
P
os

te
d

on
5

M
ay

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

48
89

85
.5

87
52

43
4/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Insights into degradation and targeting of the photoreceptor
channelrhodopsin-1

Georg Kreimer1, Michaela Wolfram1, Arne Greif1, Olga Baidukova2, Hildegard Voll1,
Sandra Tauber1, Jana Lindacher1, and Peter Hegemann2

1Friedrich-Alexander-Universitat Erlangen-Nurnberg Institut fur Biologie
2Humboldt-Universitat zu Berlin Institut fur Biologie

May 05, 2024

Abstract

In Chlamydomonas, the directly light-gated, plasma membrane-localized (PM) cation channels channelrhodopsins ChR1 and
ChR2 are the primary photoreceptors for phototaxis. Their targeting and abundance is essential for optimal movement responses.
However, our knowledge how Chlamydomonas achieves this is still at its infancy. Here we show that ChR1 internalization occurs
via light-stimulated endocytosis. Prior or during endocytosis ChR1 is modified and forms high molecular mass complexes. These
are the solely detectable ChR1 forms in extracellular vesicles (EVs) and their abundance therein dynamically changes upon
illumination. The ChR1-containing EVs are secreted via the PM and/or the ciliary base. In line with this, ciliogenesis mutants
exhibit increased ChR1 degradation rates. Further, we establish involvement of two cysteine proteases in its turnover: CEP1,
a papain-type C1A member, and a calpain. ΔCEP1 knock-out strains lack light-induced ChR1 degradation, whereas ChR2

degradation was unaffected. Low light stimulates CEP1 expression, which is regulated via phototropin, a SPA1 E3 ubiquitin

ligase and cAMP. Further, mutant and inhibitor analyses revealed involvement of the small GTPase ARL11 and SUMOylation

in ChR1 targeting to the eyespot and cilia. Our study thus defines the degradation pathway of this central photoreceptor of

Chlamydomonas and identifies novel elements involved in its homeostasis and targeting.

1 INTRODUCTION

One peculiar behavioral response of the motile green algaChlamydomonas reinhardtii is its precise positioning
with respect to a defined light source. This orientation movement is called phototaxis. Its direction is
determined not only by the intensity and quality of the light environment but also by the actual physiological
status of the cell. Phototaxis is triggered by excitation of the two blue-green light absorbing channelrhodopsin
photoreceptors, ChR1 and ChR2, which are localized in the plasma membrane (PM) region of a composite
organelle commonly termed eyespot (reviewed by Kreimer et al., 2023). Both ChRs are directly light-gated
cation channels. Their Ca2+ conductance is sufficient to initiate phototaxis via a yet largely unknown Ca2+-
mediated signaling cascade that involves signal amplification towards the two cilia. Subtle Ca2+-dependent
changes in the beating plane and frequency of the cilia finally result in a change of the swimming direction.
Thus, exact positioning of the eyespot and the two ChRs relative to the cilia is of fundamental importance for
the observed precision and reproducibility of the phototactic response to a given light stimulus. In contrast,
the non-directional photophobic response, which is only observed upon an intense and sudden change in the
light intensity, requires both, the Ca2+ and H+ conductivity of the ChRs. It is accompanied by a massive
depolarization of the ciliary membrane, activation of voltage-gated Ca2+-channel(s) therein, and a brief
Ca2+-dependent change in the ciliary beating pattern (Baidukova et al., 2022; Govorunova & Sineshchekov,
2023; Kreimer et al., 2023).

Due to its central role for the cell to find optimal conditions for photosynthesis and avoiding photodamage,
the regulation of the phototactic sensitivity must be tightly controlled. However, in contrast to other
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photoprotective mechanisms in Chlamydomonas (e.g. Erickson et al., 2015; Ruiz-Sola et al., 2023), our
understanding of thein vivo homeostatic regulation of the phototactic sensitivity and the two ChRs is still in
its infancy. Besides the well-studied fast photoreceptor currents of the ChRs and their molecular properties in
ectopic expression systems (Baidukova et al., 2022; Govorunova & Sineshchekov, 2023; Vierock & Hegemann,
2023) only a few additional molecular components and regulatory switches are known so far (reviewed by
Kreimer et al., 2023). Briefly, both the expression of the ChRs and the phototactic behaviour exhibit a strong
diurnal phasing. The highest phototactic sensitivity is observed in the morning and the ChR transcript levels
peak at the end of the night phase. They decrease massively within the first hour after light exposure (Mittag
et al., 2005; Zones et al., 2015). Their protein abundance also decreases in the light, with ChR1 being more
sensitive and faster degraded than ChR2. Notably, the ChR1 degradation - but not that of ChR2 - is
under the control of the blue-light receptor phototropin (PHOT), a COP1-SPA1 E3 ubiquitin ligase and
the transcription factor Hy5. Further, the cyclic AMP (cAMP) level and the cellular redox poise affect
the ChR1 degradation (Wolfram et al., 2023). Another rapid and effective sensitivity control mechanism
is the regulation of its ion conductivity by reversible posttranslational modifications (PTMs). Both ChRs
are phosphoproteins and it is assumed that fast reversible phosphorylation plays here a role (Wagner et al.,
2008; Böhm et al., 2019). ChR1 phosphorylation responds to several key physiological stimuli known to have
an impact on the phototactic sign and is regulated via a Ca2+-based feedback loop. The involved kinase(s)
are not yet known, but PHOT can be excluded (Böhm et al., 2019). However, PHOT is involved in the
long-term desensitization by acting as a negative regulator of the eyespot size. This is most likely achieved
through its regulatory function on the ChR1 level. ΔPHOT strains exhibit a decreased ChR1 degradation
rate and no light regulation of the eyespot size. On the other hand, strains overexpressing the PHOT kinase
domain and ChR1 deletion mutants have significantly smaller eyespots (Trippens et al., 2012; Greiner et
al., 2017; Wolfram et al., 2023). Notably, several of the signalling components involved in the regulation of
ChR1 levels and the phototactic sign are also central regulators of general photoprotective mechanisms in
Chlamydomonas (Boonyareth et al., 2009; Gabilly et al., 2019; Petroutsos et al., 2011, 2016; Ruiz-Sola et
al., 2023; Trippens et al., 2017; Wolfram et al., 2023).

The correct placement of the eyespot and the ChRs in relation to the cilia is a crucial prerequisite for
phototaxis. Currently only a rudimental picture of the involved secretory pathway, targeting mechanism(s)
and molecular components can be drawn. Of central importance is the D4 rootlet, one of the four acetylated
microtubular rootlets that originate from the basal body (BB) region and are connected to the ciliary
apparatus. The eyespot is always associated with this rootlet at a roughly equatorial position and the ChRs
move along it towards the eyespot (Holmes & Dutcher, 1989; Mittelmeier et al., 2011; Thompson et al.,
2017). ChR1 has also been detected in the cilia (Awasthi et al., 2016). The functional significance of this
localization is not known. It has been suggested to be important for the photophobic response via complex
formation with a voltage-gated Ca2+ channel, which co-localizes with ChR1 in the eyespot and cilia (Sanyal
et al., 2023). Additionally, a dynamic redistribution of ChR1 between both organelles during transitions
from light to dark and vice-versa has been reported (Awasthi et al., 2016). These ChR1 allocations coincides
exactly with the times when the greatest fluctuations in its abundance occur either due to its light-induced
degradation in the morning or eyespot disassembly at the beginning of the night phase prior to cell division
(Holmes & Dutcher, 1989; Wolfram et al., 2023). It could therefore also be related to associated transport
and degradation processes of this photoreceptor.

In vertebrate photoreceptors, a transport machinery called intraflagellar transport (IFT) involving the motor-
proteins kinesin-2 and cytoplasmic dynein, is responsible for the transmission of opsin-containing vesicles
through the connecting cilia. The C-terminus of rhodopsin is important for this transport (Tai et al.,
1999; Concepcion et al., 2002; Williams, 2002; Keady et al., 2011; Trivedi et al., 2012; Kong et al., 2013).
Immunofluorescence analyses and immune-precipitation data indicate that ChR1 transport and targeting
also involves a kinesin-2 dependent mechanism and that CR1 interacts with LC8, a component of axonemal
and cytoplasmic dyneins, and other dynein complex components. Further, components from both IFT
complexes and a structural maintenance of chromosome protein (SMC) were among the co-precipitated
proteins and co-localize with ChR1 (Awasthi et al., 2016). Members of the SMC protein-family are involved
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in the regulation of protein transport in primary cilia of vertebrate photoreceptors and other cell types in
addition to their function in chromosome dynamics (Khanna et al., 2005). An SMC is also present in the
cilia ofChlamydomonas (Pazour et al., 2005). Notably, the ChR1 C-terminus contains the ciliary targeting
motif VXPX (Sharma et al., 2023). In vertebrates the small GTPase ARF4 binds to the VXPX motif of
rhodopsin and is involved in the formation of rhodopsin transport vesicles at thetrans -Golgi network (TGN)
as well as the retrograde transport from endosomes to it (Deretic et al., 2005; Mazelova et al., 2009; Li &
Hu, 2011; Nakai et al., 2013; Sung & Leroux, 2013; Deretic et al., 2021). The Chlamydomonas orthologue of
ARF4 is ARL11. Immunoprecipitation data suggest that ARL11 interacts with the C-terminus of ChR1. It
might thus aid in ChR1 transport to the cilia and eyespot (Sharma et al., 2023). These authors also reported
the presence of a C-terminal SUMOylation motif and that an anti-SUMO2 antibody precipitates ChR1 and
PHOT. SUMO is known to regulate the trafficking and function of many membrane proteins as well as the
ciliary localization of several signaling proteins (Zhao 2007; Li et al., 2012; McIntyre et al., 2015). Although
the in vivo function of the C-terminus of ChR1 is not yet understood in detail, its importance for targeting
and regulation is underlined by the following observations: (i) Disturbing it by a fluorescent tag induce ChR1
accumulation in cytoplasmic vesicles and drastically reduce its localization in the eyespot, and (ii) deletion of
the last 78 AS completely inhibits light-induced ChR1 phosphorylation and reduces its abundance (Greiner
et al., 2017; Böhm et al., 2019). Only a few additional proteins involved in eyespot assembly and placement
have been identified and the proteins required for the specific binding and detachment of ChRs from the D4
rootlet are completely unknown (Kreimer et al., 2023).

