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Proteases, essential regulators of plant stress responses, remain enigmatic in their precise functional roles. By
employing activity-based probes for real-time monitoring, this study aimed to delve into protease activities in
Chlamydomonas reinhardtii exposed to oxidative stress induced by hydrogen peroxide. However, our work
revealed that the activity-based probes strongly labelled three non-proteolytic proteins—PsbO, PsbP, and
PsbQ—integral components of photosystem II's oxygen-evolving complex. Subsequent biochemical assays and
mass spectrometry experiments revealed the involvement of CrCEP1, a previously uncharacterized papain-like
cysteine protease, as the catalyst of this labelling reaction. Further experiments with recombinant CrCEP1 and
PsbO proteins replicated the reaction in vitro. Our data unveiled that endopeptidase CrCEP1 also has trans-
peptidase activity, ligating probes and peptides to the N-termini of Psb proteins, thereby expanding the repertoire
of its enzymatic activities. The hitherto unknown transpeptidase activity of CrCEP1, working in conjunction with
its proteolytic activity, unveils putative complex and versatile roles for proteases in cellular processes during

stress responses.

1. Introduction

Proteases are a class of enzymes known for their ability to catalyse a
fundamental chemical reaction: the hydrolytic cleavage of peptide
bonds. This function is important not only for protein degradation,
which facilitates protein turnover, but also for regulating protein
structure, activity, and subcellular localization, making proteases crit-
ical enforcers of many physiological processes. In plants, proteases play
a central role in regulating development, immunity, response to biotic
and abiotic stresses, and the process of regulated cell death (RCD) [1-3].

Several subclasses of cysteine proteases, including metacaspases
(MCAs), vacuolar processing enzymes (VPEs), and papain-like cysteine
proteases (PLCPs), alongside subtilisin-like serine proteases (subtilases
or saspases) and the threonine protease proteasome subunit PBA1, have
all been associated with functions in developmental [4] and stress-
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induced modes [5,6] of RCD in various chlorophyll-containing organ-
isms. Despite these associations, the precise role and mode of action of
the proteases involved in these processes is still the subject of ongoing
research and debate [3,7,8].

Activity-based probes (ABPs) have proven to be powerful tools for
detecting the activity of these enzymes in cell extracts and living cells,
enabling their characterization. ABPs are small molecules designed to
covalently bind to active-site residues when proteases are in their active
state. Tagged proteases can then either be detected on protein gels with
fluorophores or enriched by use of e. g. biotin-tags and identified by
mass spectrometry [9]. Activity-based probes have previously been
successfully implemented in labelling and characterising plant proteases
of numerous families, including VPEs [10] and PLCPs [11]. Recently, we
developed novel activity-based metacaspase targeting probes that
proved useful in labelling active isoforms of metacaspases in vitro [12].
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The green alga Chlamydomonas reinhardtii (hereafter referred to as
Chlamydomonas) is a representative of the early-diverged Viridiplantae
and therefore shares ancestral traits with higher plants. Chlamydomonas
has been proposed as a great platform for the comparative study of
metabolic and signalling pathways of higher plants because it has fewer
gene duplications and thus gene redundancy, while still containing
representatives of the protease families listed above. However, not a lot
is known about Chlamydomonas proteases, with only 8 out of 352
proteases in Chlamydomonas being functionally characterized so far
[13]. In Chlamydomonas, the introduction of hydrogen peroxide has
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Chlamydomonas [15].

In this study, we aimed to use metacaspase-targeting activity-based
probes to monitor this process in Chlamydomonas. Contrary to our ex-
pectations, however, the ABPs were instead recognized as substrates by
a before uncharacterized papain-like cysteine protease, which trans-
ferred a part of the probe to N-termini of the three oxygen-evolving
enhancer (OEE) proteins. By studying the catalytic mechanism of this
process, our results not only shed light on this non-canonical activity of
cysteine proteases but also raise intriguing questions about the putative
physiological significance of this process.

been empirically demonstrated to incite oxidative stress, ultimately
culminating in regulated cell death [14-16]. Notably, an increase in
transcript abundance of metacaspase type I (CrMCA-I) has been
observed following two sequential treatments with HyO,, suggesting
potential activation of metacaspases during this process in
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Fig. 1. AOMK-probes label proteins PsbO, PsbP and PsbQ in H,O»-treated Chlamydomonas. (A) Structures of the four AOMK-based tetrapeptidyl probes. The probes
consist of three key components: an alkyne minitag (shown in green), a tetrapeptide sequence (shown in grey), and the AOMK warhead (shown in red). The tet-
rapeptide sequences are shown below the structure along with the names of the probes. The design of the probes is described in [12]. (B) A schematic representation
of the labelling mechanism of metacaspases. The AOMK warhead enables the covalent binding of the probes to the active site Cys. Picolyl-Cy5 or any other azide-
carrying molecule can be used to detect and/or identify the labelled protease (C) Labelling of soluble proteomes of HyO,-treated Chlamydomonas cells with DK12.
The samples were separated on SDS-PAGE under reducing conditions and the gel was scanned for Cy5 fluorescence (upper panel) and stained with Coomassie (lower
panel). (D) Labelled Chlamydomonas samples prior to MS analysis. The positions of labelled PsbO, PsbP and PsbQ of photosystem II, are denoted with sand, green,
and blue arrows, respectively. (E) Schematic representation of the oxygen-evolving complex (OEC) of photosystem II. The complex includes proteins PsbO (O, sand),
PsbP (P, green) and PsbQ (Q, blue) and the manganese cluster (Mn4CaOs) and is responsible for the splitting of water into molecular oxygen and electrons in the
process of photosynthesis.
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2. Results

2.1. AOMK-probes label specific proteins in peroxide-stressed
Chlamydomonas proteomes

To monitor the activity of metacaspases in Chlamydomonas under-
going hydrogen peroxide-induced regulated cell death (RCD), we used
our recently validated activity-based probes, which were shown to label
all three metacaspase types in vitro [12]. The four probes contain tet-
rapeptides with a Lys residue at the P1 position and various residues at
positions P2-P4, to direct specificity towards metacaspases (Fig. 1A). All
probes contain an acyloxymethylketone (AOMK) warhead, located C-
terminally to the tetrapeptide, that enables the formation of a stable
covalent bond between the probe and the catalytic Cys residue in the
active site of metacaspases, which irreversibly inhibits their proteolytic
activity. The designed AOMK probes also contain an alkyne minitag (=)
that can subsequently be coupled to an azide-picolyl-Cy5 fluorophore by
click chemistry, enabling the detection of tagged proteins, separated on
SDS-PAGE gels, by scanning for their fluorescence (Fig. 1B).

Among the four tested probes, the probe DK12, containing tetra-
peptide IRSK, showed the highest binding affinity towards metacaspases
[12]. Therefore, this probe was used to investigate metacaspase activ-
ities during oxidative stress induced by HyO; treatment in Chlamydo-
monas. Since studies have shown that RCD in this organism occurs at
H505 concentrations of 5-10 mM [14,16], cells were treated with 5 mM
H30, and collected at chosen time points after treatment. Soluble pro-
teomes were prepared and labelled with 2 pM DK12 to detect meta-
caspase activity.

Three distinct bands of approximately 28, 22, and 18 kDa were
detected on reducing SDS-PAGE gels 2 h after treatment with H20,
while no labelled proteins were observed in non-treated cells (Fig. 1C).
This was rather unexpected as the annotated genome of Chlamydomo-
nas contains only two metacaspases (CrMCA-I (XP_001696956.1) and
CrMCA-II (XP_001691826.1)), having predicted molecular weights of
active isoforms of 35 kDa (CrMCA-I lacking the prodomain) and 25 kDa
(corresponding to the processed catalytic p20 domain).

