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Cilia are sensory and secretory organelles that both receive information from the envi-
ronment and transmit signals. Cilia-derived vesicles (ectosomes), formed by outward
budding of the ciliary membrane, carry enzymes and other bioactive products; this pro-
cess represents an ancient mode of regulated secretion. Peptidergic intercellular commu-
nication controls a wide range of physiological and behavioral responses and occurs
throughout eukaryotes. The Chlamydomonas reinhardtii genome encodes what appear
to be numerous prepropeptides and enzymes homologous to those used to convert
metazoan prepropeptides into bioactive peptide products. Since C. reinhardtii, a green
alga, lack the dense core vesicles in which metazoan peptides are processed and stored,
we explored the hypothesis that propeptide processing and secretion occur through the
regulated release of ciliary ectosomes. A synthetic peptide (GATI-amide) that could be
generated from a 91-kDa peptide precursor (proGATI) serves as a chemotactic modula-
tor, attracting minus gametes while repelling plus gametes. Here we dissect the process-
ing pathway that leads to formation of an amidated peptidergic sexual signal specifically
on the ciliary ectosomes of plus gametes. Unlike metazoan propeptides, modeling stud-
ies identified stable domains in proGATI. Mass spectrometric analysis of a potential
prohormone convertase and the amidated proGATI-derived products found in cilia and
mating ectosomes link endoproteolytic cleavage to ectosome entry. Extensive posttrans-
lational modification of proGATTI confers stability to its amidated product. Analysis of
this pathway affords insight into the evolution of peptidergic signaling; this will facili-
tate studies of the secretory functions of metazoan cilia.
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Cilia are membrane-delimited, microtubule-based cell extensions that protrude into the
extracellular space and function as key motile, sensory, and secretory organelles in
many eukaryotes (1). These complex organelles, which were present in the last eukary-
otic common ancestor, both receive and transmit signals (2, 3). Proteins encoded by
~5% of the human genome contribute to their assembly, structure, and function (4).
Mutations in many of these genes cause ciliopathies, with phenotypes ranging from
neurological malformations, skeletal abnormalities and kidney disease to infertility,
obesity, and insulin resistance (5). The ciliary localization of receptors for peptides such
as Wnt, Hedgehog, insulin, somatostatin, and a-melanocyte stimulating hormone
(aMSH) plays an essential role in their signaling ability (6-8). Chlamydomonas rein-
hardtii, a chlorophyte green alga, has served as a key model organism for dissecting cili-
ary assembly, function, and signaling (9, 10).

Secreted peptides are an ancient means of intercellular communication. Genes encod-
ing potential peptide precursors can be identified based on the presence of an N-terminal
presequence, which directs the nascent chain into the lumen of the endoplasmic reticu-
lum (ER), multiple sites subject to cleavage by subtilisin-like prohormone convertases,
and multiple sites at which C-terminal amidation could occur (11). Posttranslational
modification—including disulfide bond formation, N- and O-glycosylation, lipidation,
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endo- and exo-proteolysis, and peptide amidation—occur as the newly synthesized

peptide precursors travel from the ER to the Golgi complex and are packaged for secre-
tion (12-16). Peptidylglycine a-amidating monooxygenase (PAM), an ancient copper-
dependent monooxygenase, catalyzes a late step (amidation) in the biosynthesis of a
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broad array of peptides, such as mammalian aMSH and vasopressin, the sea urchin
sperm attractant resact, as well as numerous invertebrate venom peptide toxins. Amidation
occurs via a two-step reaction catalyzed by the sequential actions of the monooxyge-
nase (peptidylglycine a-hydroxylating monooxygenase; PHM) and lyase (peptidyl-
a-hydroxyglycine a-amidating lyase; PAL) catalytic cores of PAM (17).

Active PAM localizes to Golgi membranes and to the ciliary membrane, and plays
an essential role in ciliogenesis in C. reinbardtis; its ciliary localization is conserved in

metazoans (18, 19). Although their phenotypes differ substantially, a role for PAM in
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ciliary formation and maintenance is also observed in mice,
zebrafish, and planaria (18-20). How an enzyme essential for a
final step in the biosynthesis of secreted peptides contributes to
ciliogenesis remains unclear. In metazoans, the processing of
peptide precursors and packaging of product peptides for release
in response to an appropriate stimulus is regulated in part by
luminal pH. Lacking dense core vesicles, C. reinhardtii rely on
the secretion of soluble cargo from Golgi-derived vesicles and
the regulated release of extracellular vesicles (ectosomes) by out-
ward budding from the ciliary membrane (21-25).

Bioactive ectosomes released from the cilia of vegetative cells
contain a subtilisin-like endoprotease (VLE1) that degrades the
mother cell wall (22, 24, 26), but do not contain PAM (27).
Under plentiful nutrient conditions, haploid C. reinhardtii cells
divide by mitosis. Starvation triggers a genetically encoded
developmental process resulting in the formation of sexual
gametes of opposite mating type (termed minus and plus). Ecto-
some release increases rapidly when minus and plus gametes are
mixed (21). Mating ectosomes contain PAM and a variety of
amidated products, including one that could be derived from
preproGATI, one of the many putative prepropeptides encoded
by the C. reinhardsii genome (27). The interaction of mating
cell cilia triggers a complex intraciliary signaling pathway that
leads to loss of gametic cell walls, formation of mating structures,
and cell fusion, yielding a quadriciliate cell that ultimately devel-
ops into a diploid zygote. When nutrient conditions improve,
the zygote hatches, releasing haploid meiotic progeny (28).

The sequence of the peptidylglycine precursor to the 23-residue
GATI-amide peptide, which attracts minus gametes and repels plus
gametes, is contained at the C-terminus of proGATI (27). Ami-
dated peptides from echinoderms, Hydra, vespids, and humans
have also been reported to induce chemotaxis (29-32). By devel-
oping the tools needed to evaluate proGATT processing and secre-
tion during mating and taking advantage of structural predictions
made for proGATT using RoseTTAFold (33) and AlphaFOLD 2
(34), a role for extensive posttranslational processing and the regu-
lated entry of proGATT and its cleavage products into mating
ectosomes were identified. As PAM, peptide processing enzymes,
and cilia are broadly conserved in eukaryotes, this study provides a
paradigm for understanding how peptides that transmit chemotac-
tic sexual and other signals through cilia can be generated and
released in a controlled manner.