Also, the ChR degradation pathway has not been investigated in detail. For ChR1, proteasomal proteo-
lysis can be excluded as its specific inhibitors MG-132 and HMB-Val-Ser-Leu-VE have no effect on ChR1
degradation (Böhm & Kreimer, 2021; Fig. S1). ChR1 is quite stable in the dark, but is rapidly degraded
upon illumination in an intensity and wavelength dependent manner. Degradation is affected by cAMP, the
cellular redox poise and involves PHOT, a COP1-SPA1 E3 ubiquitin ligase and the transcription factor Hy5
(Wolfram et al., 2023). Gene products important for ChR1 degradation regulated by these classical light
signalling elements are not yet known.

In this study, we therefore aimed to identify and characterize additional elements involved in ChR1 de-
gradation and targeting to increase our understanding of its homeostatic regulation. For this we combined
pharmacological and biochemical approaches, generated knockout mutants of a cysteine protease identified
in the eyespot proteome and of ARL11, and used a variety of other already existing mutants. With respect
to ChR1 degradation we were able to show that

(i) ChR1 undergoes an enhanced endocytic internalization in the light, accompanied by increased degradation
involving the cysteine protease CEP1. Transcription of CEP1 is increased by low light and is controlled by
PHOT, a SPA1-E3 ubiquitin ligase and cAMP.

(ii) ChR1 is increasingly modified and forms high molecular mass complexes (HMMCs) before or during its
internalization.

(iii) the modified ChR1 forms and HMMCs are secreted in extracellular vesicles (EVs) in the size range of
exosomes at the ciliary base and/or PM.

Further, we show that the IFT machinery, ARL11, SUMOylation and the cilia are involved in targeting
and regulating the abundance of ChR1. Our study thus delineates important novel elements involved in the
homeostasis and targeting of this central photoreceptor for the movement responses of Chlamydomonas .

2 MATERIALS AND METHODS

2.1 Strains and culture conditions

Table S1 lists all used Chlamydomonas strains together with their sources and abbreviations. Cultures were
grown - if not otherwise stated - in liquid minimal or Tris-acetate phosphate medium (TAP; Harris, 2008)
as described (Wolfram et al., 2023), except that cultures used for isolation of cilia or EVs were grown with
aeration.
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Generation of mutant strains with CRISPR-Cas9 and verification of Clip mutants

CEP1 and ARL11 mutant strains were generated in the CC-3403 background and screened as descri-
bed (Greiner et al.,2017; Kelterborn et al., 2022). Figure S2 summarizes their characterization by next
generation sequencing. Mutants LMJ.RY0402.060340 (spa1 , characterized by Tokutsu et al., 2019) and
LMJ.RY0402.239561 (cal3 ) were obtained from the Chlamydomonas Resource center (Li et al., 2019).
Forcal3 insertion of the CIB1 cassette was verified in three randomly chosen single-clone derived colonies by
genomic PCR according to the CLiP library instructions (see Table S2 for primers).

2.2 Inhibitors & Antisera

Cycloheximide (CHX, Applichem), PD 145305 and PD 150606 (Cayman) were dissolved in ethanol. 3-
Isobutyl-1-methylxanthine (IBMX), 4-hydroxy-2,2,6,6-tetramethyl-piperidine 1-oxyl (TEMPOL), Colchicine
(CLC), and Pitstop-2 (all Sigma) were dissolved in DMSO or TAP, respectively. CK-666, CK-689 (Merck),
2-D08, E-64d (MedChemExpress), and PR-619 (Cayman) were dissolved in DMSO. Used inhibitor concen-
trations refer to a cell density of 4 x 106 cells/mL. Cell viability was checked for all inhibitors by differential
interference microscopy at the beginning and end of experiments. The antibody against acetylated tubulin
(clone 6-11B-1) was from Sigma. Alexa FluorTM 488 goat anti-rabbit (H+L) and 555 goat anti-mouse IgG
(H+L) were from Invitrogen. For all other used antisera see Wolfram et al. (2023).

2.3 Protein electrophoretic based methods

Determination of ChR levels and its light-induced degradation, protein extractions, SDS- and piperazine
diacrylamide (PDA)-PAGE, immunoblotting and quantification, were done as described (Wolfram et al.,
2023).

2.4 Isolation and sub-fractionation of cilia

Cilia, if not otherwise stated, were isolated from cultures at the end of the night phase. All manipulations
prior to illumination were done under dim red safety light. Isolation of highly purified cilia using dibucaine
and their subfractionation followed the protocol of Witman (1986). Proteins were precipitated according to
Schmidt et al. (2006) and solubilized in 2x SDS-PAGE sample buffer supplemented with 4 M urea. For quick
cilia isolation a modification of the method of Finst et al. (1998) was used. At the end of the night phase
450 million cells were pelleted (2,000 g , 5 min,15 °C) and suspended in 30 mL TAP + 1 mM PMSF. From
these suspensions aliquots (10 mL) were placed in standard glass Petri-dishes and either kept in the dark
or illuminated for the indicated times with WL+UV (188 μmol photons m-2s-1; T8 Reptisun® 10.0UVB,
ZooMed Laboratories). Deciliation was induced by rapid addition of 10 mL acetate buffer (40 mM Na-acetate,
pH 4.5; 8% (w/v) sucrose; 1 mM CaCl2). The pH was neutralized after 90 sec of agitation with 0.5 M NaOH.
Cell bodies were separated (1,100 g , 5 min, 4 °C), the cilia were pelleted from the supernatant (12,250 g ,
15 min, 4 °C) and suspended in TAP. Protein precipitation and solubilization was done as described above.

2.5 Isolation of extracellular vesicles

Six days old cultures (4.8 or 9.6 L) were concentrated prior to onset of illumination by centrifugation,
and suspended in 400 or 800 mL fresh TAP supplemented with 1 mM PMSF under dim red safety light.
Aliquots (200 mL) were transferred into glass Petri-dishes (20 cm diameter) and either kept in the dark or
illuminated for the indicated times with WL + UV (188 μmol photons m-2 s-1; 16 °C). When different strains
were compared whenever possible identical total cell numbers were used per Petri-dish (7.5 billion/200 mL).
Cells were pelleted (6,000 g , 10 min, 16 °C) and the supernatants were cleared further (11,000 g , 10 min, 16
°C) prior to ultracentrifugation (100,000 g ; 2 h, 4°C). The pellets were suspended in 3 mL TAP, washed to
remove non vesicle-bound proteins via a second round of ultracentrifugation (200,000 g , 1h, 4°C) and finally
suspended in an equal volume of 4x SDS-PAGE sample buffer supplemented with 6 mM tributylphosphine
(TBP).

2.6 Indirect immunofluorescence, differential interference microscopy, eyespot area, cilia length
and swimming speed determinations
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For indirect immunofluorescence analysis cells at the end of the night phase from 40 mL culture were pelleted,
suspended in PBS, allowed to settle on poly-L-lysine (0.1%) coated multiwall slides for 10 min and fixed for
4 min with formaldehyde (3.7%). Slides were dipped in PBS, submerged into -20 °C ethanol for 10 min, air-
dried (30 min RT), rehydrated with blocking buffer [6% (w/v) fish gelatin, 1% BSA (w/v), 0.05% Tween20
(v/v) in PBS], and incubated overnight at 4 °C with the primary antibodies in blocking buffer (anti-ChR1
1:50; anti-acetylated tubulin 1:500). Slides were washed for 5 min in PBS, 4x in blocking buffer, stained
with anti-rabbit Alexa-Fluor 488 and anti-mouse Alexa-Fluor 555 (1:1000 in blocking buffer), washed 2x in
PBS, 2x in blocking buffer, and mounted (SlowFade Diamond Antifade, ThermoFisher Scientific). Images
were acquired with an Axio Imager.M2 equipped with an ApoTome.2 module using a 63x objective (1.4
NA oil immersion, Plan Apochromat) as stacks of multiple optical sections. Maximum intensity projections
were calculated with the ZEN blue software (all Carl Zeiss AG). Differential interference microscopy and
eyespot measurements were carried out with unfixed cells as described (Wolfram et al., 2023). Cilia length
measurements were done with Lugol fixed cells using phase contrast microscopy (Eclipse 800 microscope, 100x
objective, 1.4 NA oil immersion, Plan Apochromat, Nikon). Pictures were captured with a DS-Qi1 cooled
CCD camera driven by NIS-Elements BR 3.1 software (Nikon). Length measurements were conducted on
one cilium per cell with the same software.

