condition were used to extract amino acids. Cells were resus-
pended with HCl 0.1 N, mixed by vortexing, and then incubated on ice for
1 h. After centrifugation (15,000 x g, 15 min) at 4°C to remove cells debris,
the supernatant was transferred to a fresh tube and used to analyze the
amino acid content by mass spectrometry (Sciex 6500+ QTRAP hybrid triple
quadrupole liquid chromatography with tandem mass spectrometry). Amino
acids were quantified using a standard amino acid mixture (Sigma-Aldrich).
At least four biological replicates were analyzed for each condition.

Oxygen Evolution Measurement. Chlamydomonas cells growing autotrophy-
cally in HSM medium were incubated with bicarbonate, DCMU, or GLA for
the indicated time, and then 2 mL of cells (~2 x 10° cells mL™") was used to
determine oxygen evolution at 25 °C with continuous stirring in a Clark-type
electrode (Chlorolab 2+ System; Hansatech). Photosynthetic rate was calcu-
lated as the difference between oxygen production in the light and oxygen
consumption in the dark. Oxygen production was analyzed for 5 min at 60
umol photons m~2 s~". Cells were then exposed to darkness for 5 min to cal-
culate oxygen consumption.

Chlorophyll Fluorescence Measurement. Chlorophyll fluorescence measure-
ments were performed using a DUAL-PAM-100 (Walz). Chlamydomonas cells
growing autotrophycally in HSM medium were incubated with DCMU or GLA
for the indicated time, and then 2 mL of cells (~2 x 10° cells mL~") was used to
determine relative electron transport rate (rETR) and maximum photochemi-
cal efficiency (Fv/Fm). Cells were dark adapted for 15 min with constant stir-
ring to obtain the Fv/Fm ratio. Cells were then exposed to 50 pmol photons
m~2s~" for 5 min to quantify rETR values.

Statistics. Data from at least three independent experiments were analyzed
using SigmaPlot 11 software. Two-tailed Student'’s t tests were used to com-
pare different strains, different growing conditions, and different treatments.
One-way ANOVA followed by Bonferroni's post hoc comparisons tests were
used to analyze the temporal changes in the different treatments. P < 0.05
was taken as the threshold for statistical significance. Single (*), double (**),
and triple (***) asterisks indicate a significant difference: P < 0.05, P < 0.01,
and P < 0.001, respectively. For amino acid analysis, heat map showing the
fold changes were generated using the MeV software. Amino acid correla-
tions were clustered with hierarchical clustering using Pearson correlation for
the distance measure and average linkage for the linkage method. A summary
of the statistical analysis of experiments shown in main and supplementary
figures can be found in S/ Appendix, Tables S1 and S2, respectively.

Data Availability. All study data are included in the article and/or S/ Appendlix.
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