Results

Processing of proGATI Is Mating-Type Specific. Transcriptomic
studies identified mating as a developmental stage during which
expression of both PAM and preproGATI is increased (35).
PAM protein and activity have been identified in mating ciliary
ectosomes, but not in vegetative ectosomes (27). Most impor-
tantly, several amidated peptides that could be derived from
putative C. reinhardtii prepropeptides were identified in tryptic
digests of mating ectosomes (27). Based on its increased expres-
sion in resting and activated gametes, we focused on one of
these, preproGATI. In-gel tryptic digestion of high molecular
mass proteins (>100 kDa) found in mating ectosomes yielded
an amidated 23-amino acid peptide that could be derived from
proGATT and was identical to the synthetic GATI-amide pep-
tide (27) (Fig. 1A). Like the original 23-residue GATI-amide
peptide, a shorter 11-residue amidated peptide also produced a
mating-type—specific chemotactic response by gametes; amida-
tion of these peptides was essential for this biological activity.
The amidation of proGATI requires removal of three Arg
residues by a carboxypeptidase E-like exoprotease (Fig. 1A),
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generating a Gly-extended protein that serves as the PAM sub-
strate; following a-hydroxylation of this Gly residue by PHM,
PAL-mediated cleavage produces a protein terminating with a
C-terminal Ile-amide. To explore the posttranslational process-
ing, trafficking, and secretion of amidated products generated
from proGATI, we produced and validated affinity-purified
rabbit polyclonal antibodies to a synthetic peptide located near
its N terminus (N-ter peptide) and to the chemomodulatory
amidated 11-residue peptide (C-ter peptide); together, these
antibodies detect four specific bands in ciliary ectosomes (Fig. 14;
see SI Appendix, Fig. S1 for antibody validation). Preincubation
of the antiserum with C-ter antigenic peptide eliminated the
250- and 75-kDa bands while preincubation with N-ter anti-
genic peptide eliminated the 250-, 120-, and 63-kDa bands.
When used for immunoblots or immunofluorescence, addition
of the amidated peptide blocked the signal produced by the
affinity-purified C-ter antibody; the signal was not blocked by
the same peptide terminating with a free carboxyl group or by
its glycine-extended precursor, demonstrating its specificity for
the presence of Ile-amide; signals produced by affinity purified
N-ter antibody were also blocked by the N-ter antigenic peptide
(81 Appendix, Fig. S1).

Gametic cells, their deciliated cell bodies, and isolated cilia
were subjected to immunoblot analysis. Use of the N-ter and
C-ter antibodies revealed enrichment of a 250-kDa band recog-
nized by both antibodies in the cilia of minus and plus gametes
(Fig. 1B). Although the mass predicted for proGATI is 91 kDa,
extensive N- and O-glycosylation of proteins can result in appar-
ent molecular mass estimates that far exceed those of unmodified
proteins, leading us to hypothesize that the 250-kDa band, the
only product detected by both the N-ter and C-ter antibodies,
represented proGATI. The C-ter antibody also detected a
75-kDa band in the cilia of plus gametes; the N-ter antibody
detected only the 250-kDa protein. The 75-kDa C-ter band
was detectable in whole cells of plus gametes, was greatly
enriched in isolated cilia, and was essentially undetectable in
deciliated cell bodies (Fig. 10).

The specificity of the affinity-purified C-ter antibody suggested
that the 75-kDa product was an amidated C-terminal fragment
of proGATIL To determine its identity and confirm its amida-
tion, the affinity-purified C-ter antibody was used to isolate
the 75-kDa proGATI fragment from plus gamete cell lysates
(Fig. 1D). Mass spectroscopy after in-gel tryptic digestion con-
firmed complete amidation of its C terminus. The peptides identi-
fied provided 76.4% coverage of the region from Met®’ to
1e”-amide, yielding a predicted molecular mass of 23 kDa. The
underlined sequence immediately preceding the experimentally
determined N terminus of 75-kDa GATI (-SVRESR|M®’EA-)
matches the criteria for cleavage by a furin-like endoprotease ([R/
K]-X,-[R/K][X; 7 =0, 2, or 4) (36). This proGATT region con-
tains two potential N-glycosylation sites (N*'4TT, N3%QT) and
two potential hydroxyproline O-glycosylation sites (SP”*’L and
AP®G), raising the possibility that these modifications are
responsible for its greatly increased apparent molecular mass.

Following removal of its N-terminal signal peptide in the ER,
newly synthesized proGATI would be expected to travel through
the lumen of the secretory pathway, undergoing posttranslational
modifications, ranging from disulfide bond formation and N- and
O-glycosylation to endoproteolytic cleavage by subtilisin-like
endoproteases, trimming by exoproteases and C-terminal amida-
tion. We used immunofluorescence microscopy to determine the
subcellular localization of amidated proGATI-derived proteins in
resting gametes. Maximal Z-projection confocal images of minus
and plus gametes showed that the C-ter GATI signal was localized
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Fig. 1. Processing and localization of proGATI in minus and plus gametes. (A) Diagram shows Cre03.g204500 (preproGATI) with Prorich regions in orange.
The N-terminal and C-terminal peptides used as antigens are shown above the diagram. The pathway leading to C-terminal amidation is illustrated below
the diagram. The immunoblot to the right of the diagram shows the bands detected by serum from one of the rabbits (CT327) inoculated with a mixture of
N-ter and C-ter peptide conjugates (S/ Appendix, Fig. S1). (B) Immunoblot of cells, deciliated cell bodies (CB) and cilia of minus (G124—) and plus (G125+) rest-
ing gametes using affinity-purified proGATI N-ter and C-ter antibodies. Equal amounts of protein (20 pg) were loaded. (C) Quantification of C-ter signal
revealed significant enrichment of both 250-kDa and 75-kDa bands in cilia. Results are the average of duplicates. Means were compared with + range. Aster-
isks indicate significant differences between groups: *P < 0.05, **P < 0.01, ***P < 0.001. (D) Affinity-purified C-ter antibody was used to immunoprecipitate
cross-reactive material from mating type plus (CC125) gamete cell lysates. The 75-kDa fragment (red arrowhead) was excised and analyzed by mass spec-
trometry. (F) Only peptides between Met®®” and lle®**-amide were identified, covering 76.4% of this region; all of the spectra identified from the C terminus
were amidated. (F) Maximal projection confocal images of minus and plus resting gametes stained with the C-ter proGATI antibody (green) and antibody to FMG1
(red). Insets show a single Z-plane. Plus gametes probed with antibody preincubated with the GATI-amide peptide (Peptide block) exhibit reduced staining (green)
in cell bodies and cilia (Bottom). Similar localization of proGATI in gametes was obtained in three independent experiments. (Scale bars, 5 um apply to all panels.)

to discrete puncta throughout the cytoplasm (Fig. 1/); this signal
could represent intact 250-kDa proGATI or its 75-kDa C-ter
product. In contrast, simultaneous visualization of flagellar mem-
brane glycoprotein 1 (FMG1), a type I ciliary membrane glyco-
protein, revealed more signal in the cilia and around the margins
of the cell body. Single Zstack images showed the accumulation
of C-ter GATI signal at the cell surface, colocalized with FMG1
(Fig. 1 F, Insets). Diffuse C-ter GATT signal along the length of
the cilia was also observed in both mating types (Fig. 1F). To
confirm staining specificity, the C-ter antibody was preincubated
with antigenic peptide; signal intensity (green) was greatly reduced
(Fig. 1 F, Bottom). The punctate staining in the cell body may
represent  Golgi-derived vesicles; puncta are distributed over a
larger cytoplasmic region than the perinuclear Golgi stacks (87
Appendix, Fig. S2) (see for example ref. 18). Fractionation of
gametic cytoplasm revealed that proGATI was mainly present in
the microsomal fraction as was FMG1; in contrast, most ARF1
remained in the cytosol (SI Appendix, Fig. S3). Although pro-
GATT lacks a transmembrane domain, the C-ter GATT antibody
signal highlights the ciliary membrane, suggesting an interaction
of proGATT with other ciliary membrane proteins.