To determine the swimming speed, the cell suspension (1 x 105 cells/ml in TAP) was dark-adapted (1 h) prior
to the measurement. Cells were imaged in a fluorescence cuvette with 1 mm gap and four polished sides under
an Olympus IX73 inverted microscope using 20x objective and a dark-field Olympus (IX-ADUCD) condenser.
The cell movements were recorded by a high-speed Zyla sCMOS camera (Andor, Oxford Instruments) using
the software Solis I. The velocity of single cells was analyzed with the plugin TrackMate (Tinevez et al, 2017)
of ImageJ2. Each cell was segmented in every recorded frame and its movement path was reconstructed as
a track by allocating it an identity over all recorded frames. In the plugin, the filters for duration and
displacement of tracks were set for 4 s and 80 μm.

2.7 Whole mount electron microscopy

EV pellets were suspended in sterile-filtrated PBS and mixed 1:1 with 4% formaldehyde in PBS. Aliquots
(5 μl) were applied onto UV-irradiated 300-mesh formvar/carbon-coated grids, allowed to absorb for 10 min
and further processed according to Baur et al. (2023) except that 4% uranyl acetate was used for staining.
Further, incubation with methyl cellulose-uranyl acetate was omitted. Formaldehyde (4%) treated grids
served as controls. Samples were examined with an EM10 electron microscope (Zeiss) equipped with a
SC1000 OriusTMCCD-camera controlled by the DigitalMicrographTMsoftware 3.1 (GATAN).

2.8 RNA isolation and messenger RNA quantification

Culture growth, total RNA isolation and RT-qPCR was done as described (Wolfram et al., 2023).
Primers for CEP1 , Hy5 , andα-Τυβυλιν (Table S2) were designed using NCBI Primer Blast
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/; Ye et al., 2012). Relative gene expression was analyzed
according to Livak & Schmittgen (2001) with α-Τυβυλιν as housekeeping gene for normalization.

2.9 Data analysis and image processing

Biological replicates refer to independent cultures inoculated into different flasks from a starter flask. Im-
munoblot quantification, statistical analyses and image processing was done as described (Wolfram et al.,
2023). EV size distributions with manual adjustments of the seeds and boundaries were determined using
the TEM ExosomeAnalyzer (Kotrbová et al., 2019).

3 RESULTS

3.1 ChR1 degradation involves the endocytosis pathway

The ChR1 sequence contains typical signals for clathrin-mediated endocytosis (CME) and lysosomal targeting
(Fig. S3). We thus analyzed the effect of Pitstop-2, a widely used inhibitor of CME and clathrin-independent
endocytosis (CIE; Dutta et al., 2012), on light-induced ChR1 degradation (Fig.1A-B). Pitstop-2 incubation
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of cells at the end of the night-phase led to a shift of the ChR1 monomer band by ˜ 2 - 10 kDa upon illu-
mination. Hereafter we call these forms modified ChR1 (ChR1mod). Additionally, ChR1-containing HMMCs
were formed. These responses occurred also in dark kept cells, but substantially less pronounced (Fig. 1A).
Identical effects on ChR1 were described for TEMPOL-induced inhibition of light-induced ChR1 degradati-
on. Further, absence of all signals in ΔChR1 strains demonstrates signal specificity (Wolfram et al., 2023;
Fig. 5E-J). Quantification of the total ChR1 signals revealed that light-induced degradation was inhibited
by Pitstop-2 (Fig. 1B). Such shifts in the apparent Mr indicate PTMs like e.g. SUMOylation and mono-,
multi-mono- or poly-ubiquitination, which are important for transport, localization, activity and degradation
of membrane proteins (Foot et al., 2016; Sundvall, 2020). Notably, application of PR-619, a broad-spectrum
inhibitor of deubiquitinating enzymes (DUBs), which also inhibits SUMO-specific proteases (Kitagawa &
Takiya, 2020), had similar effects on light-induced ChR1 degradation as Pitstop-2 (Fig. 1C-E).

The actin-related protein 2/3 (Arp2/3) complex is involved in endocytosis of membrane proteins in Chlamy-
domonas (Bigge et al., 2023). To further support the above described findings, we used CK-666, an Arp2/3
inhibitor. CK-666 reduced light-induced ChR1 degradation in comparison to its inactive analog CK-689
and the DMSO control, but did not completely prevented it (Fig. 1F-G). Additional presence of PR-619
completely inhibited degradation and induced again the accumulation of ChR1mod forms (Fig. 1H-I). Their
abundance is albeit somewhat reduced compared to the cell-wall less strain with the same PR-619 concen-
tration, probably due to a reduced accessibility of PR-619 in strains with a cell-wall. In summary, these
data indicate that light-induced ChR1 degradation is accompanied by its modification and possibly complex
formations. Preventing endocytosis (Pitstop-2 and CK-666) and inhibiting DUBs and/or SUMO-specific
proteases (PR-619) led to an increased accumulation of these forms in the light.

3.2 At least two cysteine proteases are involved in ChR1 endocytosis and degradation

In order to identify potential proteases involved in light-induced ChR1 degradation we screened the eyespot
proteome of Chlamydomonas.Most identified proteases were related to the chloroplast and only three to the
secretory pathway (Schmidt et al., 2006; Eitzinger et al., 2015). One is the hatching enzyme sporangine and
therefore was excluded. The second (Cre12.g508500) is a metalloprotease with highest mRNA expression
levels in the night phase, and thus is also a less likely candidate. The third is a cysteine endopeptidase
(Cre09.g407700; CEP1). We thus first applied two cell-permeable inhibitors of cysteine proteases: E-64d,
a broad-spectrum cysteine protease inhibitor, and PD 150606, which inhibits calpains. Several members of
these calcium-dependent, non-lysosomal cysteine proteases are present in Chlamydomonas(Zhao et al., 2012).
E-64d at the highest possible concentration without disturbing the cell viability had no significant effect (Fig.
S4). In contrast, PD 150606 induced again accumulation of ChR1mod forms similar to those observed in
Pitstop-2 and PR-619 treated cells (Fig. 2A). Signal quantification revealed complete inhibition of light-
induced ChR1 degradation, whereas its inactive analog PD 145305 had no effect (Fig. 2B-C). Analysis
under non-reducing conditions uncovered that PD 150606 treatment induced independent of illumination
the formation of ChR1-containing complexes with Mr´s well above those of the HMMCs, which were not
able to enter even a 6% PDA-SDS-PAGE gel (Fig. S5A-B). Coomassie staining of these samples revealed
no significant differences. Thus, unspecific effects like general protein cross-linking are unlikely. A similar,
but much less pronounced, effect was observed in illuminated samples for the DUB inhibitor PR-619 (Fig.
S5C-D). Notably, calpains are involved in the regulation of CME and PD 150606 led to a reduced formation
of endocytic vesicles in mammalian cells (Rudinskiy et al., 2009; Voronina et al., 2015). This might explain
the here observed similar effects of these inhibitors on ChR1 degradation.

CEP1, however, is a papain-type C1A family member and not a calpain. To elucidate if it is involved in ChR1
degradation we analyzed three independent CEP1 knockout strains. All of them have the insertion in the first
exon which, if residual expression should occur, will lead to a likely non-functional severely truncated CEP1
(Fig. S2). All strains exhibited a nearly complete inhibition of the light-induced ChR1 degradation without
an increased generation of ChR1modforms (Fig. 3A-B). In parallel, we observed a significantly increased total
ChR1 level and eyespot area (Fig. 3C-D), whereas the growth and pigment content were unaffected (Fig. 3G-
H). Notably, light-induced degradation of ChR2, the second transmembrane eyespot-localized receptor for
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phototaxis, was not significantly affected, although its level was also increased (Fig. 3E-F). This surprising
specificity for ChR1 makes an unspecific effect on endocytosis or general protein degradation by CEP1
deletion unlikely. To further rule out potential unspecific effects we also analyzed ChR1 degradation in two
mutant strains of cysteine proteases not related to the eyespot: FAP246, an axonemal protein with papain-
like and EF-hand domains involved in motility control of the cilia (Cai et al., 2021), and the calpain CAL3. In
mutant strains of both, ChR1 degradation was unaffected (Fig. S6A-B). In summary, these data indicate that
at least two different cysteine proteases are involved: CEP1 and a yet unidentified calpain, which probably
acts indirectly via a regulatory role in the formation of endocytic vesicles. Further, these and data which
will be described later support the idea that the ChR1mod forms and HMMCs are related to ChR1 sorting
and incorporation into endocytic vesicles.

3.3 Expression of CEP1 is increased by low light and regulated by PHOT, SPA1 and cyclic
nucleotides

To analyze if light affects the CEP1 mRNA levels, cells were either grown at 60 μmol m-2 s-1 of WL for
five days and then shifted at the beginning of the light phase to the indicated intensities or were grown
over the whole period under these WL intensities. A significant increase in the mRNA occurs in both
experimental setups at 60 μmol m-2s-1 WL compared to the dark samples. Higher intensities did not induce
a further increase (Fig. 4A-B). In contrast, the mRNA levels of the transcription factor Hy5, which acts in
conjunction with an upstream E3 ubiquitin ligase complex as one central regulator of light signaling also in
Chlamydomonas (Gabilly et al., 2019; Lämmermann et al., 2020), further rise with increasing intensities (Fig.
4C-D). Saturation for CEP1 mRNA light induction thus occurs at already relatively low WL intensities.
This behavior was seen in another widely used laboratory strain (Fig. S7), indicating that this is a typical
response of Chlamydomonas . It is noteworthy that in high-light-adapted cells, CEP1 mRNA levels were
already increased in the dark and did not increase further in the light phase, while HY5 expression also
increased in these cells in the light (Fig. 4B-D).