To identify the labelled proteins, we performed large scale affinity
capture using azide-tagged agarose beads followed by tandem MS. The
MS analysis revealed that the three bands did not correspond to meta-
caspases, but instead represented the three oxygen-evolving enhancer
proteins (OEE1-3), also known as PsbO, PsbP, and PsbQ (Fig. 1D, Sup-
plemental Table 1, Supplemental Fig. S2). These proteins are extrinsic
components of photosystem II (PSII), localized in the lumen of thylakoid
membranes inside the chloroplast and form the oxygen-evolving com-
plex (OEC) in conjunction with the inorganic Mn4OsCa cluster (Fig. 1E).
The OEC plays a vital role in water splitting, generating molecular ox-
ygen (O2) and electrons that proceed through PSII during the process of
photosynthesis [17-19]. The identification of these proteins as the
labelled bands was unexpected since they are not known to possess any
proteolytic activity. Moreover, two of the proteins, PsbQ and PsbP, do
not contain any cysteines in their mature forms that could react with the
AOMK group of the probe. To confirm that PsbO is one of the labelled
proteins, we repeated the peroxide treatment and labelling on a Chla-
mydomonas knockout cell line lacking PsbO. The 28 kDa band corre-
sponding to PsbO, was absent in this mutant (Supplemental Fig. S3),
confirming that PsbO labelling causes the 28 kDa signal. Interestingly,
we also observed that the amount of PsbO detected in proteomes of
H0,-treated cells was greater than in the untreated ones. To assess this
in more detail, we used the PsbO-specific antibody to detect PsbO in
soluble proteomes from cells collected at various time points following
H50, treatment. We observed a substantial increase in PsbO levels in the
treated soluble proteomes 2-3 h post-treatment, coinciding with
increased labelling of the three proteins (Supplemental fig. S4).
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2.2. Labelling of rPsbO is blocked by cysteine protease inhibitors

To investigate the underlying mechanism behind the unexpected
labelling of Psb proteins, we recombinantly expressed the mature form
of Chlamydomonas PsbO in E. coli. PsbO accumulated in the insoluble
fraction, which required purification of the recombinant PsbO (rPsbO)
from inclusion bodies and subsequent refolding. The correct folding of
rPsbO was confirmed by size exclusion chromatography and CD spec-
troscopy (Supplemental Fig. S5).

Only background signals appeared when rPsbO was incubated with
DK12 alone (Fig. 2A), which could be attributed to nonspecific Cy5
binding and fluorescence. However, in the presence of the proteome of
H,0,-treated cells, labelling of PsbO with the probe was clearly detected
(Fig. 2A). These results suggested that rPsbO did not have an innate
affinity for the probe but that additional components in the cell prote-
ome were required for labelling the rPsbO protein.

To identify the unknown component in the proteome of treated cells,
we investigated labelling in more detail. First, we used the four available
AOMK-probes for labelling to check for specificity. The probes differ
only in the tetrapeptide sequence, nevertheless only the IRSK tetra-
peptide probe caused strong labelling of the three proteins (Fig. 2B),
indicating that the tetrapeptide sequence is important for labelling.
Next, we examined how labelling depends on the pH. As shown in
Fig. 2C, labelling occurred exclusively in the neutral to slightly alkaline
pH range (pH 7-9). Third, we aimed to determine whether labelling
could be blocked by the addition of protease inhibitors to assess the
possible involvement of proteases. We tested EDTA, PMSF, E-64, and the
recombinantly produced suicide inhibitor CrSerpin, targeting metal-
loproteases, serine proteases, and cysteine proteases, respectively.
Labelling was completely abolished only when soluble proteomes were
pretreated with either E-64 or rCrSerpin (Fig. 2D). Given that E-64 and
rCrSerpin both inhibit papain-like cysteine proteases (PLCPs), these re-
sults suggested the involvement of a PLCP in the process of labelling of
the Psb proteins with the IRSK probe.

Chlamydomonas harbours 19 PLCPs of the C1A family [20]. Of these,
at least six are likely to be active C1A family proteases since they possess
the characteristic amino acid residues Cys, His, and Asn, which form the
catalytic triad. However, the specific activities of these PLCPs in Chla-
mydomonas are unknown. To characterise the activity of PLCPs in
Chlamydomonas cells exposed to oxidative stress, we performed
activity-based protein profiling (ABPP) on proteomes of treated and
untreated Chlamydomonas using the activity-based probe DCG-04 [21].
DCG-04, a biotinylated derivative of E-64, irreversibly binds to the
active sites of PLCPs, allowing for their selective labelling. Proteomes of
Hy0,-treated and untreated Chlamydomonas cells collected at different
timepoints were incubated with DCG-04, blotted to a PVDF membrane
and visualized using streptavidin-HRP. We could observe faint labelling
of two bands in all samples that were suppressed upon pretreatment
with E-64 (Supplemental Fig. S6).

To identify the DCG-04-labelled proteases, we performed large-scale
ABPP of the Chlamydomonas proteome. For this experiment, proteomes
of HoO»-treated Chlamydomonas cells were incubated with DCG-04 and
the biotinylated proteins were captured and enriched using biotin-
binding streptavidin magnetic beads. MS analysis of the on-bead
digest revealed two PLCPs: CrCEP1 (cysteine endopeptidase-1, Cre09.
g407700, AOA2K3DFE4) and CrCEP2 (cysteine endopeptidase-2, Cre05.
8247851, A8ISR9) (Fig. 2E).

Both CrCEP1 and CrCEP2 were significantly enriched compared with
the E-64 pretreated control, indicating their substantial activity in sol-
uble proteomes of HyO-treated cells. These results indicate that one or
both proteases might be involved in the labelling of the Psb proteins.

2.3. Labelling of rPsbO can be replicated in vitro

To gain further insight into the involvement of CrCEP1 and CrCEP2
in labelling, we obtained their synthetic genes and expressed them in
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Fig. 2. Labelling is dependent on the activity of a cysteine protease. All labelling experiments were performed with 2 pM AOMK-probes and the soluble proteome of
cells collected 3 h after treatment with 5 mM H,0-, (proteome of treated cells). Alkyne-labelled proteins were coupled to picolyl Cy5, separated on a 15 % SDS-PAGE
under reducing conditions, scanned for fluorescence, and/or stained with Coomassie. The expected positions of labelled PsbO and recombinant PsbO (rPsbO) are
indicated with sand-coloured arrows, PsbP with green arrows, and PsbQ with blue arrows. (A) Labelling of rPsbO with probe DK12 in the presence of the proteome of
H,0,-treated Chlamydomonas. Dashed lines indicate cut images. (B) Labelling of the proteome of H,O,-treated Chlamydomonas with all four AOMK-probes. Cy5
fluorescence is shown. (C) The pH profile of the labelling reaction. The proteome of H,O,-treated Chlamydomonas was labelled in buffers with different pH values
(4-10), 150 mM NacCl and 5 mM DTT. Cy5 fluorescence is shown. (D) Labelling of the proteome of H,0O,-treated Chlamydomonas in the presence of different protease
inhibitors. rCrSerpin in the absence of the treated proteome was added as a negative control where background Cy5 fluorescence can be observed. (E) Volcano plot of
ABPP of the proteome of HyO»-treated Chlamydomonas using the probe DCG-04. The black line represents the threshold for statistical significance. The two proteins
that showed the most significant fold change (log2 fold change >2, x-axis) and high statistical significance (—1og10 of p-values >3, y-axis) between DCG-04-labelled
and E-64-pretreated control samples are indicated in blue and represent two papain-like cysteine proteases: CrCEP1 and CrCEP2. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

E. coli. These proteases contain sequences corresponding to a signal
peptide, an autoinhibitory prodomain, a catalytic domain, a proline-rich
region, and a granulin domain (Supplemental fig. S7). Our constructs
included these sequences, lacking only the signal peptide. The auto-
inhibitory propeptide was included, as it has been shown to be critical
for the correct folding of PLCPs [22]. Both pro-CrCEP1 and pro-CrCEP2
were expressed as soluble proteins, and subsequent isolation by metal
affinity chromatography and size exclusion chromatography resulted in
sufficient purity for activation (Supplemental Fig. S8).

Previous studies have shown that lowering the pH to 4.0-4.5 can
induce autocatalytic maturation of PLCPs, including a granulin domain
containing protease from Nicotiana benthamiana [23]. Therefore, puri-
fied pro-CrCEP1 and pro-CrCEP2 were incubated in acetate buffer at pH
4.0. The predicted maturation steps of granulin domain-containing
proteases, including CrCEP1 and CrCEP2 are depicted in Fig. 3A

[24,25]. SDS-PAGE analysis of samples collected at different time points
post-activation revealed that only CrCEP1 underwent autoactivation
under these conditions (Fig. 3B).