Mating Selectively Triggers the Ectosomal Trafficking and
Processing of proGATI. The initiation of mating triggers the
formation and rapid release of ciliary ectosomes (21). This pro-
cess involves the outward budding of the ciliary membrane
(24), placing the catalytic domains of PAM on the outer surface

PNAS 2022 Vol. 119 No.31 2206098119

of ectosomes within a few minutes; strikingly, neither PAM
activity nor PAM protein has been identified in the soluble
secretome (18, 27). In contrast, amidated GATI products were
identified in both mating ectosomes and occasionally in the sol-
uble secretome (11). The presence of GATI proteins in ecto-
somes suggests that they interact with the ectosomal surface,
which contains two lectin receptor-related proteins that might
recognize sugar moieties.

To explore this possibility, ectosomes prepared from mating
gametes were embedded in agarose and imaged by thin section
transmission electron microscopy (EM); the vesicles observed
ranged from ~80 nm to ~260 nm in diameter, with minimal con-
tamination from other cell debris (Fig. 24). Exposure of membra-
nous organelles to high pH buffers removes many proteins whose
interactions with membranes are noncovalent; the surface of ecto-
somes washed in pH 11.5 Na,COj3 appeared smoother than
before washing, and had a selective effect on the ectosomal associa-
tion of proGATT and its products (S Appendix, Fig. S4).

Deciliated mixed gamete cell bodies, cilia, and ectosomes
prepared 1 h after the initiation of mating were subjected to
immunoblot analysis (Fig. 2B). Based on use of both the N-ter
and C-ter antibodies, proGATTI products were undetectable in
the cell bodies, and cilia contained only the 250-kDa proGATI
protein. In contrast, mating ectosomes contained 250-kDa pro-
GATI along with a 120-kDa N-ter fragment and the 75-kDa
C-ter fragment. (Fig. 2B). Quantification revealed enrichment
of 250-kDa proGATT in mating ectosomes and an even greater
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Fig. 2. Processing of proGATI in mating ectosomes. (A) Cross-section
transmission electron micrograph of an agarose-embedded ectosome pel-
let isolated from 1 h -/+ mixed gametes. Inset shows a higher magnification
image of ectosomes treated with Na,COs3 to remove peripheral membrane
proteins. (Scale bar, 100 nm.) Images are representative of three indepen-
dent experiments. (B) Deciliated cell bodies (CB), cilia, and ectosomes (Ecto)
isolated from mixed gametes were fractionated by SDS/PAGE, blotted,
and probed with the affinity purified N-ter and C-ter proGATI antibodies.
(C) Graphs showing enrichment of N-ter and C-ter signals for the 250-kDa
band and smaller fragments. Results are average of two independent
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enrichment of the 120 kDa N-ter and 75 kDa C-ter fragments
(Fig. 20). These observations suggest that the cleavage creating
the N-ter and C-ter fragments of proGATI occurs during ecto-
some formation or on the ectosomal surface.

For comparison, we evaluated the specificity and selectivity
with which two type I integral membrane proteins, PAM and
FMGI1, move from cilia into ectosomes during mating (Fig. 2
D and E). PAM was previously identified in mating ectosomes,
but was not found in vegetative ectosomes (27), while FMGI is
present in both (22, 27). Immunoblot analysis confirmed the
presence of PAM and FMGI in mating ectosomes. After an
hour of mating, negligible PAM remained in the cilia; although
mating ectosomes contained PAM, its ectosomal levels did not
exceed those in the cell body (Fig. 2D). FMGI levels in cilia
and mating ectosomes greatly exceeded those in cell bodies, but
FMGT1 levels in mating ectosomes did not exceed those in cilia
(Fig. 2E). One hour after the initiation of mating, most of the
proGATI had moved into ectosomes, with little remaining in
the cell bodies or cilia (Fig. 2B).

Mating Ectosomes Contain an Extensively Modified 75-kDa Frag-
ment that Includes the Amidated Chemomodulatory Peptide.
As described for cell lysates (Fig. 1D), the 75-kDa C-ter fragment
found in mating ectosomes was enriched by immunoprecipitation
using the C-ter antibody (Fig. 3A4). Analysis of in-gel tryptic
digests revealed its complete C-terminal amidation. The other
proGATT tryptic peptides identified in this sample provided
almost complete coverage (79.7%) of the region from M®” to
1e”*“- amide, the amidated C terminus of the chemomodulatory
peptide (Fig. 3B). Both the presence of extended Prorich regions
and extensive glycosylation of proGATT could contribute to the
aberrant molecular mass estimates provided by SDS/PAGE. As
in all eukaryotes, N-glycosylation in C. reinhardtii involves the
assembly of a lipid-linked oligosaccharide that is transferred to
target Asn residues in the lumen of the ER followed by oligosac-
charide maturation in the ER and the Golgi complex (37).
However, lacking several of the enzymes required for the synthe-
sis of a canonical lipid-linked oligosaccharide, C. reinbhardtii
N-glycans have a unique core structure (37). Using the NetN-
Glyc tool, a total of five N-glycosylation sites are predicted in
proGATI, with two in the 23-kDa C-ter proGATI region (Fig.
3B). While most of the O-glycans identified in mammals are
attached to Ser or Thr residues, in C. reinhardrii O-glycans are
more often attached to hydroxyproline (HyP) residues (37-39);
two predicted sites of HyP O-glycosylation (Pro’?%, Pro®)
occur in the 23-kDa C-ter proGATT region (Fig. 3B).

Although the unique features of N- and O-glycosylation in
C. reinbardtii made it unlikely that enzymes optimized for the
removal of mammalian sugars would be very effective, mating
ectosomes were treated with PNGase F, which removes many
mammalian N-linked sugars, and with a mixture of neuramini-
dase and O-glycosidase. PNGase F treatment slightly reduced
the apparent molecular mass of about half of the 75-kDa prod-
uct detected by the C-ter antibody (Fig. 3C); treatment with
the O-glycosidase/neuraminidase mixture was without effect on
the 75-kDa product. The mobility of the 120-kDa N-ter pro-
GATTI fragment was unaltered by either treatment (Fig. 3C).

difference between two groups: *P < 0.05, **P < 0.001, ***P < 0.0001.
Immunoblots from the same membrane showing CrPAM (D) and FMG1 (E)
levels in cells, cell bodies (CB), cilia and ectosomes (Ecto) isolated from
mixed gametes; quantification was as in C. The loading control applies to
both panels D and E.

experiments; mean + range. Asterisks indicate a statistically significant
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respectively.

The noncanonical lipid-linked oligosaccharide identified in
C. reinbardtis, along with its lack of N-acetylglucosaminyltransferase
I, which is required for the canonical maturation of N-linked oli-
gosaccharides, likely compromise the efficacy of PNGase F; the
unique composition of C. reinhardsii O-glycans would limit the

efficacy of the O-glycosidase mixture used (37, 39).