The photoreceptor PHOT, a COP1-SPA1 E3 ubiquitin ligase and cAMP were pinpointed as key components
controlling the cellular ChR1 abundance (Wolfram et al., 2023). Genes involved in ChR1 degradation con-
trolled by this system are still not known. We thus asked if CEP1 expression might be under their control.
In the ΔPHOT strain the CEP1 mRNA level and its light regulation were strongly reduced compared to
the parental strain (Fig. 4E). A residual light stimulation, however, still occurred, indicating involvement of
an additional light-dependent regulatory element. In line with these observations, the CEP1 mRNA levels
were significantly increased both in the dark and in the light in the spa1 mutant (Fig. 4F). Further, inhi-
bition of phosphodiesterases by IBMX, which results in a rise of cAMP but not cGMP in Chlamydomonas
(Boonyareth et al., 2009), induced a significant increase in the CEP1 mRNA in the dark (Fig. 4G). Notably,
IBMX reduces the ChR1 protein starting level by ˜ 40% under identical conditions (Wolfram et al., 2023).
In summary, CEP1 is thus one of the downstream targets important for ChR1 degradation regulated by
these central components of the photoprotective pathways inChlamydomonas .

3.4 ChR1 and its modified forms are present in cilia

Awasthi et al. (2016) reported a dynamic redistribution of ChR1 between the cilia and eyespot during
transitions from light to dark and vice-versa, i.e. exactly when the greatest fluctuations in the ChR1 levels
occur. We thus surmised that cilia may play a role in ChR1 homeostasis. Despite the presence of ciliary
targeting motifs in the C-terminus of ChR1 (Fig. S3; Sharma et al., 2023), its localization in the cilia was
not reported in the numerous previous ChR1 localization studies (e.g. Mittelmeier et al., 2011; Thompson
et al., 2017). We thus first verified the presence of ChR1 in the cilia with independent methods. Indirect
immunofluorescence clearly detected ChR1 in the cilia (Fig. 5C-D), besides the well documented localization
in the eyespot, vesicular structures in the BB region and along the ciliary roots and microtubules (Fig. 5A-
B). This result was confirmed by immunoblot analysis of cilia isolated from different strains, demonstrating
the expected enrichment in the ciliary membrane/matrix fraction. No signals occurred in cilia and crude
extracts of a ΔChR1 strain validating signal specificity (Figs. 5E-F, S8A; Wolfram et al., 2023). Based on
an equal protein load the ChR1 concentration in the cilia was clearly below that of the crude extract and
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its level also rapidly declined upon illumination (Fig. 5G-H). ChR2 was also present in isolated cilia and its
concentration also declined in the light (Fig. S8B). The ciliary ChR levels thus responded to illumination
comparable to those in whole cells (Wolfram et al., 2023).

Next, we checked if the ChR1mod forms and HMMCs also occur in cilia. We thus isolated cilia and cell bodies
from dark-kept or illuminated cells and of cells treated with TEMPOL or Pitstop-2 prior to illumination, as
the latter two treatments massively induced the accumulation of these ChR1 forms in the light. ChR1modand
HMMCs were detected in both, the cell bodies and the cilia fraction (Figs. 5J, S9). Additionally, the cilia
from TEMPOL and Pitstop-2 treated cells differed in their total protein composition from the controls. Both
exhibited comparable changes in the relative abundance of several proteins. However, also in the cilia of
untreated cultures with an identical ciliary protein pattern, a proportion of the ChR1 exhibited a small but
clear Mr shift (Fig. 5I). Thus, also the ChR1mod forms as well as the HMMCs can enter or are formed in
the cilia. To get hints about the potential role(s) of cilia in ChR1 homeostasis we next used mutants with
defects in ciliogenesis.

3.5 Light-induced ChR1 degradation is increased in mutants with defects in ciliogenesis

In several mutants affected in IFT components and the involved motor proteins, the ChR1 transport to the
eyespot and cilia is restricted and ChR1-containing vesicles accumulate in the cells subapical region and
close to the BBs (Awasthi et al., 2016). Decreased cellular ChR1 levels were thus expected and we surmised
that also the light-induced degradation might be affected. We thus analyzed selected IFT and motor protein
mutants for both parameters. Deletion of the IFT particle component IFT88 results in cells lacking cilia
and ChR1 vesicle accumulation in the anterior region of the cell and close to the BBs (Awasthi et al., 2016;
Pazour et al., 2000). We observed a reduced ChR1 starting level and an increased light-induced degradation
rate in the ΔIFT88 mutant (Fig. 6A-C). Identical effects were observed in motor protein mutants defective
either in retrograde (ΔLC8, which lacks this component of axonemal and cytoplasmic dyneins; Fig. 6F-G)
or anterograde IFT (ΔKin2, a kinesin-2 null mutant and its temperature-sensitive point mutant Fla10-1 ;
Fig. 6H-K). These mutants also do not form cilia and lead to ChR1 vesicle accumulation in the anterior
region of the cell (Awasthi et al., 2016). In contrast, ChR1 levels and its degradation were not significantly
impaired in the strain bbs4-1 (Fig. 6D-E). IFT and cilia are normal in this strain, which is mutated in an
IFT cargo adaptor needed for cilia export of selected signaling proteins (Lechtreck et al., 2009). ChR1 levels
and degradation were also not significantly affected in strain ΔFAP246 (Fig. S6A), which have motile cilia
with a defect in the C1b projection of the central apparatus (Cai et al, 2021).

Based on these data we suspected that not only a functional IFT but also the presence of cilia might have an
impact on the cellular homeostasis of ChR1. We thus additionally analyzed ciliogenetic mutants with one or
no cilia, but not directly affected in IFT or motor proteins (Fig. 7). The uni1 mutant, which possess only
one cilium associated with the trans BB (Sale & Dutcher, 2023), exhibited a clear reduction in the ChR1
level and a slightly enhanced light-induced degradation compared to the parental strain. Both parameters
were even more affected in two different bld mutants lacking both cilia (bld2 andbld7; Fig. 7A-B). Notably, in
two independent cilia-possessing suppressor mutants of bld7 this effect was reverted (Fig. 7C-E). In parallel,
the eyespot size increased significantly from 0.546 +/- 0.009 μm2 in strain CC-2906 to 1.195 +/- 0.034 μm2

in the suppressor mutant CC-2908 (n: 102 cells; unpaired t-test: p < 0.0001).

In many cilia-less mutants the organization of cytoskeletal elements is affected. For instance, bld2 cells are
defective in ε-tubulin, lack BBs and have disorganized microtubular roots (Dutcher et al., 2002; Ehler et
al., 1995). We thus additionally analyzed ChR1 degradation in wild type cells pre-incubated with colchicine
(CLC) for a short time period. Cells treated with CLC are not able to form cilia after deciliation, but possess
a normal cytoskeleton (Rosenbaum et al., 1969). The ChR1 degradation rate in these cells was somewhat
faster and also the final level in the light was slightly lower than in the identically treated controls without
deciliation (Fig. 7F). Since the ChR1 starting levels were not significantly affected by this treatment (Fig.
S10), these effects can most likely be attributed to the lack of cilia and not to unspecific CLC side effects.
In summary, these data indicate that beside an undisturbed vesicle transport also the presence of cilia has
an impact on the ChR1 turnover.
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3.6 Inhibition of SUMOylation leads to a decreased ciliary level of ChR1

ChR1 contains a C-terminal SUMOylation motif and was among the proteins precipitated with an SUMO2
antibody (Fig. S3; Sharma et al., 2023). We thus used 2-D08, a cell permeable inhibitor of transfer of SUMO
from the E2 thioester to its targets (Kim et al., 2014) and analyzed its effect on degradation and ciliary
localization of ChR1. In crude extracts no significant effects on the total ChR1 levels or its light-induced
degradation were evident (Fig. 8A-B). However, an average reduction of the ChR1 level by 42% was resolved
in cilia isolated from 2-D08 treated dark-kept cells. In the cell bodies the level decreased only by 14%. This
effect was also evident in cilia regenerated in the presence of 2-D08 after deciliation (Fig. 8C). In these
cilia additionally ChR1 degradation products were resolved and their general protein pattern differed in the
relative abundance of a few proteins when compared to the control. These data are in accordance with
previous observations that disturbing SUMOylation affects the ciliary protein composition. The activity of
the small GTPase ARL13b, which is known in vertebrates for its role in ciliary import and export of specific
subsets of membrane and membrane-associated proteins, is affected by SUMOylation. TheChlamydomonas
arl13 mutant possess normal cilia, but is impeded in BBSome-dependent protein transport and phototaxis
(Li et al., 2012; Dai et al., 2022). However, as in the bbs4-1 mutant, neither the ChR1 levels nor the light-
induced degradation were significantly affected in the arl13 mutant (Fig. S11). Besides ARL13 additional
members of these key molecular switches are known to be involved in ciliary targeting (Li & Hu, 2011).
For example, in vertebrate systems the small GTPase ARF4 binds to the ciliary targeting motif VXPX and
is involved in the formation of rhodopsin transport vesicles at the TGN. Further, ARF4 takes part in the
retrograde transport from endosomes to the TGN (Deretic et al., 2005; Mazelova et al., 2009; Li & Hu, 2011;
Nakai et al., 2013; Sung & Leroux, 2013; Deretic et al., 2021).