Pro-CrCEP1, with a predicted molecular weight (MW) of 52 kDa,
migrated faster than expected on the SDS-PAGE gel (apparent 47 kDa
band), suggesting a possible C-terminal truncation that may have
occurred during expression or purification, as compared with the higher
MW of the same protein in the insoluble fraction (Supplemental Fig. S9).
However, despite this truncation, pro-CrCEP1 underwent autocatalytic
maturation when incubated at low pH, resulting in a progressive con-
version into a mature 35-kDa form. As the predicted MW of the major
and minor forms of mature CrCEP1 (with or without the proline-rich
region) are 27 and 23 kDa, respectively, mature CrCEP1 showed
slower electrophoretic mobility than expected. Similar observations
have been made for other granulin-containing proteases, including
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(right panel). Recombinant PsbO is denoted with a sand-coloured arrow.

RD21 A (Responsive to dehydration 21 A) from Arabidopsis thaliana
[24,25] and the protease NbCysP6 from Nicotiana benthamiana [2.3]. It
has been suggested that this phenomenon may be attributed to the fact
that PLCPs are more resistant to denaturation by SDS [24]. Since no
activation of CrCEP2 could be achieved (Supplemental Fig. S10), we
used the recombinant mature CrCEP1 (rCrCEP1) for our subsequent
experiments.

We first investigated if rCrCEP1 is an active protease by measuring
the hydrolytic cleavage of the fluorogenic substrate Z-Phe-Arg-AMC.
This substrate has previously been used for the characterization of other
RD21A-like cysteine proteases including NbCysP6 from Nicotiana ben-
thamiana [23]. Indeed, rCrCEP1 hydrolyzed this fluorogenic peptide
efficiently, with a pH optimum at 6.0, and lower proteolytic activity at
pH 8.0, the pH at which the labelling experiments were performed
(Supplemental Fig. S11).

We next tested if adding rCrCEP1 would enable labelling of rPsbO.
Indeed, mixing the IRSK probe with purified rPsbO and rCrCEP1 resul-
ted in labelling of rPsbO (Fig. 3C), suggesting that rCrCEP1 enables
transfer of the probe to rPsbO. Further assays show that rCrCEP1
effectively labelled rPsbO at neutral to slightly basic pH, but cleaved
rPsbO at pH levels below 6.0 (Fig. 3D). These results indicated that the
activity of the protease shifted from proteolysis at low pH to labelling at
higher pH, indicating that the protease’s proteolytic/labelling activity
was pH-dependent.

2.4. rCrCEP1 labels rPsbO at its N-terminus

We further investigated the molecular details of rPsbO labelling. We

first examined if labelling requires free amino groups in rPsbO by pre-
treating rPsbO with sulfo-N-hydroxysuccinimide acetate (sulfo-NHS-
acetate), which reacts with primary amines, such as the a-amine at the
N-terminal and the e-amine of lysine side chains, thereby blocking their
nucleophilic reactivity [26]. The pretreatment with sulfo-NHS-acetate
before incubation with rCrCEP1 and the IRSK probe completely abol-
ished labelling, suggesting that the IRSK probe reacts with either lysine
residues or the N-termini of proteins (Fig. 4A).

There are 23 lysine residues in rPsbO, the positions of which are
highlighted in Fig. 4B. To further investigate the labelling of rPsbO, we
first produced and purified N-terminally truncated variants of rPsbO,
lacking the first eleven (A11-rPsbO) or eighteen residues (A18-rPsbO),
including or excluding the first lysine residue (K17) in the protein
(Fig. 4B). Our hypothesis was that if labelling predominantly occurred at
the e-NHy group of lysine residues, we would observe variations in
labelling efficiency between these two variants. Additionally, labelling
in both would be abolished if a specific N-terminal sequence were
required. Surprisingly, both truncated versions exhibited a similar
labelling efficiency, failing to provide a definitive labelling site (Fig. 4C).

To address this further, we performed a competitive labelling
experiment with synthetic peptides derived from the rPsbO sequence.
We hypothesised that the labelling of rPsbO would decrease if peptides
served as suitable substrates for this reaction, as less probe would be
available to bind to the protein. We first tested a peptide consisting of
the first 20 amino acid residues of rPsbO including the first lysine res-
idue K17 (Pep20). Indeed, we observed a decreasing efficiency in the
labelling of rPsbO with increasing concentrations of Pep20, confirming
that labelling can also be performed with synthetic peptides (Fig. 4D).
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Fig. 4. Characteristics of rPsbO labelling. (A) Labelling in the presence of sulfo-NHS-acetate (NHS). Fluorescence is shown on the left and Coomassie staining on the
right. (B) Annotated amino acid sequence of the mature rPsbO. Above the sequence, the corresponding secondary structures are shown according to the structure of
wild-type PsbO (PDB: 6KAC, entity 14), with p-sheets and a-helixes depicted as arrows and wavy lines, respectively. Lysine residues are highlighted in bold and blue,
and their positions within rPsbO are indicated above the sequence. Additional N- and C-terminal sequences that enabled expression and purification of the protein,
are coloured grey. (C) Labelling of truncated versions of rPsbO, lacking the first 11 (A11-rPsbO) or 18 (A18-rPsbO) amino acid residues. Fluorescence is shown above
and Coomassie staining is shown below. Schematic representation of truncated PsbO constructs with the positions of their sequences within full-length rPsbO protein
are depicted above the panels. (D) Competitive labelling of rPsbO with DK12 in presence of N-terminal rPsbO peptides. Fluorescence is shown above and Coomassie
staining is shown below. The sequences of synthetic peptides are indicated below the panels (aa — amino acid residue). The expected positions of labelled PsbO (O),
rPsbO (rO), PsbP (P) and PsbQ (Q) are depicted with sand-, green- and blue-coloured arrows, respectively. Dashed lines indicate cut images.

This result allowed us to further investigate whether the probe binds to
e-NHy- or N-terminal primary amino groups by designing a second
peptide without the lysine residue K17 (Pep16). We hypothesised that
peptide labelling would be disrupted if the lysine residues were an
essential part of the probe’s binding mechanism, resulting in increased
labelling of rPsbO. However, the truncated peptide Pep16 also showed a
reduction in the efficiency of rPsbO labelling, comparable to that
observed with Pep20. Since the N-terminal primary amines were the
only primary amines present on both peptides, this suggests that they are
essential to the probe’s binding mechanism.

2.5. rCrCEP1 cleaves the tetrapeptide in the IRSK probe

While we had identified the putative binding site for the IRSK probe
on the PsbO protein, the precise mechanism of rCrCEP1’s involvement in
mediating probe transfer remained unknown. To address this, we
examined the interaction between rCrCEP1 and the IRSK probe. Since
the IRSK probe was initially designed as an irreversible inhibitor of
proteases, we tested whether the probe inhibits rCrCEP1 proteolytic
activity. To assess this, we employed the fluorogenic Z-Phe-Arg-AMC
substrate to measure the activity of rCrCEP1 in the presence of the IRSK
probe at both pH 5.0 and pH 8.0. We observed no significant reduction

in proteolytic activity, indicating that the IRSK probe does not inhibit
this protease (Supplemental Fig. S12).

This result prompted us to investigate whether the labelling reaction
could occur without the AOMK warhead. To explore this possibility, we
commercially obtained the alkyne-tagged tetrapeptide Ile-Arg-Ser-Lys
(=IRSK), lacking only the AOMK warhead (Fig. 5A) and conducted a
labelling experiment. Indeed, labelling occurred even in the absence of
the AOMK warhead (Fig. 5B). To assess how much of the peptide is
necessary for labelling to still occur, two C-terminally truncated probe
variants were synthesized. These truncated probes retained the N-ter-
minal linker containing the alkyne minitag (=) and included either the
amino acid isoleucine (=I) or the tripeptide Ile-Arg-Ser (=IRS) (Fig. 5C).
Our results demonstrate that while =IRS still facilitated the labelling
reaction, when rCrCEP1 was exposed to =I, no observable labelling of
rPsbO occurred (Fig. 5D), suggesting that the tetrapeptide sequence is
the critical component that enables labelling.