Structural Modeling Suggests the Presence of Folded Domains
in proGATI. Like preproGATI, many of the putative prepropep-
tides identified in the C. reinbardtii genome are substantially
larger than typical metazoan prepropeptides. The algorithms
used to identify prepropeptides usually exclude proteins larger
than about 30 kDa or require that putative endoproteolytic
processing sites produce products less than 100 amino acids
long (40). While precursors like proinsulin and proopiomelano-
cortin must fold in a manner that facilitates formation of the
correct disulfide bonds, their endoproteolytic cleavage, not their
stability, is critical (41).

To explore the possibility that proGATI might fold into stable
domains, structural models were generated using RoseTTAFold
(33) and AlphaFOLD 2 (34). Both programs predict the forma-
tion of three well-folded domains connected by highly extended,
Prorich flexible linkers (Fig. 3D). The signal sequence was not
included in these structural models. N-terminal domain 1 con-
sists of 323 residues (green), terminating just before a Prorich
region. Domain 2 includes 153 residues and domain 3 has 213
residues, ending at the C terminus. The 70-residue linker
between domains 1 and 2 contains 37 Pro residues and a motif
(K*7PRK) that fits the selectivity pattern for several vertebrate
prohormone convertases (42, 43), while 43 of the 99 residues
in the second linker are Pro residues. Domain 3 forms an
antiparallel B-sandwich and has a nominal molecular mass of
23 kDa, with a pl of 10 (Fig. 3D). This domain corresponds
precisely to the C-terminal region identified by mass spectrom-
etry of the 75-kDa amidated products from cell bodies (Fig. 1)

and mating ectosomes (Fig. 3B). The cleavage that generates
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the 75-kDa amidated product would release domains 1 and 2
(predicted to represent the 120-kDa N-terminal fragment),
while further proteolysis at K*” might generate the 63-kDa
N-terminal product.

Using proGATI Secreted by a Human Cell Line to Understand
C. reinhardtii proGATI. Our identification of a stable 75-kDa
amidated proGATTI product is consistent with the presence of sta-
bly folded domains in C. reinbardtii proGATI. To take advan-
tage of the similar manner in which N- and O-glycosylation
sites are recognized in all eukaryotes, and facilitate our under-
standing of proGATI, a cDNA encoding preproGATT was stably
expressed in a human embryonic kidney cell line (HEK-293). In
C. reinhardtii, as in other species, maturation of newly synthe-
sized glycoproteins and their ability to move from the ER into
the Golgi complex are monitored by their interactions with cal-
nexin and calreticulin (37). We reasoned that the efficient
secretion of proGATI by HEK-293 cells would indicate proper
folding and allow usage of tools available to study vertebrate
N- and O-glycosylation. Affinity-purified proGATI antibodies
were used to evaluate cell extracts and spent medium (Fig. 44
and S Appendix, Fig. S5 A and B). Specific bands of 120- and
170-kDa were detected in cell extracts by both N-ter and C-ter
antibodies; a minor ~37-kDa doublet detected by the C-ter anti-
body was present in cell extracts, but not spent medium (Fig. 44).
That spent medium contains a single 170-kDa protein recog-
nized by both N-ter and C-ter antibodies identified it as HEK-
proGATT; changes in the oligosaccharides attached to proGATI
in HEK cells and C. reinhardtii likely account for the difference in
their apparent molecular masses. To further test whether HEK-
293 cells amidate proGATI, bathocuproine disulfonate (BCS) was
used to deplete cellular copper, inhibiting the activity of the ami-
dating enzyme, PAM (44). The 170-kDa C-ter signal, but not the
N-ter signal, fell dramatically following BCS treatment, indicating
a reduction in amidation (Fig. 4 Band €). HEK-proGATI is bio-
active as CC124 gametes bound to HEK-GATT cells plated in a
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5 0.5 and spent medium while 120-kDa and 37-kDa

7B 1 | 12 = 0.0 bands containing the amidated C terminus
‘h | - — " Untreated BCS were detected only in cells. (B) Analysis of
m—— C-terminal amidation of full-length 170-kDa
D E F . HEK-proGATI. Medium (Mdm; 5% of total) and
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kpa O 001 01 1 0 001041 1pgTrypsin o Coer serum-free media were analyzed. The C-ter
150 i5t 170 kDa signal for HEK-proGATI in the medium was

150 T - - 120kDa 100 — 140 kDa reduced following BCS treatment (red arrow-
75| - . 100 head), whereas the N-ter signal was unaf-

100 110 kDa 50 fected. (C) The C-ter/N-ter signal ratio for HEK-
75 §75 koa GATI-170 was reduced following BCS treat-
s b ment. Results are the average of duplicates;

50 - — 25| e 150 ) **P < 0.001. (D) Medium collected from HEK-
-~ 0 — Coomassie  roGATI cells was digested by addition of tryp-

37 100 sin (10 pL medium plus indicated amount of
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detected the indicated cleavage products. The N-ter antibody epitope contains a Lys residue, and is destroyed by trypsin treatment. The results
were replicated in independent experiments. (E) SDS/PAGE of purified HEK-proGATI (SI Appendix, Fig. S5C); Coomassie-stained PVDF membrane is shown.
(F) Digestion of purified HEK-proGATI with protein deglycosylation Mix Il reduced its apparent molecular mass by ~30 kDa.

microfluidic chamber, but showed little interaction with control
(untransfected HEK-293) cells (S7 Appendix, Fig. S6).

Spent medium containing HEK-proGATT was used to deter-
mine whether a stable C-ter domain could be detected. Exposure
to increasing amounts of trypsin eliminated the N-ter signal and
generated a series of smaller products recognized by the C-ter
antibody (Fig. 4D). Cleavage at the single Lys residue in the
N-ter antigenic peptide is consistent with this result (Fig. 14).
Trypsin produced a sequence of smaller products detected by the
C-ter antibody. C-ter signal intensity was not diminished, with
essentially complete conversion of 170-kDa HEK-proGATT into
a 50-kDa and then a 37-kDa product, which may resemble the
amidated C-ter fragment found in mating ectosomes. Successful
ectosome-mediated delivery of a chemomodulatory peptide such
as GATI-amide may require it to be resistant to proteolysis.

Mass Spectroscopic Identification of Posttranslational
Modifications of HEK-proGATI. HEK-proGATI was purified
from medium collected daily from HEK-GATT cells maintained
in complete serum-free medium (Fig. 4F and SI Appendix, Fig.
S50). Enzymatic deglycosylation indicated the presence of multi-
ple sugar chains on the HEK-GATI product (Fig. 4F). Five
N-glycosylation sites were identified following tryptic digestion
of deglycosylated HEK-proGATI (Fig. 5 A and B); two are
located in domain 2, two in domain 3, and one in the linker
between them. Four Ser O-glycosylation sites were identified fol-
lowing tryptic digestion of purified native HEK-proGATI; two
in domain 1, one in domain 2, and one in the linker between
domains 2 and 3. Two sites of HyP O-glycosylation were identi-
fied, one in domain 1 and one in domain 3; the domain 3 site
(HyP®%) is separated from Ile’**amide by only seven residues.
In the structural models, all identified glycosylation sites (Fig. 5B)
are predicted to be solvent exposed and accessible (Figs. 3D
and 5C). Importantly for domain 3, in addition to the Pro residue
that is O-glycosylated (P*”°), and both Asn residues that are
N-glycosylated (Asn®“ThrThr and Asn®*¥GInThr), the experi-
mentally confirmed C-terminal amidation site that requires exopro-
teolytic removal of three Arg residues and conversion of the
exposed Gly to an amide are also readily accessible for modification
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(Fig. 50). Domain 3 also includes four Cys residues; AlphaFOLD
2 predicts that these form two intramolecular disulfide bonds

(C732/C7* and C7*2/CP) (Fig. 50).

