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BiP links TOR signaling to ER stress in Chlamydomonas
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he highly conserved target of rapa-
mycin (TOR) Ser/Thr kinase pro-
motes protein synthesis under favorable
growth conditions in all eukaryotes.
Downregulation of TOR signaling in
the model unicellular green alga
Chlamydomonas reinhardtii has recently
revealed a link between control of protein
synthesis, endoplasmic reticulum (ER)
stress and the reversible modification of
the BiP chaperone by phosphorylation.
Inhibition of protein synthesis by rapa-
mycin or cycloheximide resulted in the
phosphorylation of BiP on threonine
residues while ER stress induced by
tunicamycin or heat shock caused the
fast dephosphorylation of the protein.
Regulation of BiP function by phos-
phorylation/dephosphorylation  events
was proposed in early studies in mam-
malian cells although no connection to
TOR signaling has been established so
far. Here 1 will discuss about the
coordinated regulation of BiP modifica-
tion by TOR and ER stress signals in
Chlamydomonas.

BiP is a member of the HSP70 family of
molecular chaperones that resides within
the lumen of the ER." This chaperone
assists the folding and assembly of newly-
synthesized proteins as they are trans-
located into the ER and also binds to
misfolded, underglycosylated or unas-
sembled proteins.” Mammalian BiP can
be post-translationally modified by phos-
phorylation and ADP-ribosylation and
both modifications have been associated
to oligomeric forms of the protein that
likely represent an inactive state of BiP.?
According to this theory, unmodified BiP
monomers are more active and bind to and
promote folding of substrate proteins.
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Whether regulation of BiP function by
phosphorylation and/or ADP-ribosylation
is conserved in other systems is unclear.
We have recently shown that inhibition
of TOR signaling by rapamycin in
Chlamydomonas led to the phosphoryla-
tion of BiP on threonine residues, suggest-
ing a role of TOR in the control of BiP
modification. Phosphorylation of BiP
occurred in a highly conserved region of
the peptide-binding domain,* which plays
an important role in the regulation of the
chaperone activity of BiP.”> The finding
that cycloheximide also induced threonine
phosphorylation of Chlamydomonas BiP
pointed to inhibition of protein synthesis
as one of the origins of BiP phosphoryla-
tion. But why would downregulation of
protein synthesis lead to BiP phosphoryla-
tion? Inhibition of protein synthesis might
reduce the load of BiP substrates in the ER
and hence the requirement for an elevated
chaperone activity in this cellular com-
the model that
modified BiP represents an inactive form
of the protein,’ it is therefore possible that
BiP becomes phosphorylated under certain

partment. Based on

conditions to reduce its function.

Our results indicate that TOR controls
BiP phosphorylation in Chlamydomonas
through the regulation of protein synthesis
(Fig. 1). Studies mainly performed in yeast
and mammalian cells have demonstrated
that TOR,
conserved proteins that constitute the
so-called TOR complex 1 or TORCI, is
a key regulator of translation.” TOR can
also interact with other proteins to form a
structurally and functionally distinct com-
plex termed TORC2, which promotes cell
survival and mediates organization of
the actin cytoskeleton.” Homologs to the
TORCI-specific  partner KOG1/raptor
have been identified in plants and algae,*®

in association with other
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suggesting that this signaling complex is
present in photosynthetic eukaryotes.
Accordingly, association of AtTOR and
AtRaptor] has been demonstrated in
Arabidopsis.” Moreover, experimental
evidence indicate that TORCI is func-
tionally conserved in plants since control
of protein synthesis, one of the best-
characterized TORCI1 functions, is down-
regulated in plants with reduced TOR
activity.'”"" However, the absence of key
upstream regulators of TORCI, such as
the TSC1/2 complex, in plants and algae
strongly suggests that this signaling com-
plex might be differently regulated in these
organisms. No obvious homologs exist
for the TORC2-specific proteins AVO1/
hSIN1 and AVO3/rictor in plant and
algal genomes,®'? raising the question of
whether TORC2 is structurally conserved
in photosynthetic organisms. Nevertheless,
given the elevated conservation of TORC2
components in non-photosynthetic eukar-
yotes,” plants and algae might functionally
maintain a TORC2 complex, although the
proteins that constitute this putative

complex must substantially differ from
their yeast and mammalian counterparts.
To our knowledge, the TOR pathway
has not been linked to the control of Bil
modification in any system different to
Chlamydomonas. Modification of BiP by
phosphorylation in this microalga can be
suppressed under conditions that require
the chaperone activity of BiP, such as heat
shock or tunicamycin treatment, which
inhibits glycosylation of proteins in the
ER.* This finding is in agreement to early
studies showing dephosphorylation of
mammalian BiP in cells that accumulated
non-transported proteins or subjected to
glucose starvation.” Our data suggest that
Chlamydomonas BiP exists in two differ-
ent forms that can be interconverted: a
phosphorylated and probable
protein, and a dephosphorylated and
active form (Fig. 1). Interconversion of
these two states must be catalyzed by
protein kinase(s) and phosphatase(s), the
activity of which must be finely regulated
in response to protein synthesis require-
ments and/or ER stress signals. According

inactive

to this model, a rapamycin-sensitive TOR
pathway may control BiP function in
Chlamydomonas either by positively regu-
lating the activity of a BiP phosphatase or
inhibiting a BiP kinase (Fig. 1), although
none of these proteins have been reported
so far. Similar to BiP, the activity of the
molecular chaperone HSP90 is also regu-
lated by phosphorylation in mammalian
cells. Hyperphosphorylation of HSP90
in response to phosphatase inhibition
resulted in reduced association with its
substrates and HSP90 phosphorylation
appears to play an important role in its
chaperoning  function.””  Control  of
HSP90 phosphorylation is better charac-
terized and understood than BiP phos-
phorylation and several HSP90 kinases
have already been identified."’

TOR signaling has been functionally
linked to ER stress. Loss of TSC1/2, an
upstream negative regulator of mTORCI,
causes increased translation due to the
upregulation of mMTORCI signaling, which
in turn induces ER stress.'® It is thus
tempting to speculate that enhanced protein
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Figure 1. Control of BiP phosphorylation by the TOR pathway and ER stress in Chlamydomonas. Phosphorylation occurs at a conserved region within
the peptide-binding domain (PBD) of BiP* and is associated to an inactive state of the protein that can be efficiently converted into an active,
dephosphorylated form in response to increased protein synthesis or specific ER stress. Regulation of BiP function by phosphorylation/
dephosphorylation events is therefore coordinated with nutritional and environmental inputs via the TOR pathway and ER stress signaling components.
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synthesis may also trigger ER stress in
Chlamydomonas (Fig.1). Physical asso-
ciation of the TOR kinase to ER mem-
branes has been reported in mammals."”
However, different cellular locations have
been assigned to TOR in lower and higher
eukaryotes, including the cytoplasm, the
Golgi and ER compartments, the nucleus,
the plasma membrane, endosomes, auto-
phagosomes and the vacuolar membrane'®
(and references therein). This extremely
diverse pattern of TOR cellular distribution
is likely due to the large number of processes
controlled by this kinase, although some
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