To gain more insight into the specificity of rCrCEP1, we employed
the Proteomic Identification of Protease Cleavage Sites (PICS) method
[27]. To comprehensively explore the catalytic specificity of rCrCEP1,
three peptide libraries were utilized, prepared with trypsin (resulting in
cleavage after K/R), legumain (resulting in cleavage after N/D), or GluC
(resulting in cleavage after E/D).
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Fig. 5. rCrCEP1 interacts with the tetrapeptide sequence IRSK. (A) Chemical structures of the probes DK12 and =IRSK. The probes consist of a N-terminal linker
containing the alkyne minitag (=, coloured green), along with the amino acid residues Ile-Arg-Ser-Lys (IRSK, coloured grey). The AOMK group is depicted in red. (B)
In vitro labelling of rPsbO with probes =IRSK and DK12 in presence of rCrCEP1. Alkyne-labelled proteins were coupled to picolyl Cy5, separated on an SDS-PAGE gel
under reducing conditions, scanned for fluorescence (upper panel) and stained with Coomassie (bottom panel). Expected positions for rPsbO and rCrCEP1 are
denoted by a sand-coloured arrow and a blue diamond, respectively. (C) Chemical structures of the chemically synthesized probes =I and =IRS. The probes consist of
the N-terminal linker containing the alkyne minitag (=, coloured green), along with the amino acid residues Ile (I) or Ile-Arg-Ser (IRS) that are coloured grey. (D) In
vitro labelling of rPsbO with probes =IRS and. =I in presence of rCrCEP1. The experiment was conducted as described for Fig. 5B. (C) Substrate cleavage specificity of
rCrCEP1. The IceLogos visualize the amino acid frequencies surrounding the cleavage sites. These were inferred from peptides identified by semi-specific database
searches after rCrCEP1 digestion of a proteome-derived peptide library created with either legumain (peptides ending with N or D), trypsin (peptides ending with E or
D) or GluC (peptides ending with E or D). The number of nonredundant cleavage sites for each logo is indicated.

The PICS profiles we obtained revealed that rCrCEP1’s substrate
preferences primarily revolve around its specificity at the P2 position, a
characteristic consistent with other members of the PLCP family, where
the S2 binding pocket is recognized as the pivotal substrate binding site
[28-30]. Like many other PLCPs, rCrCEP1 exhibited a preference for
hydrophobic amino acids (such as Leu, Iso, Val, Phe, Tyr) at the P2
position. Additionally, rCrCEP1 displayed a preference for hydrophilic
residues, particularly positively charged Lys and Arg, at the P1 position,
and for small amino acid residues (Gly, Ala, Ser) at the P1’ position
(Fig. 5E). These findings explain the efficient cleavage of Z-Phe-Arg-
AMC and suggest that the IRSK tetrapeptide could serve as a substrate
for rCrCEP1 when cleaved between the arginine and serine residues.

To substantiate the hypothesis that IRSK tetrapeptide is cleaved in
the middle by rCrCEP1, we incubated the tetrapeptide IRSK with

rCrCEP1 at pH 5.0 and analysed the reaction mixture using MS. Indeed,
we detected both IR and SK cleavage products, confirming that the IRSK
tetrapeptide serves as a suitable substrate for rCrCEP1 cleavage (Sup-
plemental Fig. S13).

2.6. rCrCEP1 labels PsbO via transpeptidation

In view of the data presented above, we hypothesised that rCrCEP1
functions as a transpeptidase, cleaving the peptide probe and catalysing
the synthesis of a peptide bond between the N-terminal part of the probe
(=IR) and the N-terminus of the Psb proteins. Considering already
published data on proteases and transpeptidation (reviewed by Goettig,
2021), we propose the following reaction mechanism:

The activated thiol group of the catalytic cysteine residue initiates a
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nucleophilic attack on the carbonyl group of the peptide bond between
the arginine and serine residues of the probe. This process results in the
creation of a thioester intermediate, wherein the peptide fragment Ile-
Arg, carrying the alkyne minitag (=IR), remains covalently attached
to the catalytic cysteine residue of the protease. At pH values below 7.0
the dominant reaction is hydrolysis, whereas at pH values above 7.0 the
intermediate reacts with the N-terminal amine leading to the formation
of a new peptide bond. Through this transpeptidation process, the N-
terminus of the protein is modified with the =IR moiety (Fig. 6A).

To test this hypothesis experimentally, rPsbO was mixed with
rCrCEP1, labelled by =IRSK, and separated by SDS-PAGE. The band
corresponding to the labelled rPsbO was excised and subjected to in-gel
digestion. For digestion, legumain was used instead of trypsin, to pre-
vent cleavage after the =IR modification. The resulting peptides were
analysed by LC-MS/MS using the MaxQuant software. A search for the
N-terminal =IR modification successfully identified the =IR-modified N-
terminal peptide of rPsbO (Supplemental Fig. S14). This confirmed our
hypothesis that rCrCEP1 acts as a transpeptidase at near neutral pH. To
validate these results, the same experiment was also performed with the
recombinant mature PsbQ, where the same modification was observed
(Supplemental Fig. S15).

3. Discussion

The data presented in this manuscript demonstrate the versatile
nature of the previously uncharacterized papain-like cysteine protease
rCrCEP1 from Chlamydomonas. Our results suggest that, in addition to
its proteolytic function, rCrCEP1 also exhibits transpeptidase activity
that enables it to cleave and ligate peptides to selected protein N-
termini, both in vitro and in cellular extracts. While our exploration of
the transpeptidation mechanism catalysed by rCrCEP1 provided valu-
able insights into this activity, several questions remained open.

First, we found it intriguing that the three Psb proteins appear to be
the predominant substrates for rCrCEP1 transpeptidation in treated
Chlamydomonas extracts. We considered the possibility that the
enhanced labelling of the three proteins is a consequence of the observed
increased abundance of Psb proteins in cell extracts following oxidative
stress. It is well known that the oxygen evolving complex (OEC) of
photosystem II is susceptible to damage under diverse abiotic stresses
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[31], including light stress, high salinity, metal stress, and heat stress,
and these stressors have been shown to disrupt the OEC, leading to the
release of soluble PsbO, PsbP, and PsbQ (reviewed in [31-35]). We
therefore hypothesise that the significant increase in labelling of Psb
proteins during oxidative stress could be due to the release of OEC
subunits, resulting from oxidative damage to the photosystem II.

However, while this hypothesis explains why labelling can mainly be
observed in extracts of HyOs-treated cells, it does not explain why no
other high-abundance proteins were efficiently labelled in either the
treated or untreated extracts. Transpeptidases usually require acceptor
peptides to be accommodated by the S1’ and S2’ specificity pockets of
the protease [36-38]. Considering that PICS analysis indicates that
rCrCEP1 has relatively low specificity for amino acid residues located C-
terminal to the cleavage bond, we would expect labelling of other pro-
teins in the soluble proteome, as many N-termini would meet the
specificity requirements of rCrCEP1. It remains plausible that either
other factors influence the specificity/activity of rCrCEP1 in cell extracts
or that other high abundance proteins contain modifications that pre-
vent them from being suitable substrates for transpeptidation (including
N-terminal modifications such as acetylation or the inflexibility of the N
terminus). Nevertheless, the specificity of this reaction needs to be
explored further in the future.

Our findings are also consistent with previous research on the
granulin domain containing RD21A protease of Arabidopsis thaliana. It
has been demonstrated that RD21A can perform transpeptidation using
beta-lactone probes and peptides as donor molecules, leading to the
labelling of N-termini of proteins in Arabidopsis extracts [39]. While
RD21A labelled multiple proteins, only the OEC protein PsbP was effi-
ciently captured on streptavidin beads and identified by MS. The cor-
relation between our data and the findings presented by Wang et al.,
indicate that this characteristic is conserved among RD21A-like pro-
teases. Notably, only RD21A was found to be responsible for labelling as
it was only abolished in the knockout line of RD21A and not in knockout
lines lacking other Arabidopsis PLCPs. Wang et al. raised a question
about whether the granulin domain, as one of the defining features of
RD21A, could have a role in transpeptidation [39]. However, our data
suggest that rCrCEP1 can catalyse this reaction even in its mature form,
i.e., without the granulin domain.