Distribution, Processing, and Activation of Prohormone
Convertases in Cilia and Ectosomes. The accumulation of the
75-kDa amidated proGATI product on plus (but not minus)
gametic cilia, and of both the N-ter 120-kDa and C-ter 75-kDa
proGATT products on mating ectosomes, suggested that proteo-
lytic processing occurs on the ciliary and ectosomal surface or
during the sorting and transit of the precursor from cilia into
nascent ectosomes. Mating ectosomes contain two subitilisin-like
proteases, SUB14 and VLEL; they are the closest C. reinbardtii
homologs of mammalian prohormone convertases PC2 and
PCSK7, respectively (27). To address the ciliary distribution of
these putative prohormone convertases, we performed compara-
tive proteomics of cilia from vegetative and gametic cells of both
mating types (45). For this analysis, cilia were separated into
membrane and axonemal fractions (Fig. 64 and Dataset S1). We
confirmed the presence of VLEL in vegetative cilia of both mat-
ing types (26); SUB14 was not detectable in vegetative cilia.
Strikingly, VLE1 was identified in the cilia of p/us gametes, but
was not detected in minus gamete cilia. SUB14 expression was
also mating type-specific, but it was present in the cilia of minus,
but not plus, gametes. In consequence, VLELI is the only putative
prohormone convertase present in ciliary samples that contain
proteolytically processed proGATI products. Mutant cells lack-
ing VLEI cannot escape the mother cell wall and grow in large
clumps, making their cilia inaccessible. To test whether VLE1
acts as a convertase for proGATI, we isolated ectosomes from
vegetative cell cilia that contain active VLE1 but lack other
subtilisin-like enzymes (22, 24, 26), and incubated them with
purified HEK-proGATI. Ectosome addition lead to formation
of a C-terminal proGATT fragment of ~37 kDa detected by the
C-ter antibody, consistent with cleavage at the furin-like cleavage
site immediately preceding the N-terminus of domain 3 (87
Appendix, Fig. S7).

Subtilisin-like prohormone convertases are synthesized as
inactive proenzymes (42); their activation generally requires
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both an autoproteolytic cleavage immediately preceding the S8
catalytic domain and dissociation of the S8 domain from the
prodomain (42). Unlike PCSK7, which is a type I integral
membrane protein, VLEL is type II integral membrane protein
(Fig. 6B); thus, activation of VLE1 would be expected to
release it from its transmembrane domain. The VLE1 present
in the cilia of vegetative and plus gamete cells contained pepti-
des from its Cytosolic, Pro, S8, and C-terminal domains (Fig.
6B). In contrast, the VLE1 present in mating ectosomes and in
the soluble secretome contained only peptides from its S8 and
C-terminal domains (Fig. 6B), suggesting that activation had
occurred. Intriguingly, the C-terminal domain is predicted to
have a tripartite organization, with each lobe consisting of two
antiparallel B-sheets (Fig. 6C); each lobe exhibits considerable
structural similarity to the CEA1 N-acetylglucosamine-binding
adhesin from the methylotrophic yeast Komagataella pastoris
(z score = 11.8, RMSD = 4.0 A; SA3L).

Clustal analysis identified the —Gly-Arg-Arg site that immedi-
ately precedes the catalytic S8 domain as the likely site for
autoactivation (Fig. 6B). Autoproteolytic cleavage at this site, fol-
lowed by exoproteolytic removal of the two Arg residues, would
produce a potential amidation site. Mass spectrometry revealed
that all of the ciliary VLEI had been proteolytically processed at
this site and was amidated (Fig. 6B); partially processed peptides
derived from this region of VLE1 and ending in —Gly, —Gly-
Arg, or —Gly-Arg-Arg were not observed. Cleavage at this site is
a prerequisite for activation, but dissociation of the S8 catalytic
domain from the proregion is also usually required. Detailed
analysis of the VLE1 structure predicted by RosETTAFold (Fig.
60) and the VLE1 peptides identified in cilia suggests that the
prodomain may remain associated with the S8 domain, tethering
it to the ciliary membrane in an inactive form even after auto-
proteolytic cleavage and amidation.

Differential Release of proGATI Products from Mating
Ectosomes. The proGATTI associated with the ciliary membrane
and with ectosomes is predicted to be on the surface. We utilized
affinity-purified proGATT antibodies and negative-stain immuno-
gold-EM to examine ectosomal localization. Following incuba-
tion with intact ectosomes, affinity-purified proGATI antibodies
were visualized using a gold-tagged anti-rabbit secondary anti-
body and whole-mount negative-stain EM; signals obtained with
both antibodies were localized on the ectosome surface (Fig. 7A4).
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Ectosomes incubated only with gold-conjugated secondary anti-
body served as a negative control.

We previously found that both CrPAM protein and enzyme
activity associate with the ciliary axoneme; this interaction is
disrupted by treatment with 0.6 M NaCl following detergent
extraction (18). To explore the ciliary distribution of proGATI
and its products, we isolated cilia from resting gametes of both
mating types and from 1-h mixed gametes. Isolated cilia were
first treated with Triton X-100 to release membrane proteins
and soluble matrix components. This was followed by treat-
ment with 0.6 M NaCl to extract proteins that were tightly
bound to the axoneme; the resulting extracted axoneme pellet
was solubilized in 1X SDS buffer.

The amidated 75-kDa GATI product was detected in the
cilia of plus but not minus gametes (Fig. 7 Band C). This frag-
ment was largely recovered in the detergent-soluble fraction,
with a smaller amount released by 0.6 M NaCl; it was not pre-
sent in the axonemal fraction of plus gametes. The 250-kDa
proGATTI protein was in the detergent-soluble, 0.6 M NaCl,
and axonemal fractions from both plus and minus gametes (Fig.
7 B and (). During gamete mating, the amidated 75-kDa
GATI product and the 250-kDa proGATI protein were
released into ectosomes (Fig. 7 B and C). The presence of an
N-terminal fragment of proGATT in ectosomes but not in the
ciliary fractions suggests that cleavage of 250-kDa proGATI
occurred on the ectosomal surface.