3.7 Deletion of the small GTPase ARL11 results in a decreased cellular ChR1 level

The Chlamydomonas orthologue of the human ARF4 is ARL11 (Sharma et al., 2023). These authors
reported that ARL11 physically interacts with the ChR1 C-terminus and suggested that it might aid in
ChR1 transport to the cilia and eyespot. To get first in vivo evidence for this suggestion, we generated
two independent arl11 deletion mutants: arl11 -A has the insertion at the end of switch II andarl11 -B at
the end of the first G-Box (Fig. S2). Both strains, if residual expression should occur, will thus express
only a non-functional protein. In both mutants the ChR1 levels were significantly reduced to a similar level,
whereas its light-induced degradation rate was normal (Fig. 9A-C). This reduction was accompanied by a
significant decrease in the eyespot area, indicating that the ChR1 targeting to the eyespot is affected (Fig.
9D-E). Further, although the swimming speed and cilia length of both arl11 mutants were normal, the ChR1
level in the cilia was even more reduced than that in the cell bodies (Fig. 9F-G). Thus, our data support the
suggestion that ARL11 plays an important role in ChR1 transport and targeting, although it is not solely
responsible due to the residual ChR1 levels still present in the cilia.

3.8 ChR1mod and HMMCs are present in extracellular vesicles

Cryo-electron tomography revealed close to the eyespot uni- and bi-lamellar EVs (Engel et al., 2015). Böhm
& Kreimer (2021) suggested that they may be related to ChR degradation and may represent exosomes
released by fusion of multi-vesicular bodies (MVBs) from the endosomal pathway with the PM. To confirm
this suggestion, we isolated EVs and analyzed them for the presence of ChR1. We detected ChR1mod forms
and HMMCs in EVs from eight different strains. Notably, the unmodified ChR1 was never present (Figs.
10,S12). Further, in ΔCEP1 EVs these forms were enriched compared to those from the parental strain
CC-3403, independent from the presence of a broad-spectrum protease inhibitor during their secretion and
purification (Fig. 10B). Time-course analyses resolved that illumination led to both, a gradual increase in
their abundance and the apparent Mr shift in these strains (Fig. 10C-D). Additionally, the proportion of
ChR1 degradation products was lower in the EVs from ΔCEP1. Between strains the ChR1 turnover appears
to differ, since the detectable ChR1mod amounts in EVs of other strains were already slightly higher in the
dark and decreased somewhat faster upon illumination (Fig. S12A). However, compared to the cellular
ChR1 level, the amounts secreted via the EVs appear to be extremely low. The total EV protein yield from
a billion cells varied between 10 to 26 μg and based on the Coomassie staining ChR1 represents only a minor
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portion.

Chlamydomonas also secretes EVs at the ciliary base, tip and along the whole cilia length (Vinay & Bel-
leannée, 2022). As we observed a higher ChR1 turnover in cilia lacking strains, we surmised that the majority
of the ChR1mod in EVs might be secreted at the ciliary base and/or the PM rather than along the cilia.
We thus isolated EVs from CC-2906, a bld7 mutant, and its cilia-possessing suppressor mutant CC-2908 to
see whether they differ with respect to their ChR1mod pattern or other characteristics. Electron microscopy
showed the typical appearance of negatively stained EVs for both but pinpointed clear differences in the
size distributions (Fig. 11A-K). Although both fall in the typical size range of small EVs (below 150 nm;
Vinay & Belleannée, 2022), those from the ciliated CC-2908 exhibited a broader size distribution, with a
peak at 25 – 30 nm and a large proportion (68%) above 35 nm. The EVs of the bld strain CC-2906 peaked
at 20 – 25 nm and 71 % of the population was below 35 nm (Fig. 11K). Further, the number was higher
in the EV preparation of CC-2906 (Fig. 11L). Additionally, their protein composition differed. Whereas a
complex pattern was resolved for EVs from ciliated strains, that of the cilia lacking strains CC-2906 and
bld-2 revealed enrichment of fewer proteins and were very similar (Figs. 10C-D,11M). The ChR1mod forms
were, however, present in EVs of both strains. Also, no significant differences were observed in time-course
experiments except that the modified ChRs were detectable for a longer time and their fraction appeared
larger in the EVs of the cilia-less strain, which coincides with the higher degradation rates inbld -strains
(Figs. 7C-D, S12B).

4 DISCUSSION

Chlamydomonas capability to perceive and process light signals for its orientation depends on the light-gated
Ca2+- and H+-conducting photoreceptors ChR1 and ChR2 and their precise positioning in the eyespot (Si-
neshchekov et al., 2002; Greiner et al., 2017; Baidukova et al., 2022; Kreimer et al., 2023). Despite this pivotal
role, our understanding of their homeostasis is still in its infancy. In this study, we therefore investigated
aspects of light-induced degradation and targeting of ChR1 in more detail.

We established here that ChR1 internalization occurs via endocytosis and that light stimulates this process
and the formation of modified ChR1 forms by using two mechanistically different inhibitors, Pitstop-2 and
CK-666. Both affect CME and CIE and interfere with endosome formation also in Chlamydomonas (Bigge
et al., 2023; Dutta et al, 2012; Chakrabarti et al., 2021; Papalazarou & Machesky, 2021). Thus, ChR1
internalization cannot be assigned unequivocally to one of these pathways. However, the presence of YXXØ
motifs which target proteins to clathrin-coated pit regions favors CME. One YXXØ motif is within the
distance from the last TMD typical for fast lysosomal targeting, and is followed by an acidic cluster with
predicted phosphorylation motifs. Such clusters often act as endosome to TGN retrieval signals (Bonifacino &
Traub, 2003; Moore et al., 2007, Chen et al., 2011; Arora & Van Damme, 2021). In congruency, we observed
inhibited ChR1 degradation upon blocking endocytosis, whereas classical proteasome inhibitors have no
effect. Involvement of combined intramembrane proteolysis and the proteasome in ChR1 degradation is thus
unlikely. Notably, the motif for fast lysosomal targeting and the preceding dileucine-based signal are missing
in ChR2 (Fig. S3), which partially explains the differences to ChR1 in its light-induced turnover (Fig. 3B,E;
Wolfram et al., 2023).

Several further observations listed and discussed below support ChR1 turnover via the endosomal pathway
and complement our understanding of its targeting.

(i) EVs contain ChR1 and its abundance therein dynamically changes with illumination. They are in the
typical size-range of exosomes and cryo-electron tomography demonstrated uni- and bilamellar EVs close
to the eyespot (Colombo et al., 2014; Engel et al., 2015; Vinay & Belleannée, 2022). However, ChRs are
also present in the cilia, which secret EVs via their base, tip and along their entire length (Figs. 5C-H,S8;
Awasthi et al., 2016; Vinay & Belleannée, 2022). Ciliary EVs have a unique protein composition, being among
others enriched in ESCRT proteins, small GTPases and ubiquitinated proteins (Long et al., 2016). Our data
demonstrate that ChR1-containing EVs are mainly secreted via the PM and/or the ciliary base. Notably, the
EVs contain only ChR1mod and HMMCs. This underlines our suggestion that these forms are specifically
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related to ChR1 sorting and degradation (Wolfram et al., 2023). In cells, these ChR1 forms accumulate
in the light when endocytosis or DUBs and cysteine proteases are blocked (Figs. 1,2; Sharma et al., 2023).
Ubiquitination and SUMOylation of membrane proteins are important signals for their targeting, endocytosis
and degradation. Removal of these PTMs prior to the final degradation is required also for membrane proteins
(Foot et al., 2016; Schwihla & Korbei, 2020; Sundvall, 2020). Thus, when protein synthesis is blocked,
inhibiting proteases with specificity towards these PTMs leads to accumulation of the modified proteins. In
parallel, lack of supply of the modifiers through recycling prevents target tagging and thereby additionally
stabilizes the target proteins (Rossio et al., 2021; Snyder & Silva, 2021). However, also non-proteinaceous
modification of membrane proteins can facilitate the formation of SDS-stable receptor aggregates (Feig et
al, 2007).

(ii) Calpain inhibition lowers the secretion of EVs and their specific inhibitor PD 150606 reduces formation
of endocytic vacuoles (Voronina et al., 2015; Catalano & O’Driscoll, 2019). Upon PD 150606 treatment
we here observed a blocked ChR1 degradation and accumulation of HMMCs. Calpains are non-lysosomal,
Ca2+-activated cysteine proteases present also in Chlamydomonas (Zhao et al., 2012). Calpain and local
Ca2+ signaling both regulate endomembrane trafficking (Burgoyne & Clague, 2003; Rudinskiy et al., 2009;
Himschoot et al., 2017). Thus, involvement of a calpain-like activity in ChR1 turnover would allow direct cou-
pling of photoreceptor internalization in the eyespot region to the actual light intensity via Ca2+-dependent
signaling initiated by ChR activation. The association of ChR1 with a voltage-gated Ca2+-channel reported
by Sanyal et al. (2023) might be of importance here. Additionally, ChR1 phosphorylation is regulated by
a Ca2+-based feedback loop (Bohm et al., 2019). Phosphorylation is also a signal for endocytosis of mem-
brane proteins, which can either be independent of or work together with ubiquitination to drive sorting
(Bonifacino & Traub, 2003; Arora & Van Damme, 2021). Notably, inhibiting ChR1 hyper-phosphorylation
with TEMPOL also blocks its degradation and induces ChR1mod and HMMC formation (Fig. 5J, Bohm et
al., 2019; Wolfram et al., 2023). Thus, hyper-phosphorylation cannot be responsible for the observed Mr

shifts of ChR1. Resolving the nature of the PTM(s) and the HMMC composition is subject of our ongoing
analyses.