As both labelling experiments were performed on cell extracts, we
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CrCEP1

labelled rPsbO

Fig. 6. Schematic representation of the proposed transpeptidation mechanism by which rCrCEP1 labels PsbO. The catalytic Cys of rCrCEP1 attacks the peptide bond
within the IRSK peptide (with or without the AOMK group). A thioester intermediate with the N-terminal part of the probe forms, and the C-terminal part dissociates
from the active site. At pH values bellow 7.0 hydrolysis is the favoured reaction, with a water molecule releasing the N-terminal fragment from the active site. At pH
values above 7.0 the reaction of amino group results the formation of a novel peptide bond, labelling PsbO. The tetrapeptide is shown in grey, the alkyne group in

green, the AOMK group in red, rCrCEP1 in blue, and rPsbO in sand.
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cannot assume that AtRD21A or CrCEP1 execute this reaction in cells or
that the OEC proteins are physiological substrates of RD21A-catalysed
transpeptidation. Further investigation of the potential physiological
implications of this reaction are warranted, as the characteristic imply
that transpeptidation could occur in vivo.

The only requirements for transpeptidation are a physiological pH
(between 7 and 8), available donor and acceptor peptides, and an active
protease. Unlike conventional ligases, proteases can catalyse trans-
peptidation reactions without an additional energy source such as ATP,
as the energy required for the reaction is obtained from the cleavage of a
peptide bond [67]. Additionally, it has been demonstrated that macro-
molecular crowding, characterized by the high total concentration of
background molecules, such as lipids, proteins, nucleic acids, and car-
bohydrates that are present in cells, shifts the equilibrium towards
transpeptidation, since it is accompanied by a reduction in excluded
volume [68].

For transpeptidation of the OEC proteins to occur in cells, rCrCEP1
would need to encounter them in the right environment. The OEC
complex localizes to the thylakoid lumen, where pools of unassembled
OEC proteins are also present [69]. Since rCrCEP1 has not yet been fully
characterized, its subcellular location in Chlamydomonas remains un-
known. Therefore, we can only speculate about its putative localization
based on related plant proteases. Typically, mature RD21A-like pro-
teases are found in acidic compartments such as the vacuole, lytic ves-
icles, or the apoplast [24,25,70], which primarily promote proteolytic
rather than transpeptidase activity. However, exceptions exist. For
instance, the protease RD21A from Arabidopsis thaliana was found to
relocate to the nucleus and cytoplasm upon encountering a cyst nema-
tode effector [71] and C14, the tomato ortholog of RD21, was observed
to accumulate in the nuclei, cytoplasm, and even chloroplasts during
drought stress [72]. Many of these compartments offer suitable pH
conditions and potential contact points for transpeptidation reactions.
Additionally, while the chloroplasts were long believed to be devoid of
cysteine proteases, novel research suggests that PLCPs might be
important regulators of photosynthetic gene expression and acclimation
to high light stress [40].

The understanding that proteases can also catalyse the formation of
peptide bonds is not a new concept, with the theoretical knowledge and
first experimental synthesis of peptide bonds with proteases dating back
to the late 1930s [41,42]. Still, transpeptidation is not universally
considered as a function of proteases in cells. In the last few decades,
however, an increasing number of proteases were found to catalyse
peptide bond synthesis in cells. These include the animal proteasome, a
threonine protease, which has been shown to use transpeptidation to
produce peptides with higher immunogenicity for presentation by MHC
(major histocompatibility complex) class I receptors (reviewed in [43])
and bacterial sortases, that use transpeptidation to bind proteins to the
bacterial cell wall (reviewed in [44]). In addition, members of the plant
asparaginyl endopeptidases (AEPs), also known as legumains or vacu-
olar processing enzymes (VPEs) use transpeptidation to produce cyclic
polypeptides and cyclotides with antimicrobial and insecticidal prop-
erties (reviewed in [45]). Transpeptidation has therefore been proposed
as a new form of post-translational modification [46].

Despite being the largest family of cysteine proteases, present in all
forms of life [47], the exploration of peptide bond synthesis by PLCPs
has been limited. Few PLCPs have been shown to catalyse trans-
peptidation in vitro, including cathepsin B [48] and papain [49], but in
vivo reports are rare. Recently, cathepsin L was proposed to be respon-
sible for the formation of chimeric MHCII autoantigen epitopes for
diabetogenic CD4+ T cells in vivo [50].

It is possible that transpeptidation events in cells are more prevalent
than previously believed but have been overlooked by conventional
protease-monitoring techniques that focus on detecting proteolytic ac-
tivity or substrate cleavage. Even advanced proteomic approaches can
miss the annotation of transpeptidation products since they do not
match the predicted proteome. Peptide-based probes could therefore be
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a valuable tool for the detection and study of these reactions, helping to
identify potential acceptor substrates of transpeptidation in the future.
The dual nature of proteases highlighted in this study adds depth to our
understanding of these enzymes and emphasizes the need to acknowl-
edge and study their potential multifaceted roles in cells.

4. Materials and methods

4.1. Culture conditions, Hy0, treatment and soluble proteome
preparation

The Chlamydomonas reinhardtii strain CC-5325 cw15 mt- (wild-type
strain) and the mutant strain CC-4144 FUD44 mt+, lacking the PsbO
gene, were obtained from the Chlamydomonas Resource Center, Uni-
versity of Minnesota, USA. Cells were grown in Tris-acetate-phosphate
medium (TAP, pH 7), which was prepared as described by the Chla-
mydomonas Resource Center, on a gyratory shaker at 25 °C under
continuous illumination with the Typ 2090118C lamp (Ritter Leuchten
GmbH). For all experiments where cells were stressed by oxidative
stress, ~4 x 10° cells mL ™! were exposed to 5 mM H50,. Afterwards, the
cells were incubated at 25 °C on a gyratory shaker and samples were
collected at different time points (0, 0.5, 1, 2, 3 and 6 h). Growth of cell
cultures after exposure to H,O2 was monitored turbidometrically at 740
nm using a UV-1600PC (VWR) spectrophotometer. For the preparation
of soluble fractions, 25-100 mL of cell suspensions were collected at
chosen time points, harvested by centrifugation (3 min, 3000 xg) and
stored at —80 °C until further processing. Samples were thawed on ice,
mixed with 250-1000 pL of lysis buffer (50 mM Hepes, pH 7.5, 20 %
glycerol, 0.3 % CHAPS, and 1 mM EDTA), and transferred to 1.5 mL
microcentrifuge tubes. Samples were vortexed vigorously 10 x 20 s,
centrifuged at 10,000 xg for 10 min at 4 °C, and the supernatant rep-
resenting the soluble proteome fraction was collected. The total protein
concentration of each sample was determined by the Bradford assay
[51].

4.2. Labelling of cell extracts and recombinant proteins with tetrapeptide
probes

Labelling experiments were performed with various probes and
peptides containing the alkyne minitag (=) and different tetrapeptide
sequences. Four probes contained the acyclomethyl ketone warhead
(referred to as the AOMK-probes). The synthesis details for the four
AOMK-probes (DK10; DK11; DK12 and DK13) are described in our
previous work [12]. Peptides =I and =IRS were synthesized as described
in Section 4.16, respectively. The peptide =IRSK was purchased from
CPC Scientific. For labelling reactions, typically 25 pL of soluble cell
proteome containing about 20 pg of total protein was mixed with 25 pL
of reaction buffer containing 100 mM Hepes, pH 8.0, 150 mM NaCl, 5
mM DTT (dithiothreitol). Profiling at different pHs was performed with
the following reaction buffers: 100 mM acetate (pH 3.0-pH 5.5), 100 mM
MES (pH 6.0-pH 6.5), 100 mM HEPES (pH 7.0-pH 8.0), 100 mM Tris
(pH 8.5-pH 9.0), and 100 mM CAPS (pH 9.5-pH 11.0) supplemented
with 150 mM NaCl and 5 mM DTT. For labelling of isolated proteins, 6
pg of protein was incubated in 50 pL of reaction buffer containing
approximately 0.5 pg of active protease (either CrCEP1 or CrCEP2). The
following proteins were used for the labelling experiments: recombinant
PsbO from C. reinhardtii (rPsbO), recombinant PsbQ from C. reinhardtii
(rPsbQ), and recombinant serpin-like protein from C. reinhardtii
(rCrSerpin). The expression and purification procedure for the latter is
described in our previous publication [52]. Probes and peptides were
typically added at a final concentration of 2 puM, and samples were
incubated for 30 min to 1 h at 25 °C with gentle shaking. Proteins were
then precipitated by addition of 200 L ice-cold acetone and centrifuged
at 13,000 xg for 2 min. The acetone was removed, and 44 pL PBS con-
taining 1 % SDS was added to the pellet. Samples were vortexed and
incubated at 37 °C for 30 min. After incubation, the samples were heated
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at 90 °C for 10 min and then cooled. The click reaction was performed by
adding 2.5 pM picolyl-Cy5 (in dimethyl sulfoxide - DMSO), 1 mM
CuSOg4, 2 mM TCEP (tris(2-carboxyethyl)phosphine), and 0.1 mM TBTA
(tris((1-benzyl-4-triazolyl)methyl)amine). Samples were incubated for
1 h in the dark at 25 °C with gentle shaking. Proteins were then
precipitated by addition of 200 pL ice-cold acetone and centrifuged at
13,000 xg for 2 min. The pellets were resuspended in 25 pL 1 x SDS
loading buffer containing 2 % B-mercaptoethanol and incubated at 37 °C
for 30 min before loading 8 pL onto a 15 % SDS PAGE, which ran at 35
mA for approximately 1 h. Gels were scanned with ChemiDoc Imager
(BioRad) using an ET700/50 emission filter and subsequently stained
with Coomassie Brilliant Blue. To test different inhibitors, soluble pro-
teomes were preincubated with DMSO (no inhibitor control) or 5 mM
EDTA, (ethylenediaminetetraacetic acid), 100 pM PMSF, 10 pM E-64,
and 0.1 mg/mL rCrSerpin before labelling with 2 pM DK12 for 1 h.
Competition assays with rPsbO peptides were performed by simulta-
neous addition of 2 pM DK12, 0.5-500 pM competitor peptide and 5 pM
rPsbO and incubated for 1 h at 25 °C. For more information on the
peptides, see the Section 4.17. Blocking of N-termini was performed by
preincubation of soluble Chlamydomonas proteomes with 4 mM of
freshly prepared sulfo-NHS-acetate (Thermo Scientific) for 30 min in
100 mM Hepes, pH 7.5, 150 mM NacCl, and 5 mM DTT before labelling.