To evaluate how 250-kDa proGATI (which lacks a trans-
membrane domain) associates with the ectosome surface,
freshly isolated ectosomes were washed with 10 mM Hepes
buffer (control) or with buffer containing 10 mM dithiothreitol
(DTT) or 10 mM EDTHA, and the resulting supernatants exam-
ined for the release of GATI products, CrPAM, and FMGI
(Fig. 7 D and E). Neither 250-kDa proGATI, CrPAM, nor
FMGT1 was solubilized, with signal detected only in the ectoso-
mal pellets. In contrast, the amidated 75-kDa C-terminal prod-
uct and N-terminal 63-kDa segment were both released by
washing with low ionic strength Hepes buffer; release did not
occur following chelation of divalent cations with EDTA.
Although not released by buffer alone or by EDTA treatment,
the N-terminal 120-kDa GATI fragment was partially dis-
placed from ectosomes by 10 mM DTT. This effect was DTT-
specific; treatment with 10 mM f-mercaptoethanol had no
effect (81 Appendix, Fig. S8). These results suggest that all three

domains individually mediate associations with the ectosomal
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active site is shown in green. Comparison of RosseTTAFold and AlphaFOLD 2 predictions for VLE1 using DALI (49) gave alignment scores of z=51.2 and 13.1

200 residues

Pro-domain Extension
Blocking Active Site

Ser-484

with RMSDs of 5.8 and 4.5 A for the N-terminal to S8 and C-terminal regions, respectively.

surface. This tripartite attachment mechanism likely explains
why release of 250-kDa amidated proGATI was not observed
under any of the conditions tested including carbonate washing

(ST Appendix, Fig. S4).

Discussion

Identification of an amidated peptide that has a mating-
type—specific effect on C. reinhardtii mobility led us to explore
the properties of its putative precursor, the manner in which
this precursor might be converted into smaller products, and
the regulated secretion of its product peptides.

ProGATI Undergoes Extensive Posttranslational Modification
and Contains Multiple Domains. The C. reinhardsii genome
encodes hundreds of proteins with the general characteristics of
prepropeptides (27). As observed in the ER of metazoans, pre-
proGATT undergoes signal peptide removal, along with the first
steps of N- and O-glycosylation (Fig. 84). ProGATI, like many
other putative C. reinhardtii propeptides, is quite large, with a
predicted molecular mass of 90.6 kDa, and multiple domains
connected by Prorich linker regions. In addition to the Asn and
Ser/Thr sites subject to N- and O-glycosylation in metazoan
propeptides, hydroxy-Pro residues in domains 1 and 3 of pro-
GATTI are O-glycosylated. In plants and algae, hydroxy-Pro res-
idues are major O-glycosylation sites for addition of pentose
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(arabinogalactan) sugars (38, 46). With a unique core structure
to their N-glycans and unique O-glycosyl transferases, peptide
precursors synthesized by C. reinbardtii differ in important
ways from metazoan propeptides (37, 39, 47, 48).

With the endoproteolytic cleavage of proGATI limited to the
surface of mating ectosomes (Fig. 2B), we considered the possi-
bility that its structural domains might play a role in its localiza-
tion. Despite sharing little sequence similarity, a DALI search
(49) revealed structural relatives for each proGATI domain:
domain 1 is distantly similar to halohydrin dehalogenase from
Tlumobacter coccineus (z score = 6.2, RMSD = 13.6 A; 619W);
domain 2 is related to EPR3 (a carbohydrate receptor) from
Lotus japonicus (z score = 4.2, RMSD = 2.4 A; 6QUP); and
domain 3 resembles a chitosanase from Paenibacillus sp. (z score =
9.3, RMSD = 2.5 A; 4ZXE). The ability of EPR3 and chitosa-
nase to interact with carbohydrates (50-52) suggests that
domains 2 and 3 might play a role in the tripartite interaction of
proGATT with the ectosomal surface, with subsequent endopro-
teolytic cleavages facilitating release of specific fragments.

For signaling peptides released on ectosomes, protease resistance
may be especially important. Domain 3 corresponds precisely to
the 75-kDa C-ter fragment (Fig. 34). N-glycosylation of the two
potential sites in domain 3, along with O-glycosylation of a
hydroxy-Pro located close to the amidated C terminus, likely
accounts for the ~50-kDa discrepancy between its apparent
molecular mass and the mass of its polypeptide chain (23 kDa)
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(Fig. 8A4). Although the C-terminus of proGATI is accessible to
PAM, which converts its C-terminus from -GATI-Gly into -GATI-
amide, the amidated C-terminus is trypsin resistant and stable
when exposed on the ciliary membrane and the surface of mat-
ing ectosomes.

Examination of the first C. reinbardtii protein known to serve
as a peptide precursor indicates that it shares many similarities
with vertebrate peptide precursors. However, its larger size, more
complex domain organization, and extensive modifications sug-
gest that this precursor carries additional information needed to
ensure that its signaling task can be accomplished.

Controlling the Endoproteolytic Cleavage of proGATI. Pro-
GATT cleavage is linked to both mating type and subcellular
location (Fig. 8B). The cell bodies of plus and minus gametes
contain intact proGATI, but the 75-kDa C-ter fragment is
found only in the cilia of plus gametes. Both N- and C-ter
proGATT fragments accumulate in mating ectosomes. In meta-
zoans, the cell-type—specific cleavage of propeptides, such as
proopiomelanocortin (53) and proglucagon (54), reflects the
cell-type—specific expression of subitilisin-like prohormone con-
vertases. Mating ectosomes contain only two subtilisin-like pro-
teases, VLE] and SUB14 (11). The presence of VLE1 but not
SUB14 in the cilia of plus gametes, where proGATI cleavage
occurs, suggests that VLE1 serves as a proGATI convertase.
VLEL is also localized to the ciliary membrane in vegetative
cells (24, 26); its release into vegetative ectosomes provides
access to the mother cell wall, which it degrades, allowing
release of mitotic progeny. A matrix metalloproteinase (gameto-
lysin), not VLEL, cleaves the gametic cell wall prior to fusion
(55), suggesting that VLE1 has additional targets on plus
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o significant differences between the groups:
*P < 0.05, **P < 0.01, ***P < 0.001.

Con DTT EDTA

gamete cilia and in the extracellular milieu. VLE1 cleaves to the
C-terminal side of basic residues, although the required
sequence context is poorly understood (56). Endoproteolytic
cleavage of proGATT after a basic residue within a furin-like
cleavage site (R*FSR]) produces the amidated 75-kDa C-ter
fragment (Figs. 3B and 84). That amidation precedes endopro-
teolytic cleavage is a distinctive feature of the proGATT processing
pathway, but has also been observed for chromogranin A (57).
Treatment of HEK-proGATI with VLE1-containing ectosomes
from vegetative cells yielded an amidated C-terminal domain 3
fragment, supporting identification of VLEI as a proGATT con-
vertase (SI Appendix, Fig. S7).

In metazoans, luminal pH plays a central role in controlling
prohormone convertase activation and the storage of product
peptides in secretory granules (58). With proGATI cleavage
products accumulating on the surface of mating ectosomes,
luminal pH cannot serve as a regulatory factor. The prodo-
mains of subtilisin-like endoproteases facilitate catalytic domain
folding and inhibit activity. Protease activation requires auto-
proteolytic cleavage, separating the prodomain from the cata-
lytic domain (42). Additional cleavages within the prodomain
may also be required for prodomain release and S8 domain
activation. Consistent with this, active VLE1 purified from cul-
ture medium following hatching lacked its prodomain (26).
Our analysis of the soluble mating secretome identified the
intact VLE1 S8/C-terminal domain, but not the N-terminal/
prodomain (Fig. 6B).