(iii) CEP1 is the first molecularly unveiled protease essentially involved in ChR1 degradation. It belongs to
the papain-type C1A family, members of which are synthesized as inactive precursors in the ER and then
usually transported to vacuoles, lysosomes or are secreted. They are activated by cleaving off an inhibitory
N-terminal pro-peptide via limited intra- or inter-molecular proteolysis (Martinez et al., 2012). CEP1 lacks
an ER retention signal and proteomic approaches detected it in lysosome-related organelles, the soluble
secretome and an eyespot fraction (Eitzinger et al., 2015; Luxmi et al., 2018; Long et al., 2023). Its central
role for ChR1 homeostasis is pinpointed by the nearly complete loss of light-induced ChR1 degradation
and nearly doubled ChR1 levels in the knockout lines. Notably, ChR2 degradation was not significantly
affected, making possible general effects on membrane protein internalization and degradation due to CEP1
deletion unlikely (Fig. 3). The same surprising specificity in the control of ChR degradation was observed
in ΔPHOT strains. Wolfram et al. (2023) demonstrated that the abundance of ChR1, but not of ChR2,
is regulated partially by a PHOT-controlled signaling cascade involving a COP1-SPA1 E3 ubiquitin ligase
and a light-independent pathway via cAMP. Now we add CEP1 as an additional downstream component
to these cascade(s) as its mRNA level depends not only on a functional PHOT and SPA1, but also doubles
upon increased cAMP levels in the dark (Fig. 4, see Fig. 12A for a schematic model). Previously, a purely
light stimulated increase of CEP1 was noticed in a proteomic study of the interplay of light and oxygen in
the ROS response of Chlamydomonas (Barth et al., 2014). The low light saturation of the CEP1 mRNA
increase in our study underlines further the importance of a tightly regulated ChR1 level for the general
light acclimation response and that transcriptional regulation of photoprotection in Chlamydomonas starts
already during the dark-to-light transition (Redekop et al., 2022; Wolfram et al., 2023).

(iv) Our study also shows that disrupting either central IFT components, the involved motor proteins or
cilia formation all resulted in reduced ChR1 levels and increased degradation rates. Affecting intracellular
vesicle transport - irrespective whether e.g. from Golgi towards the PM or during retrieval from endosomes
- induces accumulation of ChR1-containing vesicles in the BB region and reduced eyespot targeting. This
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was earlier demonstrated by ChR1 immunolocalization in similar mutants (Awasthi et al., 2016). To avoid
possible cellular disturbance by the mis-targeted and undelivered photoreceptor, ChR1 degradation rates
apparently must increase under such conditions. Additionally, whenever cilia formation is affected, vesicle
fusion and endocytic sites close to the ciliary base, which are known from ciliated protists and vertebrate cells
(Molla-Herman et al., 2010; Ghossoub et al, 2011; Benmerah, 2013), might also be hindered. This again
could result in the necessity of increased ChR1 degradation. Further, cilia are a reservoir for membrane
receptors in many systems. They can travel in and out of the cilia and the total ciliary membrane is shed in
[?] 6h byChlamydomonas . Continuous resupply comes from both the cytoplasm and the PM via different
mechanisms such as diffusion after delivery near the ciliary base, endocytosis and vesicle transport in the
ciliary lumen (Dentler, 2013; Bigge et al., 2023; Ruba et al., 2023). Ciliary involvement as a short-term
reservoir prior to endocytosis and degradation or eyespot targeting is thus conceivable for ChR1. Further,
the ciliary targeting motif VXPX is crucial for the in vitrointeraction of ChR1 with ARL11 (Sharma et
al., 2023). We present here the first in vivo demonstration of the functional relevance of ARL11 for ChR1
transport and targeting to the eyespot and cilia. As its vertebrate counterpart ARF4 (Nakai et al., 2013),
ARL11 might additionally be involved in ChR1 retrieval from endosomes. Its relative proportion hereby
can, however, only be minor as the ChR1 degradation was normal in these mutants. Further, residual ciliary
ChR1 amounts in the ARL11 mutants indicate that additional components must be involved in targeting
(Fig. 9). As blocking SUMOylation reduces the ChR1 level and its stability in the cilia without affecting
that in the cell bodies or its general degradation (Fig. 8), our data also foster the suggestion of Sharma et
al. (2023) that SUMO is involved in ChR1 trafficking. In vertebrates SUMOylation of ARL13b promotes
cilia targeting of rhodopsin and other sensory receptors, although receptor SUMOylation is necessary but
not always sufficient for ciliary import (Li et al., 2012; McIntyre et al., 2015). Albeit deletion of ARL13 in
Chlamydomonas impedes the BBSome-mediated transport of selected proteins and thereby also phototaxis
(Dai et al., 2022), our data with arl13 andbbs4-1 showed that ChR1 transport does not involve these
components. The schematic model in Figure 12B summarizes our current view of ChR1 internalization. An
exciting future task will be the identification of further necessary targeting components. This and deciphering
the basis of the ChR1 Mr shifts and why ChR1 is also transported into the cilia will allow to develop a more
detailed molecular view on ChR1 homeostasis.
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FIGURE LEGENDS

Figure 1: Inhibition of endocytosis and deubiquitinylating enzymes (DUBs) reduces light-
induced ChR1-degradation.

(A, B) The endocytosis inhibitor Pitstop-2 impedes light-induced ChR1 degradation and induces ChR1
modifications and formation of ChR1-containing HMMCs. (A) CC-125 cells were pre-incubated at the end
of the night phase for 2 h in the dark with CHX and 15 μM Pitstop-2 or the solvent DMSO. The cells
were then illuminated for the indicated times with WL + UV (81 μmol m-2s-1) or kept further in the dark.
MetOH-Chloroform precipitated proteins were dissolved in reducing sample buffer, separated by SDS-PAGE
and analyzed by immunoblotting with anti-ChR1 as described. Representative immunoblots (anti-ChR1) of
three independent experiments are shown. Equal protein load is demonstrated by Coomassie Brilliant Blue
(Coomassie) staining of the lower part of the blots. -: ChR1 monomer; * indicates the region of the shifted
ChR1 monomer band (˜ 10 kDa; ChR1mod) and HMMCs indicate the position of the ChR1-containing high
Mr complexes. (B) Quantification of immunoblot analysis shown in (A). Data plotted are the mean ± SEM
(n = 3) and given as percentage of the total ChR1 content of the corresponding dark control. The differences
between the samples treated with Pitstop-2 and DMSO in the light are significant (unpaired t-test; p -values:
< 0.00025).

(C - E) PR-619, a broad spectrum DUB inhibitor, induces formation of ChR1mod forms and ChR1-containg
HMMCs in the light and reduces ChR1 degradation. At the end of the night phase CW15 cells were pre-
incubated (3 h) in the dark with CHX and 10 μM PR-619 or the solvent DMSO before illumination with WL
+ UV (81 μmol m-2 s-1) for the indicated times. Protein extraction and further processing were as described.
(C) A typical immunoblot analysis of whole cell extracts of three independent biological experiments is shown.
* marks the ChR1modregion and arrows indicate that of the HMMCs quantified in (E). (D) Quantification
of the immunoblot analysis shown in (C). Data are given as percentage of the total ChR1 content of the
corresponding dark samples (mean ± SEM from three independent experiments). (E) Quantification of the
relative proportions of the ChR1 monomer (including the bands marked by *) and HMMC bands marked in
(C). For quantification, the sum of the monomers and HMMCs in each lane was set to 100%. Data are given
as mean ± SEM of three independent experiments.

(F, G) Effects of the Arp2/3 complex inhibitor CK-666 on light-induced ChR1 degradation. (F) CC-125
cells were pre-incubated at the end of the night phase for 2 h in the dark with CHX and 250 μM CK-666 or,
as controls, with the same concentration of the inactive analog CK-689 or the solvent DMSO. Illumination
with WL + UV (81 μmol m-2 s-1) and further processing was as described. A representative immunoblot
of three independent experiments is shown. -: ChR1 monomer; * indicates the region of the shifted ChR1
monomer band (˜ 10 kDa; ChR1mod) and HMMCs indicate the position of the ChR1-containing high Mr

complexes. (G) Quantification of the immunoblot analysis shown in (F). Data are the mean ± SEM from
three independent biological replicates.