4.3. Identification of DK12 labelled proteins by mass spectrometry

To identify the three labelled proteins a pull-down experiment using
the Click&Go Click Chemistry Capture Kit (Click Chemistry Tools) and
azide agarose resin (Jena Bioscience) was performed. Samples were
prepared by mixing 3.5 mL of the treated soluble Chlamydomonas
proteome (time point 3 h) with 3.5 mL of 100 mM Hepes, pH 8.0, 150
mM NacCl, 5 mM DTT. The sample was incubated with 2 pM DK12 for 30
min at 25 °C. In the control sample, DMSO was added instead of the
probe in the same volume. The reaction was stopped by adding 28 mL of
ice-cold acetone, and the samples were incubated at —20 °C for 2 h to
ensure precipitation of the proteins. Samples were centrifuged at 15,000
xg at 4 °C for 10 min. The pellet was additionally washed with acetone
to ensure that the unbound DK12 probe was removed. The pellet was
resuspended in 800 pL of Click & Go lysis buffer (200 mM Tris, 4 %
CHAPS, 1 M NaCl, 8 M urea, pH 8.0). Click chemistry reaction, reduc-
tion, alkylation and washing steps were performed according to the
manufacturer’s instructions. Digestion of the washed agarose beads was
performed with trypsin and the released peptides were desalted and
analysed using Liquid Chromatography tandem-mass spectrometry (LC-
MS/MS). Measurements were performed using an EASY-nanoLC II HPLC
unit (Thermo Scientific) coupled to an Orbitrap LTQ Velos MS (Thermo
Scientific). The peptide sample was first loaded onto a C18 trapping
column (Proxeon EASY -ColumnTM, 2 cm (length), 100 pm internal
diameter, 5 pm 120 f\, C18-A1 beads) and then separated on a 10 cm
long C18 PicoFritTM AQUASIL analytical column (75 pm internal
diameter, 5 pm 100 A, C18 beads) (New Objective) using forward
flushing. Peptides were eluted with a 90-min linear gradient of 5-50 %
solvent B (0.1 % formic acid in acetonitrile) at a flow rate of 300 nl/min.
MS spectra were acquired in the Orbitrap analyzer with a mass range of
300-2000 m/z and 30,000 resolution. MS/MS spectra were obtained by
HCD fragmentation (normalised collision energy at 35) of the nine most
intense precursor ions from the full MS scan. Dynamic exclusion was
enabled with a repeat count of 2 and 120 s exclusion time. Database
searches and quantification by spectral counting were performed using
Mascot software version 2.6 and Scaffold software version 5.1.0.
Searches were performed using the NCBI protein database, using trypsin
cleavage specificity with a maximum of 2 missed cleavages. Carbami-
domethylation of cysteines was set as a static modification, whereas
methionine oxidation was set as a dynamic modification. Tolerances for
precursor and fragment mass were set at 6 and 20 ppm, respectively. A
reverse database search was performed, and the false discovery rate
(FDR) was set at 1 % for peptide and protein identifications.
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4.4. Molecular cloning of protein constructs

The genes encoding the mature forms of PsbO and PsbQ and the full-
length forms of CrCEP1 and CrCEP2 lacking only the signal peptide,
codon-optimised for expression in Escherichia coli (E. coli), were ordered
from Twist Bioscience as DNA fragments containing corresponding re-
striction sites at the 5" and 3’ ends of the genes, respectively. The genes
encoding PsbO and PsbQ or shortened versions of PsbO (A11-rPsbO and
A18-rPsbO) were ligated into the expression vector pET-28b(+) using
the restriction sites Ncol and Xhol, and the genes encoding CrCEP1 and
CrCEP2 were ligated into the expression vector pET-32/28 using the
restriction sites Nhel and Xhol, as described previously for cysteine ca-
thepsins [53]. The rPsbO and PsbQ constructs contained a C-terminal
hexahistidine tag, and the rCrCEP1 and rCrCEP2 constructs contained an
N-terminal hexahistidine tag. The correct nucleotide sequences were
verified by DNA sequencing. The amino acid sequences of all recombi-
nant proteins are listed in the supplemental information (Supplemental
Fig. S1).

4.5. Expression and purification of rPsbO and rPsbQ from the insoluble
fraction

E. coli BL21(DE3) bacteria were transformed with the expression
vector and grown into overnight cultures. Expression of protein was
performed in 4 x 400 mL of autoinduction medium containing 50 pg/mL
kanamycin (prepared as described (Studier, 2005)), which was inocu-
lated with 4 x 400 pL of overnight bacterial culture. The cells were
grown at 37 °C for 8 h. The cell pellet was then collected, each pellet was
resuspended in 20 mL of resuspension buffer (1 x PBS, 5 mM EDTA), and
frozen at —80 °C until further processing. The bacterial cells were
thawed and sonicated for 5 x 1 min (80 % power) on ice. The lysed cells
were centrifuged at 10,000 xg for 30 min to pellet the insoluble fraction.
The pellet was first resuspended in 5 mL of resuspension buffer and
diluted with 40 mL of wash buffer (1 x PBS, 5 mM EDTA, 25 % Sucrose,
1 % Triton-X100). The washing step was repeated, and the washed pellet
was resuspended in binding buffer (50 mM phosphate buffer, pH 7.5,
500 mM NaCl, 8 M urea, and 20 mM imidazole) and shaken overnight at
37 °C. The dissolved pellet was centrifuged at 20,000 xg for 10 min, the
supernatant filtered, and loaded onto a HisTrap™ FF column (Cytiva).
After washing with binding buffer, bound proteins were eluted in 50 mM
phosphate buffer, pH 7.5, 500 mM NaCl, 8 M urea, and 500 mM imid-
azole. Peak fractions were collected and dialyzed overnight against 20
mM Hepes, pH 7.0, 150 mM NaCl. The refolded protein solution was
centrifuged to remove all insoluble debris and concentrated to approx-
imately 5 mg/mL using an Amicon filtration unit (Millipore Corp.,
Temecula, California) equipped with a 10 kDa exclusion membrane. The
sample was applied to a Superdex 75 size exclusion chromatography
column (GE Healthcare Life Sciences, Marlborough, Massachusetts)
connected to an AKTA FPLC system. The column was equilibrated in 20
mM HEPES pH 7.5, 500 mM NaCl, and a flow rate of 0.5 mL/min was
used for protein separation. Selected fractions containing only the
monomeric protein were collected and stored at —80 °C until use.