Sequence analysis revealed an unusual prodomain in VLEI,
with homologous sequences found only in other members of
the volvocine algae [e.g., the protease VheA, required for release
of juvenile Volvox from the parental spheroid (59)]. To

https://doi.org/10.1073/pnas.2206098119 9 of 12


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2206098119/-/DCSupplemental

Domain 1

):‘ Domain 2 ):+ Domain 3

Fig. 8. ProGATI processing pathway. (A) Dia-
gram illustrating the processing pathway of pre-

)»GRRR

Disulfide Bond Formation

proGATI that occurs as it traffics through the ER
and Golgi and subsequently enters cilia and

l Signal Peptidase

ER

ectosomes. The signal peptide (orange box) is

%RRR

0@
Proline Hydroxylallon Inltlal Steps of N- & O-Glycosylation

removed in the ER by signal peptidase. Addition
of N-linked sugars (red) begins in the ER, as does
modification of Pro to HyP by prolyl hydroxy-

@ —

lases. As proGATI moves into the Golgi complex,

GRRR )
}' more complex sugars and O-linked sugars on

Maturahon of N- & O-linked Glycans

Carboxypeptidase E-like & PAM

HyP (orange) and Ser/Thr (blue) residues are
added, leading to the higher apparent molecular
mass (~250 kDa) of proGATI. A carboxypeptidase

l@ Golgi

sequentially removes the C-terminal Arg resi-

250 kDa app. mol. wt.

e
® =

63 kDa app. mol.wt.

120 kDa app. mol. wt. l
+

Predicted Product

.N-ler epitope @C-ter epitope DSignal peptide . Ser/Thr O-glycan . N-glycan

e
e TR A

75 kDa app. mol. wt.

dues and generates a Gly-extended substrate
for PAM. PAM converts this into the amidated
product proGATI-amide (indicated by -NH,) in a
two-step reaction, and releases glyoxylate as a
byproduct. This 250-kDa amidated proGATI then
moves to the ciliary membrane. Once on cilia, or
as it moves from cilia into nascent ectosomes,
250-kDa proGATI is cleaved by VLE1 producing
the 120-kDa N-terminal and amidated 75-kDa
C-terminal fragments. Cleavage of the 120-kDa
product at a second putative prohormone con-
vertase site located in the linker between
domains 1 and 2, or at a dibasic site at the
C-terminal end of domain 1, might produce the

+ Glyoxylate

Ectosome

")
T Hydroxyproline O-glycan

Vegetative Gametic cells Matingigameles Soluble 63-kDa N-terminal fragment and a second prod-

cells minus plus Cilia Ectosomes secretome uct containing domain 2 for which no probe cur-

rently exists. (B) Diagram illustrating the pres-

PAM PHM PAL o oo oo 2 ence and absence of PAM, amidated full-length

-------------------------------------------------------------------- proGATI (indicated by -NH,) and its various frag-

proGATI - B B B X ments, and the cleaved/amidated subtilisin-like
D1 Dz D3 S )

Cleavage Mot expressed endoprotease VLE1 in cilia of minus and plus veg-

Products A Gl A whi -l etative and gametic cells, and in ectosomes and

VLE1 e T x O TTTTTTS x 7] S T S i the soluble secretome obtained from mating

Pro S8 ; C-ter gametes. PAM is present in vegetative and

Cleavage [ X o e [ X X gametic cell cilia and is released into ectosomes

Products but not into the secretome. In contrast, ami-

dated proGATI is undetectable in vegetative cilia

X = Not detected -NH; = Amidated C-terminus

and only appears following gametogenesis. The
amidated C-terminal fragment is generated in

plus gamete cilia, and released into ectosomes and the secretome during mating; other proGATI products are also variably present in these samples. VLE1 is
found in vegetative and plus gamete cilia, but not minus gamete cilia. All ciliary VLE1 is proteolytically processed within the prodomain and amidated. As VLE1
moves to ectosomes and is released into the soluble secretome, it undergoes a change in domain architecture with the catalytic S8 and C-terminal domains

dissociating from the amidated N-terminal segment.

understand how VLE1 activation might occur, a structural
model was built using RoseTTAFold (33) (Fig. 6C and S/
Appendix, Fig. S9). The active site contains a classic Ser-His-Asp
catalytic triad and an Asn residue that stabilizes the transition
state in the oxyanion hole (Fig. 6C) (42). The VLE] prodomain
consists of an o/f fold that makes extensive contact with one
face of the S8 domain. Emanating from this a/f} region is an
extended strand that arches over the active site, occluding it; the
—Gly-Arg-Arg cleavage/amidation site is exposed on the surface.
Given the large surface area buried by the prodomain, cleavage
at the —Gly-Arg-Arg site seems unlikely to result in prodomain
release from the catalytic core.

For amidation to occur, the extended strand must swing
away from the catalytic site, enabling carboxypeptidases to
remove remaining Arg residues and allowing PAM to access the
exposed Gly residue. The functional consequences of amidation
at this site remain to be determined. Binding of the amidated
prodomain C-terminus to a target protein might facilitate
retention of the N-terminal/prodomain of this type II mem-
brane protein in the ciliary membrane, allowing the enzymadi-
cally active S8/C-terminal domain to enter mating ectosomes.

Ciliary Ectosomes as an Ancient Mode of Rapid, Regulated
Secretion. Changes in protein expression allow unicellular
organisms like C. reinhardiii to regulate secretion of the
enzymes needed to acquire specific nutrients, but this type of
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response requires time. In metazoans, peptides stored in secre-
tory granules can be released within milliseconds of signal
receipt. Our data indicate that ciliary ectosomes serve as an
ancient mode of rapid, regulated secretion. Like the assembly
of secretory granules, the assembly of ciliary ectosomes is a
highly regulated process. The cilia of both vegetative cells and
mating gametes release bioactive ectosomes; their compositions
are unique and developmentally regulated (21, 22, 24, 27).
Since ectosomes are formed from the ciliary membrane, pro-
teins targeted to ectosomes must first gain access to the cilium.
The transition zone plays an essential role in establishing and
maintaining the unique lipid and protein composition of the
ciliary membrane (60-62).

The entry of ciliary proteins into ectosomes is also regulated.
Differences in the ectosomal trafficking of PAM, VLEI, and
proGATT illustrate key features of this regulatory step (Fig. 8B).
CrPAM is found in mating ectosomes but not in vegetative
ectosomes (27); cleavage of CrPAM does not occur and active
enzyme does not appear in the soluble secretome. While VLE1L
is found in the cilia of plus gametes, the presence of the N-terminal/
prodomains, along with the intact S8/C-terminal domains, sug-
gests that ciliary VLEI is not active. VLE1 recovered from mating
ectosomes and the secretome lacks the N-terminal/prodomains,
indicating that it has been activated. While proGATT is present in
the cilia of plus and minus gametes, cleavage occurs only in the
cilia of plus gametes; further cleavage of proGATI is linked to its
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release in mating ectosomes, where both N-ter and C-ter frag-
ments accumulate. Although metazoan secretory granules generally
store mature product peptides, the cleavage of proatrial natriuretic
factor by corin, a type II plasma membrane enzyme like VLEL, is
tied to the exocytosis of atrial granules (63).