(H, I) CC-125 cells were pre-incubated in the dark for 1 h with CHX and the DUB inhibitor PR-619
(10 μM) prior to addition of 250 μM CK-666, its inactive analog CK-689 or the solvent DMSO. Following
an additional 2 h dark incubation the cultures were illuminated as above. -: ChR1 monomer; * indicates
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the ChR1mod region and HMMCs indicate the position of the ChR1-containing high Mr complexes. (I)
Quantification of the immunoblot analysis shown in (H). Data presented are the mean ± SEM from three
independent biological replicates

Figure 2: The calpain inhibitor PD 150606 prevents light-induced ChR1 degradation. CW15
cells at the end of the night phase were incubated for 3 h in the dark in the presence of CHX either with
PD 150606, its inactive analogue PD 145305 (both 60 μM) or the solvent EtOH prior to illumination for the
indicated times with WL + UV (81 μmol m-2 s-1). MetOH-Chloroform precipitated proteins were dissolved in
reducing sample buffer, separated by SDS-PAGE and analyzed by immunoblotting. (A)Immunoblot analysis
of the samples after separation by standard, reducing SDS-PAGE. A representative blot of six independent
biological replicates is shown. Coomassie staining of the lower part of the blot serves as a loading control. *
marks the region of the ChR1mod forms and arrows indicate the position of the ChR1 monomer and HMMCs
quantified in (C). (B) Quantification of immunoblot analysis of CW15 cells treated as described above. Data
are given as percentage of the total ChR1 content of the corresponding dark samples (mean ± SEM from six
independent experiments). (C)Quantification of the relative proportions of the ChR1 monomer (including
the ChR1mod region) and HMMCs marked in (A) by arrows. For quantification, the sum of the monomers
and HMMCs in each lane was set to 100%. Data are the mean ± SEM from six independent biological
experiments.

Figure 3: Effects of cysteine endopeptidase CEP1 knock-out on ChR1 and ChR2 starting
content, degradation, eyespot size and growth.Three independent ΔCEP1 strains (ΔCEP1-A to C)
along with the parental strain CC-3403 (wt) were pre-incubated in the dark with CHX and illuminated
for the indicated times with WL + UV (81 μmol m-2 s-1). Further processing and quantification of the
ChRs was done as described. Light-induced ChR1(A, B) and ChR2 (E) degradation and normalized
starting levels at the end of the night phase (C: ChR1;F: ChR2). Data plotted are the mean ± SEM from
three independent biological replicates. (D) Box plot (whiskers min to max) of the eyespot area of the
four strains. Different lower case letters indicate statistically significant differences (ANOVA analyses with
Tukey´s multiple comparison post test, p < 0.0001;n = 102 to 113 cells grown under 60 μmol m-2s-1 WL).
Cultures were grown and analyzed in parallel.(G) Growth curves of the ΔCEP1 strains and their parental
strain CC-3403 (wt) in TAP medium under WL (60 μmol photons m-2 s-1). (H) Total chlorophyll and
carotenoid content of cells after five days of growth as in (G). Data in G and H are the mean ± SEM of
three independent biological replicates. Differences are not significant.

Figure 4: CEP1 mRNA levels respond to low intensity WL and are controlled by PHOT, the
E3 ligase complex component SPA1 and cyclic nucleotides.

(A, B) Responses of CEP1 mRNA levels to low intensity WL. (A) CC-125 cells were grown at 60 μmol
m-2s-1 WL in a 14/10 h light/dark cycle for 5 days. mRNA levels were determined by RT-qPCR from
samples harvested directly prior to onset of illumination (dark) and 2 h after illumination with the indicated
light intensities. mRNA levels were normalized toα-τυβυλιν and are given relative to those of the dark
sample (mean ± SD; n: three independent biological replicates). Different lower case letters mark significant
differences (two-tailed t-test, p -values [?] 0.05). (B) Cells of strain CC-125 were grown at the indicated
WL intensities, analyzed and normalized as described above. Different lower case letters mark significant
differences (mean +- SD, n = three independent biological replicates; two-tailed t-test, p -value [?] 0.05).

(C, D) Responses of HY5 mRNA levels to low intensity WL.HY5 mRNA in CC-125 cells, in (C) grown
as in (A) and (D) grown as in (B), was analyzed directly prior (dark) or two h after onset of illumination
(light) as described above. Sample sizes and statistical treatments as in (A) and (B), significant differences
to the corresponding dark levels are marked with different lower case letters.

(E) CEP1 mRNA levels in the ΔPHOT and the parental (wt) strain were determined by RT-qPCR from
cultures harvested directly prior (dark) and 2 h after onset of the light phase. mRNA levels were normalized
to α-τυβυλιν and are given relative to those of the wt strain in the dark ± SD (three independent biological
replicates). Different lower case letters: statistically significant differences (two-tailed t-test, p -values [?]
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0.05).

(F) CEP1 mRNA levels in the spa1 mutant, which is defective in the E3 ubiquitin ligase component SPA1
(Tokutsu et al., 2019) and its corresponding parental strain (wt) were determined, normalized and plotted
as in (E). Data are the mean +- SD of three independent experiments. Different lower case letters indicate
statistically significant differences (two-tailed t-test,p -values [?] 0.05).

(G) Cells of strain CC-125 were grown as in (A). CEP1 mRNA levels were determined directly prior to the
onset of illumination in control cultures and cultures incubated for 21 h with 1 mM IBMX in the absence
of CHX. Mean +- SD; n = three independent biological replicates; different lower case letters: statistically
significant difference (two-tailed t-test; p -value: 0.004).

Figure 5: ChR1 and its modified forms are present in the cell body and cilia.

(A – D) Indirect immunolocalization of ChR1 (magenta) and acetylated tubulin (acTUB, green) in perme-
abilized cells (A, B) and detached cilia (C, D). Note that ChR1 in cilia can only be detected with longer
exposure times. Images shown are maximum intensity projections of representative cells and cilia of strain
CC-125 analyzed at the end of the night phase. White arrows indicate the position of the eyespot; DIC:
differential interference contrast; scale bars: 10 μm.

(E – H) Cilia (C) were isolated from the indicated strains either at the end of the night phase under red
safety light or after illumination by the pH shock method and analyzed along with crude extracts (CE) by
SDS-PAGE as described. Coommassie Brilliant Blue (Coomassie) staining indicates a comparable protein
load. (E) The ChR1 signal is detected in the CE and purified C of dark-kept cells of the parental strain
(wt, CC-3403) but not in the ΔChR1 strain. Protein load: 8 μg. (F) Purified C of dark-kept CC-125
cells were sub-fractionated into the membrane-matrix (MM) and axonemal fraction (Ax) and analyzed by
immunoblotting along with the CE. Protein load: 4 μg. (G, H) The ChR1 level in highly purified (G) and
rapidly isolated cilia (H) decreases upon illumination. CC-3403 cells were illuminated either for 2 h (G) or
the indicated times (H) with WL + UV (81 μmol m-2s-1) prior to immunoblot analyses. For comparison, also
the CE is shown in (G). Protein load: 8 μg. Data plotted in (H) are the mean ± SEM of three independent
biological replicates.

(I, J) ChR1mod forms are present in cilia. (I) Cells from strain CC-125 were harvested at the end of the
night phase, pre-incubated for 1 h with CHX and the following fractions were isolated from dark-kept cells or
illuminated cells (1 h; WL + UV; 188 μmol photons m-2 s-1): crude extract (CE), cell bodies (CB), and cilia
(C). Samples were separated by SDS-PAGE and analyzed by immunoblotting with anti-ChR1. Equal protein
load is demonstrated by Coommassie Brilliant Blue (Coomassie) staining of the lower part of the blots. (J)
CC-125 cells were treated as in (I) and, where indicated, additionally incubated with 100 mM TEMPOL.
Fractions (8 μg) shown in I and J were separated on one gel and the immunoblots of the purified ciliary
fractions were developed 7 – 8.5 x longer than the other fractions. * indicates the region of the ChR1mod

forms and HMMCs indicate the position of the ChR1-containing high Mr complexes. Representative blots
of two independent biological replicates are shown.

Figure 6: Light-induced ChR1 degradation and starting levels in mutants affected in compo-
nents of the IFT machinery and the motor proteins dynein and kinesin-2

(A - C) ΔIFT88 cells were incubated along with the rescued strain CC-5687 at the end of the night phase
for 1 h in the dark in the presence of CHX before being illuminated with WL + UV (81 μmol m-2 s-1)
for the indicated times. Protein extraction, further processing and ChR1 quantification were as described.
(A) shows a representative immunoblot probed with anti-ChR1 and Coomassie Brilliant Blue (Coomassie)
staining of the lower part of the blot to demonstrate equal protein load. (B) Quantification of the immunoblot
analyses shown in (A). Data points are the mean ± SEM (n = three independent biological replicates). (C)
Normalized ChR1 starting levels prior to the onset of illumination.

(D, E) Light-induced ChR1 degradation (D) and ChR1 starting levels (E) in cells just prior to illumination
of the insertional mutant strain bbs4-1 and the rescued strain CC-4373. Treatments and ChR1 quantification
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were as described above. Data points are the mean ± SEM (n = four independent biological replicates).

(F, G) Cells of the strain ΔLC8 along with the rescued strain CC-3939 were treated as described in (A –
C). (F) shows the light-induced degradation kinetics and (G) the ChR1 starting level normalized to CC-3939
just prior to illumination. Data plotted are the mean ± SEM of four independent biological replicates.

(H, I) Cells of the kinesin-2 null mutant strain ΔKin2 and strain CC-2929 (wildtype) cells were treated and
analyzed as above. ΔKin2 lacks cilia completely (Matsuura et al., 2002). (H) shows the ChR1 degradation
kinetics and (I) the normalized starting levels of the photoreceptor. Data points are the mean ± SEM (n =
four independent biological replicates).