4.6. Circular dichroism spectroscopy

Circular dichroism spectra were recorded with a J-1500 Circular
Dichroism Spectrometer (Jasco, MD). Circular dichroism spectra of
proteins at a concentration of 1 mg/mL in phosphate buffer were
recorded at 25 °C using a quartz cuvette with a 1 mm path length. Data
were acquired between 250 and 200 nm with a sampling rate of 20 nm/
min, a bandwidth of 1 nm, and a data spacing of 1 nm. The obtained data
was converted into mean residue ellipticity (MRE, 6yr) given by the
following equation:

6x0.1

Our [degem?dmol '] = Nowp <]
I 3
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N, in the equation represents the number of amino acids in the
sequence (N;psho = 250 aa). P, is the total monomer protein/peptide
concentration and [ is the optical pathway length. The theoretical CD
spectra were calculated with PDB2CD [54] based on the crystal structure
of Chlamydomonas PsbO and PsbQ (PDB: 6KAC, entities 14 and 16) and
secondary structure content for PsbO, rPsbO, PsbQ and rPsbQ were
estimated with BeStSel [55].

4.7. Immunoblotting and labelling with DCG-04

For immunoblotting, equal amounts of soluble Chlamydomonas
proteomes (typically 10 pg) were mixed with 4 x SDS-PAGE loading
buffer containing -mercaptoethanol and boiled for 5 min before loading
onto 12 % TGX StainFree™ FastCast™ polyacrylamide gels (Biorad) and
transferring to polyvinylidene fluoride (PVDF) membranes (Biorad). The
following antibodies were used: polyclonal rabbit anti-PsbO (1:1000,
Agrisera), goat anti-rabbit HRP (1:10,000, Abcam), streptavidin-HRP
(1:1000, GE Healthcare), anti-His6-HRP (1:1000, Roche).

DCG-04 labelling was performed with 50 pL of soluble Chlamydo-
monas proteomes, containing approximately 30 pg protein (prepared as
described in Section 4.1). The samples were mixed with 3 pL. 3 M NaOAc
pH 5.5 to lower the pH of the solution and 1 M DTT was added to a final
concentration of 10 mM. Control samples were preincubated with 10 pM
E-64 for 30 min before labelling with 2 yM DCG-04 for 2 h at 25 °C.
Proteins were then precipitated by adding 200 pL ice-cold acetone and
centrifuged for 2 min at 13,000 xg. The pellet was dissolved in 1 x SDS-
PAGE loading buffer containing p-mercaptoethanol, boiled, loaded onto
an SDS-PAGE gel and blotted as described above.

4.8. DCG-04 pull-down sample preparation

DCG-04 pull-down was performed on four biological replicates of
soluble proteomes from HyO,-treated Chlamydomonas cells (time point
3 h after treatment). For each replicate, 1 mL of the soluble proteome
was prepared in lysis buffer containing approximately 1 mg of protein as
described in the Section 4.1. The lysate was supplemented with a final
concentration of 100 mM NaOAc, pH 5.0 (to lower the pH of the solu-
tion), 150 mM NaCl, 0.1 mM PMSF and 10 mM DTT, respectively. The
mixture was then separated into two parts. One was pre-incubated with
200 pM E-64 (control sample) for 1 h at 25 °C, while an equivalent
amount of DMSO (DCG-04 sample) was added to the other. Both samples
were then incubated with 20 pM DCG-04 for 3 h at 25 °C. The buffer was
then exchanged for 50 mM Tris-HCI pH 7.5, 150 mM NaCl (TBS buffer)
using NAP-5 columns (Cytiva). The Halt Protease and Phosphatase In-
hibitor Cocktail (Thermo Scientific) and 90 pL washed Streptavidin Mag
Sepharose beads (Cytiva) were added to each sample and rotated
overnight at 4 °C. Consecutively, beads were washed three times with
50 mM Tris-HCI pH 7.5, 150 mM NaCl and 2 M urea according to the
manufacturer’s instructions and resuspended in 20 mM Hepes pH 7.5
and 150 mM NaCl. MS-grade trypsin (Serva Electrophoresis GmbH) was
added at a ratio of 1:100 (enzyme:proteome) and incubated overnight at
37 °C for on-bead digestion. Eluted peptides were desalted using SDB-RP
StageTips and analysed by LC-MS/MS as described in the Section 4.13.

4.9. Expression and purification of rCrCEP1 and rCrCEP2

For CrCEP1, E. coli strain C41 (DE3) (BioCat) was transformed with
the expression vector pET-32/28 (4). Expression was performed in 8 x
400 mL of autoinduction medium containing 100 pg/mL ampicilin
(prepared as described by Studier (Studier, 2005)), which was inocu-
lated with 8 x 400 pL of an overnight bacterial culture. The cells were
grown at 37 °C for 4 h and brought to 16 °C overnight. For rCrCEP2, the
E. coli strain Rosetta Gammi 2 (DE3) pLysS (Sigma Aldrich) was used.
Expression was performed in 8 x 400 mL of LB medium (lysogeny broth)
containing 100 pg/mL ampicillin. The medium was inoculated with 10
mL overnight bacterial culture and grown at 37 °C until the culture
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reached an optical density of 0.6. Expression of genes was then induced
with the addition of 1 mM IPTG (isopropyl - d-1-thiogalactopyrano-
side), and the flasks were brought to 16 °C overnight. The cells of both
expressions were pelleted, and pellets obtained from 400 mL bacterial
culture were resuspended in 20 mL resuspension buffer (20 mM HEPES,
pH 7.5, 500 mM NacCl, 20 mM imidazole) and sonicated on ice for 5 x 1
min (80 % power). After centrifugation at 25,000 xg for 10 min to
remove insoluble debris, the supernatant was briefly sonicated again
(1x 1 min) and centrifuged at 25,000 xg for 15 min. The supernatant
was applied to a HisTrap FF column (Cytiva). After washing with
resuspension buffer, bound proteins were eluted in the same buffer,
containing 500 mM imidazole. Peak fractions were collected, concen-
trated using an Amicon filtration unit equipped with a 10-kDa exclusion
membrane, and applied to a Superdex 75-size exclusion chromatog-
raphy column (GE Healthcare Life Sciences) connected to an AKTA FPLC
system (GE Healthcare/Amersham Biosciences). The column was
equilibrated in 20 mM HEPES, pH 7.5, 500 mM NacCl, and a flow rate of
0.5 mL/min was used to separate the proteins. Peak proteins were
collected and stored at —80 °C until further use.

4.10. Activation and kinetic assays for rCrCEP1 and rCrCEP2

50 pL aliquots of enzyme were activated by adjusting the pH to 4.0
with 3 M NaOAc, pH 3.8. DTT was added to a final concentration of 5
mM to prevent oxidation of the catalytic cysteine and the sample was
incubated shaking at 25 °C and 900 rpm. The proteolytic activity was
determined by monitoring the release of the fluorescent group AMC (7-
amino-4-methylcoumarin) from the substrate Z-FR-AMC (Bachem) at
excitation and emission wavelengths of 383 nm and 455 nm, respec-
tively, using a FL 6500 fluorescence spectrometer (PerkinElmer) in cu-
vettes with a 1 cm path length. The reaction buffer consisted of 100 mM
acetate pH 5.5, 150 mM NaCl, 1 mM EDTA, 5 pM Z- FR-AMC, 5 mM DTT.
When peak activity was reached, pH was adjusted to 5.0 with the
addition of 3 M NaOAc, pH 5.5, and the active enzyme was applied to a
Superdex 75-size exclusion chromatography column (GE Healthcare Life
Sciences) connected to an AKTA FPLC (system GE Healthcare/Amer-
sham Biosciences), to remove aggregates and cleaved peptides. The
column was equilibrated in 100 mM NaOAc, pH 5.0, 500 mM NaCl, and
a flow rate of 0.5 mL/min was used to separate the proteins. Peak pro-
teins were collected, aliquoted and stored at —80 °C until further use.
During activation samples were also collected for analysis with SDS-
PAGE. At each time point, approximately 5 pg of protein was collected
and inhibited with 20 pM E-64 for 10 min before adding 4 x SDS-PAGE
loading buffer containing f-mercaptoethanol. Samples were heated to
100 °C for 5 min, separated on a 12 % SDS-PAGE and stained with
Coomassie Brilliant Blue. For the pH profile analysis, a universal buffer
containing 20 mM NaOAc, 20 mM MES and 20 mM HEPES in a pH range
of 3-9 was used as described by D. Brooke et al. [56]. The buffer was
supplemented with 150 mM NaCl and 5 mM DTT. Reactions were per-
formed with 10 nM enzyme and 5 pM Z-FR-AMC and the proteolytic
activity was monitoring with a FL 6500 fluorescence spectrometer
(PerkinElmer) as described above. The enzyme concentration is based
on protein assuming purity. For the inhibition test, an aliquot of the
protease was preincubated with either 2 pM DK12, 2 uM E-64 or DMSO
for 30 min before measuring its fluorescence as described above. All data
were analysed using GraphPad Prism 9.1.1 (GraphPad Software Inc.).