Metazoan peptide-containing secretory granules can be
stored for long periods of time, with release responding rapidly
to receptor-mediated secretagogue stimulation. In C. reinbardstis,
ciliary adhesion of mating gametes causes ectosomes to appear
on the ciliary surface in a process that requires receptor-mediated
signaling; strikingly, activating gametes directly with dibutyryl-
cAMP does not lead to ectosome release (21). Similarly, the sig-
nals that control food intake in mammals require localization of
the melanocortin-4 receptor to the primary cilia of hypothalamic
neurons (8). The ciliary localization of free fatty acid receptor-4
and prostaglandin-E receptor-4 in - and P-cells plays an essen-
tial role in hormone secretion (64), and mice lacking primary
cilia on their B-cells exhibit impaired glucose homeostasis and
develop diabetes (65).

As observed in mammals, multiple receptors have been iden-
tified in C. reinhardtii cilia (27, 66, 67). By taking advantage of
the ease with which cilia can be isolated from C. reinhardtii, its
precisely delineated sexual reproductive cycle, and the identifi-
cation of a bioactive amidated peptide in mating ectosomes, it
is now clear that cilia provide a means of controlling endopro-
teolytic processing of propeptides and the release of mature bio-
active peptide products. Although the stimulus-dependent
secretion of neuropeptides from dense core vesicles stored at
the presynaptic endings of axons or exported to dendrites has
been well studied (68), whether bioactive peptides are released
from the primary cilia of neurons and endocrine cells remains
to be determined.

In summary, this study provides support for a mechanism
through which amidated peptide products are synthesized,
posttranslationally modified, trafficked into cilia, and then
processed and released into ciliary ectosomes by a unicellular
organism, C. reinhardtii. As both cilia and the peptidergic sig-
naling machinery are conserved throughout eukaryotes, this
study should shed light on the mechanisms through which
cilia-based secretion is regulated in health and dysregulated in
various ciliopathies.

Materials and Methods
Extended descriptions of the methods are provided in S/ Appendix.

Chlamydomonas Cell Culture and Gametogenesis Induction. Wild-type
C. reinhardtii mating type minus (CC124) and plus (CC125) strains were cultured
in R-medium (28). To induce gametogenesis, vegetative cells of both mating
types were washed and resuspended in nitrogen-deficient minimal medium
(M-N medium) for 24 to 36 h under aeration and a 12-h light/12-h dark cycle.

Preparation of Cell Lysates, Cilia, and Ectosomes from Mating Gametes.
Cell lysates were prepared by resuspending gametes in TMT buffer (20 mM
2-{Tris(hydroxymethyl)-methylamino]-ethanesulfonic acid [TES], pH 7.4, 10 mM
mannitol, 1% Triton X-100) containing 0.2 M NaCl and protease inhibitors.
Gametes were resuspended in fresh nitrogen-free M-N medium, mixed, and
ectosomes isolated by differential centrifugation (27). Gametes were deciliated
using dibucaine and cilia isolated by standard methods and resuspended in
HMS buffer (10 mM Hepes, pH 7.4, 5 mM MgS0,, and 4% sucrose) (69, 70).

Antibody Generation. Synthetic peptides from the N-terminal (YELGLDIDGK-
PAHPAAT-NH,, 1.5 mg) and C-terminal (YAPGTGGGATI-NH,, 1.5 mg) regions of
proGATI were individually conjugated to keyhole limpet hemocyanin. Three
rabbits (CT327, CT330, and CT332) were immunized with a mixture of KLH-
conjugated N-ter and C-er peptides by Covance Immunology Services
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(procedure approved by the UConn Health Institutional Animal Care and Use
Committee). N-ter and C-ter antibodies were purified by peptide affinity
chromatography.

Microscopy. Resting gametes were treated with methanol for 10 min at
—20°C. Primary antibodies used were affinity-purified rabbit N-ter and C-ter
proGATI antibodies (from CT327; 1:500) and mouse FMG1 (1:1,000). Alexa
488 anti-rabbit (1:500) and Cy3 anti-mouse (1:2,000) conjugates were used as
secondary antibodies. Images were obtained using a Zeiss 880 confocal micro-
scope with a 63x oil objective. Electron microscopy was performed as described
previously (27); glutaraldehyde-fixed ectosomes were embedded in low-
melting point agarose prior to processing.

PreproGATI from HEK-293 Cells. HEK-293 cells were maintained in DMEM/
F12 medium containing 10% fetal calf serum (HyClone), 100 units/mL penicillin-
streptomycin and 25 mM Hepes, pH 7.4 at 37 °C in a 5% CO; incubator. A cDNA
encoding preproGATI in pCl-neo was transfected and stable lines expressing pre-
proGATI selected in DMEM/F12 medium containing 0.5 mg/mL G418 disulfate.
Following transfer to serum-free medium and 16- to 18-h growth, spent medium
was collected, pooled and HEK-proGATI purified using ion exchange and gel-
filtration chromatography. To assess the effect of reduced copper, HEK-GATI cells
in serum-free media were treated with 50 pM bathocuproine disulfonic acid.

HEK-GATI Bioassay. Control and HEK-GATI cells were plated in microfluidic
channel slides for 16 to 18 h at 37 °C. After washing, the channel and reservoirs
were filled with 50 uL gametic medium and an aliquot (10 pL, 1.2 x 10° game-
tes/mL) of minus CC124 gametes added to one reservoir. Following incubation,
phase-contrast images of HEK cells were taken. Gametes were identified based
on their auto-fluorescence. HEK cell areas were quantified using ImageJ and the
number of minus gametes located in these areas was counted manually.

Deglycosylation Assays. The presence of N-linked oligosaccharides was exam-
ined using PNGase F (New England Biolabs # P0708S) and the presence of
O-linked sugars was assessed by combined treatment with O-glycosidase (New
England Biolabs #P0733S) and 2-3,6,8 neuraminidase (New England Biolabs
#P0720S). Mating C. reinhardtii ectosomes (20 pg) and spent medium (9 pl)
from HEK-293 cells expressing proGATI were denatured by heating at 100 °C for
10 min with 1x denaturing buffer and enzymatically deglycosylated.

Immunoprecipitation. Immunoprecipitation was performed using slight
modifications of previous protocols (71). Cross-reactive proteins were immunopre-
cipitated from plus gametic cell lysates and from mating ectosomes using affinity-
purified C-ter antibody and Protein A agarose beads.

Mass Spectrometry. Peptides from excised electrophoretic gel bands and
purified soluble HEK-proGATI were analyzed using nanoflow liquid chroma-
tography coupled to tandem mass spectrometry. Raw data were searched
against the C. reinhardtii proteome using variable modifications to identify
sites of glycosylation, amidation, proline hydroxylation, and phosphorylation.
Comparative proteomics of VLET and SUB14 was performed as described
previously (45).

Data Availability. All underlying data are included within the main text and
the supporting information. Mass spectrometry data have been deposited in
Dryad at https://doi.org/10.5601/dryad.fn2z34txn (72) .
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