(J, K) Cells of the temperature-sensitive Fla10-1 mutant of kinesin-2 (Wahlter et al., 1994) were grown
at 15 °C and shifted for 20 h either to 33 °C or kept at 15 °C. Resorption of cilia at 33 °C was verified
by phase contrast microscopy. At the end of the night phase both cultures were supplemented with CHX,
pre-incubated for 1 h in the dark and the illuminated with WL + UV as above. The desired temperature was
maintained during the illumination period. Data for the degradation kinetics (E) and the normalized starting
levels at the end of the night phase (F) are the mean ± SEM of three independent biological replicates.

Figure 7: Light-induced ChR1 degradation and dark levels in strains affected in cilia formation.

Cells of the indicated strains were pre-incubated for 1 h in the dark with CHX and illuminated for the
indicated times with WL + UV (81 μmol m-2 s-1). Further processing and quantification of ChR1 was done
as described.

(A, B) Light-induced ChR1 degradation of cells possessing only the trans cilium (uni1 ) and two cilia
lacking (bld ) strains (A) and their ChR1 starting levels (B) at the end of the night phase relative to strain
CC-125 (wt). Data are the mean ± SEM of three independent biological replicates.

(C – E) Light-induced ChR1 degradation (C, D) and relative ChR1 starting levels (E) of two cilia lacking
mutant strains (CC-2906, CC-2907) and their corresponding suppressor mutants (CC-2908, CC-2909). Data
are the mean ± SEM of three independent biological replicates.

(F) Wild-type cells (CC-125) were pre-incubated at the end of the night phase in the dark for 1 h with
CHX and, as indicated, with or without colchicine (CLC). Cells were then de-ciliated under red safety light
by pH shock with acetate buffer. De-ciliation was verified by phase contrast microscopy (Fig. S10). The
corresponding control cultures were treated as these cells, except that TAP was used instead of the acetate
buffer. Cell bodies were pelleted, suspended in fresh TAP supplemented with CHX and CLC as indicated
and incubated in the dark for 30 min. Cultures were then illuminated for the indicated times with WL +
UV (81 μmol m-2 s-1) and analyzed for their ChR1 content. Data are the mean ± SEM of five independent
biological replicates.

Figure 8: Effects of the SUMOylation inhibitor 2-D08 on light-induced ChR1 degradation and
its ciliary levels.

(A, B) CC-125 cells were harvested under red safety light at the end of the night phase, pre-incubated in
the dark with fresh TAP with 2-D08 (50 μM) or the solvent DMSO for 6 h and illuminated for the indicated
times with WL + UV (81 μmol m-2s-1). Additionally, CHX was added 1 h prior to illumination to the
medium. Further processing and quantification of ChR1 was as described. Data points are the mean ± SEM
of three independent biological replicates.

(C) CC-125 cells were harvested at the end of the night phase, suspended in fresh TAP without CHX
supplemented with 2-D08 (50 μM) or DMSO and incubated for 6 h in the dark. Cells were then de-
ciliated under red safety light by pH shock with acetate buffer. Successful deciliation was verified by phase
contrast microscopy. After neutralization and centrifugation, the cell bodies were suspended in fresh TAP
supplemented with 2-D08 or DMSO but without CHX. Cilia regeneration was allowed in the dark for 2 h
prior to an additional de-ciliation. Samples (8 μg) of the crude extract (CE), cell bodies (CB), and purified
cilia (C) were separated by SDS-PAGE and analyzed as described. Coommassie Brilliant Blue (Coomassie)
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staining demonstrates equal protein load. All fractions were separated on one gel and the immunoblot of
the purified cilia was developed 9.4 x longer than that of the other fractions. * indicates the region of the
ChR1mod forms. Representative blots of two independent biological replicates are shown.

Figure 9: Effects of ARL11 knock-out on ChR1 starting levels, degradation, ciliary localization,
cilia length, swimming speed and eyespot size.

(A – C) Two independent arl11 mutant strains along with their parental strain CC-3403 were pre-incubated
in the dark with CHX and illuminated for the indicated times with WL + UV (81 μmol m-2 s-1). Further
processing was done as described. (A, B) Light-induced ChR1 degradation and (C) normalized starting
levels at the end of the night phase. Data plotted are the mean ± SEM from three independent biological
replicates.(D) DIC images of the arl11 mutant strains and their parental strain. Arrowhead: eyespot, scale
bars: 5 μm. (E) Box plot (whiskers min to max) of the eyespot area. Cultures of the different strains were
grown under 20 μmol m-2s-1 WL and analyzed in parallel. Different lower case letters indicate statistically
significant differences (ANOVA analyses with Tukey´s multiple comparison post test, p < 0.0001;n = 98 to
108 cells). (F) Box plot (whiskers min to max) of the swimming speeds of cells from the indicated strains
(n: 75 – 115). Scattered dot plot of the cilia length of the same strains at the beginning of the light phase (n
: 80 – 97; line: mean). No statistically significant differences between the strains were resolved by ANOVA
analyses with Tukey´s multiple comparison post test for both parameters. (G) Purified cilia and cell bodies
of the twoarl11 mutants and CC-3403 were isolated from dark grown cells and analyzed by immunoblotting.

Figure 10: ChR1mod, HMMCs and ChR1 degradation products are present in extracellular
vesicles (EVs).

(A) Detection of ChR1mod in EVs and proof of signal specificity. EVs and CE were isolated from two different
parental strains and their corresponding ΔChR1 strains at the end of the dark phase under red safety light.
Aliquots of 8 μg were analyzed after separation by SDS-PAGE and immunoblotting with anti-ChR1. *
indicate the region of the ChR1mod forms and HMMCs indicate the position of the ChR1-containing high
Mr complexes. See (E) for a list of all strains analyzed with similar results.(B) ChR1mod forms are enriched
in ΔCEP1-C EVs in comparison to its parental strain CC-3403. EVs were isolated from cells illuminated for
2 h with WL + UV (188 μmol photons m-2 s-1) in the presence or absence of 1mM PMSF. For comparison
also the CE of ΔCEP1-C was loaded. Protein load: 8 μg. (C, D) Time-course analyses of the appearance of
the ChR1mod forms upon illumination with WL + UV (188 μmol photons m-2 s-1) in EVs from the strains
ΔCEP1-C (C) and its parental strain CC-3403 (D). Note the difference in protein load between C (6 μg)
and D (8 μg). (E)List of all strains analyzed for the presence of ChR1 in EVs.

Figure 11: EVs from strains with and without cilia differ in size and protein composition .

Whole mount electron microscopy of fixed, negatively stained EVs from the ciliated strain CC-2908 (A-E)
and strain CC-2906 with no cilia (F-J). The EVs exhibit the typical cup-shaped morphology of exosomes. No
vesicles were visible in identically treated control grids with buffer. EVs were isolated from the supernatant
of 5 billion cells transferred at the end of the night phase to an identical volume of fresh TAP medium after
a two h incubation period in the dark. Scale bars: 200 nm (A – E; G – J) and 500 nm (F). (K, L) Size
distribution profiles of the EVs. Images were analyzed with the TEM ExosomeAnalyzer (Kotrbová et al.,
2019; settings: minimal vesicle size 10 nm and 5 nm bin size). (M) Protein patterns of EVs isolated from
the indicated strains. bld2 and CC-2906 cells lack cilia. Protein load based on equal cell number used for EV
isolation. For comparison also 6 μg of crude extracts (CE) resolved on the same gel are shown.

Figure 12: Schematic model depicting the regulation ofCEP1 expression (A) and ChR1 inter-
nalization via the endocytic pathway.

(A) Excitation of the blue-light receptor PHOT inhibits an E3 ubiquitin ligase complex (SPA1, COP1,
CUL4, DDB1, RBX1, ubiquitin-conjugating enzyme E2), thereby preventing poly-ubiquitination (U) of
transcription factors like Hy5 and other yet unidentified factors (?). The transcription factor interacting
with the CEP1 gene is not yet known. In turn the transcription factors accumulate in the nucleus and
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lead to increased transcription of CEP1 and additional genes involved in ChR1 degradation. Independent
from light, increased cAMP levels can lead to increased levels of the CEP1 mRNA. CEP1 is transported
to lysosomes and MVBs. (B) Increasing illumination leads to removal of ChR1 from the PM region of the
eyespot apparatus (EA) and its accelerated endocytotic internalization, most likely via CME. Prior or during
endocytosis ChR1 is modified and forms HMMCs. The nature of the modifications is not yet known. Our
inhibitor studies point to ubiquitination and/or SUMOylation. The cysteine protease CEP1 is essential for
ChR1 degradation in lysosomes (LY) and MVBs. Additionally, a minor fraction of the ChR1modforms and
HMMCs are secreted via fusion of MVBs at the PM and/or the ciliary base in EVs. The small GTPase
ARL11, which interacts with the ciliary targeting VXPX motif in the C-terminus of ChR1 (Sharma et al.,
2023), is important for the formation of ChR1 transport vesicles at the TGN, and/or their transport and
targeting to the cilia and eyespot. It might have also a function in retrograde transport from the early
endosomes (EE) to the TGN. Further, SUMOylation is important for cilia targeting of ChR1, which - as the
potential role of the cilia in ChR1 homeostasis - is not depicted here. See text for a more detailed discussion.
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