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Introduction
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Chlamydomonas Peptidylglycine a-Amidating Monooxygenase 
(PAM) shares many features with mammalian PAM

The 2-step amidation reaction consumes molecular 
oxygen and ascorbate, and requires copper & zinc

Signal Peptidase (ER)

NPY    -Gly-Lys-Arg

Exoprotease -
CPE

NPY    -Gly

C-terminal amidation
PAM

signal

Endoprotease
PC2

NPY

NPY   -NH2

In neurons and endocrine cells, 
peptide precursors are cleaved by 
subtilisin-like endoproteases as the 
newly synthesized proteins exit the 
Golgi complex. Luminal pH drops as 
secretory granules mature, 
activating many of the peptide 
processing enzymes. Mature 
peptides can be stored in secretory 
granules for many days, and 
released in response to specific 
stimuli.

Peptide Processing: ER  Golgi  Secretory Granules

CrPAM, like rodent PAM, localizes to the Golgi. The fact that 
CrPAM also localizes to the ciliary membrane led to 

identification of PAM in mammalian motile and primary cilia.

PAM, AcTubulin

Kumar et al (2016) J Cell Sci 
129, 943-956.

Chlamydomonas

Reducing CrPAM expression produced cells unable to assemble cilia 
that extended beyond the transition zone

Kumar et al (2017) eLife.25728

Empty Vector (control)          PAM Knockdown

Chlamydomonas synthesizes amidated peptides 
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Bioinformatic identification of Chlamydomonas
proteins resembling classical prepropeptides

at least 1 amidated peptide (2-1000 amino acids)

17,741Phytozome v5.5, primary transcripts
Filter # of proteins

at least 1 potential amidation site

7,763

Xn-1X-NH2 +
Glyoxylate + (K/R)

XnGKR Xn or XnGKR
XnGKK Xn or XnGKK
XnGRK Xn or XnGRK
XnGRR Xn or XnGRR

330 

Signal peptide present (SignalP or Predalgo)
and

domains absent (CDD or Pfam)

279

NeuroPred: use “known motif” for cleavage prediction

at least 1 amidated peptide (3-15 amino acids) 87

at least 2 non-overlapping amidated peptides
(3-15 amino acids)

15

Cre07.g344900, 44 kDa Cre02.g089450, 38 kDa; NeuroPred target

Paired basics Amidation site Low complexitySignal peptide Proline-rich

CrPAM protein and activity and amidated proteins are largely recovered from ectosomes

CrPAM was identified in 
tryptic digests of mating 

ectosomes

Cre12.g487700

PLVPAAGR

77kDa

Cre04.g221450

AVFPTSTAGGRRR

80 kDa

Secretome P = 0.903 Pherophorin

Cre12.g546800

AVFPLSAEPAGTAGGHRR

77 kDa
Pherophorin

GELNPAGGQLPGGHRR

Cre17.g722300 29 kDa

Cre16.g687854

AEGDPTEAVVHVVDAVVTAPAGGAGRRRR

Fasciclin

62 kDa

WVHWG

Cre14.g629050 27 kDa

Cu bind like

Signal peptide

Paired or multiple basic site

Potential amidation site

Domain or internal repeat

Proline-rich region

Low complexity region

Mating Ectosomes are Enriched in Amidated Proteins

Experimental Paradigm
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G(+) and G(-) gametes

conditions for 24h

Grow V(+) and (V-) cells

Vegetative Secretome Mating Secretome

Grow V(+) and (V-) cells

mix G(+)/G(-)

Analysis of the Chlamydomonas secretome
Chlamydomonas secrete cell wall components, lytic enzymes, enzymes involved in nutrient capture 

and metal-binding proteins. Neuropeptides are known to play key roles in reproduction and nutrient 
sensing and expression of CrPAM mRNA peaks in gametes (Ning et al., 2013, Genes Dev. 27: 1198-

1215). Therefore, we focused on secretion events that occur when (+) and (-) gametes are mixed and 
the mating process begins.
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Cre03.g204500

94 kDa

VLYPNDPAAYAAYAPGTGGGATIGRRR

Cre03.g204500

A subset of the cell wall  proteins in the 
mating secretome is cleaved
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Cleaved proteins Uncleaved proteins

RPKM Data from Ning et al., (2013) Gene Dev. 27: 1198-1215
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Proteases are a major component of the 
mating secretome
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SDS-PAGE followed by stain with 
colloidal Coomassie  

Cut each lane into fragments containing proteins of 
different apparent molecular weights: 10 fragments 

for Secretome and 4 fragments for Ectosomes

In-gel Trypsin 
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LC-MS/MS 
analysis

Data analysis
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Mating Ectosomes: 1904 Proteins
Predicted locations similar to Secretome

Ectosome

140 84
Secretome

44

Secretome and Ectosomes: unique 
and shared signal peptide proteins

Conclusions

Serine carboxypeptidases: CPVL56, CPVL64, 

SCPL-I, SCPL-II – cleaved and perhaps activated 
during mating.  Similar to human enzymes.

Serine Endopeptidase: VLE1 (vegetative lytic 

enzyme), subtilisin-like; similar to human PC7/8.

Matrix metalloproteinases: MMP3, 

MMP13, gametolysin.  Species specific.

Cysteine endopeptidases: CEP1, CEP3,  

CEP5, CEP69; three are cleaved during mating. 
Similar to human cathepsin K.

Omega peptidase: Ataxin-3; thiol-dependent, 

Ubiquitin-specific; role in de-ubiquitination.

A subset of Cysteine Endopeptidases and Serine Caboxypeptidases
get cleaved during mating

Expression of cell wall protein mRNA is 
altered in pam-kd Chlamydomonas
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Cleaved proteins Uncleaved proteins

Identified CrPAM Peptides % Coverage

(R)GGAAAAAGLAGTTGAGGAK(R)
(K)GGPSAGASTPAGGGLR(K)
(R)KEPVPEAVVLNmNPDTGK(I)
(K)LSPHDFTLG(G)
(K)GGPSAGASTPAGGGLR(K)
(K)FVVVPTGFK(L)

8.74%

RPKM Data from Ning et al., (2013) 
Gene Dev. 27: 1198-1215

NPY –Neuropeptide Y
CPE- Carboxypeptidase E

Rat tracheal 
epithelial cell

Criteria: minimum of 2 peptides/protein, present 
in all three biological replicates
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Minus gametes express several amidated
protein precursors at high levels

The only amidated protein found in 
secretome and ectosomes is highly 

expressed in activated gametes
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 V(+) and V(-) vegetative secretomes differ from each other and from 

mating secretome.

 Mating secretome contains more protein than vegetative secretome. 

 Mating ectosomes, not mating secretome, contain CrPAM.

 Amidated proteins were identified in mating ectosomes; many have C-

terminal amidation sites.

 Transcripts encoding amidated proteins are most highly expressed in 

minus gametes.

 Chlamydomonas genome encodes multiple proteins that resemble 

preproneuropeptides, but their amidated products were not identified 

in mating ectosomes or in the mating secretome.

 Several pherophorins recovered in the mating secretome are cleaved, 

generating N- and C-terminal fragments. In Volvox, a C-terminal 

pherophorin fragment serves as the sexual inducer.

 The mating secretome contains multiple endo- and exo-proteases.
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Mating Secretome:1233 proteins

Secretome proteins with signal peptide
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