4.11. Specificity profiling of rCrCEP1

To profile rCrCEP1 sequence specificity, we used the method Pro-
teomic Identification of protease Cleavage Sites (method PICS), as
described [27]. Proteome-derived peptide libraries were prepared by
digestion of E. coli DH5u lysates with trypsin (cleavage at K/R|X), GluC
(cleavage at D/E|X), or legumain (cleavage at D/N|X, [57]). Peptide
libraries (20 pg) were incubated with CrCEP1 (0.02 pg, ratio: 1:1000) in
a solution of 100 mM sodium acetate (pH 5.0), 150 mM NaCl, and 5 mM
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DTT for 30 min at 25 °C. For the control sample, the protease was pre-
incubated with 20 pM E-64 for one hour before being incubated with 20
pg of the peptide library. Afterwards, E-64 was added to a final con-
centration of 20 pM to both samples before being differentially labelled
for 16 h with 30 mM formaldehyde and 30 mM NaCNBHj. Either
12CH20 (“light”) or 13CD20 (“heavy”) were used for the control and
protease-treated samples, respectively. To ensure a complete reaction,
the same concentration of reagents was added for an additional 2 h. The
reactions were quenched with 0.1 M Tris pH 7.4 at 37 °C for 1 h and
pooled in a 1:1 ratio. Peptides were desalted using SDB-RP StageTips and
analysed by liquid chromatography-tandem mass spectrometry (see
Section 4.13 for details).

4.12. In-gel digestion of labelled rPsbO and rPsbQ

rPsbO or rPsbQ (10 pg) were mixed with 2.5 pg of active rCrCEP1 in
100 mM Tris-HCI, pH 8.0, 150 mM NaCl, 5 mM DTT, and labelled with 2
mM = IRSK for 30 min at 25 °C. The samples were separated into 4
separate lanes on a 15 % SDS-PAGE gel and stained with Coomassie
Brilliant Blue for 1 h followed by destaining in 30 % ethanol and 10 %
acetic acid. The four adjacent bands were combined, cut into ~1 mm®
pieces and incubated for 10 min at 25 °C in 500 pL fresh 50 mM
ammonium bicarbonate (ABC). The gel pieces were then destained for
10 min at 25 °C and 900 rpm in 500 pL 50 % ACN (acetonitrile) in 25
mM ABC. Subsequently, the cysteine residues were reduced with 500 pL
10 mM DTT in 25 mM ABC for 30 min at 56 °C. The gel pieces were then
cooled, and alkylation was performed with 500 pL 10 mM CAA (chlor-
oacetamide) in 25 mM ABC in the dark for 30 min at 25 °C. The gel
pieces were then washed with 500 pL. 50 mM ABC and 500 pL 50 % ACN
in 25 mM ABC, both for 10 min at 25 °C. Samples were partially
dehydrated by adding 500 pL 100 % ACN for 5 min. ACN was removed
and the gel pieces were dehydrated completely in the SpeedVac at 50 °C
for 10-20 min and stored at —20 °C until digestion. For digestion, the gel
pieces were covered completely with enough volume of 100 mM MES
pH 5.0, 2 mM DTT, and 5 mM CaCl, and each was added 5 pg of acti-
vated human legumain [57]. Samples were desalted using SDB-RP
StageTips and LC-MS/MS measurements were performed as described
in the Section 4.13.

4.13. nanoLC-MS/MS measurements

Mass spectrometry measurements were performed on a nano-HPLC
(Ultimate 3000 nano-RSLC) in a two-column setup (UPAC pillar array
trap column, 1 cm length, and a pPAC pillar array analytical column of
50 cm length; PharmaFluidics) with a binary gradient from 1 to 30 % B
for 90 min (DCG-04 samples) or 43 min (PICS samples) (A, 0.1 % FA; B,
0.1 % FA in acetontirile) and a total runtime of 2 or 1 h per sample
coupled to a high-resolution Q-TOF mass spectrometer (Impact II,
Bruker). Data was acquired with the HyStar Software, v5.1 (Bruker
Daltonics) in line-mode in a mass range from 200 to 1750 m/z at an
acquisition rate of 5 Hz. The top 14 most intense ions were selected for
fragmentation with a dynamic exclusion of previously selected pre-
cursors for the next 30 s, unless an intensity increase of factor 3
compared to the previous precursor spectrum was observed. Intensity-
dependent fragmentation spectra were acquired between 5 Hz, for low
intensity precursor ions (>500 cts), and 20 Hz, for high intensity (>25 k
cts) spectra.

4.14. Mass spectrometry data analysis

Database searches were performed with the Maxquant software
version v.2.0.3.0 [58] using standard settings for Bruker Q-TOF in-
struments. For the DCG-04 pulldown experiment tandem mass spectra
were aligned with peptide sequences from the Chlamydomonas Phyto-
zome Proteome Database (https://phytozome-next.jgi.doe.gov/,
genome: CC-4532 v6.1, 16,883 protein coding genes). N-terminal
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acetylation and methionine oxidation of proteins were considered as
variable modifications with a maximum of five variable modifications
per peptide, and the “match between runs” option was enabled. The
minimum score for recalibration was set to 47. Label-free quantification
(LFQ) values were calculated with a minimum number of ratios set to 2.
The digestion mode was set to specific trypsin. For downstream analysis
of the data, the resulting MaxQuant output file “proteinGroups.txt” was
loaded into Perseus software version v2.0.7.0 [59]. The potential con-
taminants as well as reverse hits were removed and the Phytozome
annotation file for Chlamydomonas CC-4532 v6.1 was added. LFQ
values were log2(x) transformed, and protein groups were filtered to
include only those with valid LFQ values in all four replicates in at least
one group. For the in-gel-digest analysis of modified rPsbO and rPsbQ,
tandem mass spectra were matched to peptide sequences derived from
the rPsbO or rPsbQ sequence, the rCrCEP1 sequence, and the E. coli
Uniprot proteome database (www.uniprot.org; UP000000625_83333,
release 2015/11, 4305 entries). N-terminal acetylation, methionine
oxidation, and the N-terminal alkynylation (=IR N-term, composition
Co3H3gNgO4) were considered as variable modifications with a
maximum of five variable modifications per peptide allowed. The re-
quantification feature of MaxQuant was disabled. Digestion protease
was set to legumain. The MaxQuant output file “Mod-
ificationSpecificPeptides.txt” was examined to see which peptides were
modified. The MS /MS spectra of the modified peptides were visualized
using MaxQuant v.2.0.3.0 [58]. For the PICS analysis, tandem mass
spectra were matched to peptide sequences derived from the E. coli
Uniprot proteome database (www.uniprot.org; UP000000625_83333,
release 2015/11, 4305 entries). Carbamidomethylation of cysteines was
set as a fixed modification and multiplicity was set to 2, considering
dimethylation of lysine and peptide N-termini residues as labels
(+28.0313 Da for the light channel, +34.0631 Da for the heavy chan-
nel). The re-quantification feature was disabled. Trypsin, GluC, or
legumain were set as digestion proteases depending on the peptide li-
brary used, and up to two missed cleavages were allowed. Protein N-
terminal acetylation and methionine oxidation were considered as var-
iable modifications with a maximum of three variable modifications per
peptide. The MaxQuant output file “peptides.txt” was analysed using the
pincis.pl script (https://pincis.sourceforge.io) as described [27]. The
PINCIS output file “Specific_Cleavage_Windows.tab file” was used for
cleavage site analysis with the iceLogo software [60].

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium [61] via the PRIDE [62] partner re-
pository with the dataset identifiers PXD047220 reviewer_pxd047220@
ebi.ac.uk, PXD047358 reviewer_pxd047358@ebi.ac.uk and PXD047370
reviewer_pxd047370@ebi.ac.uk.

4.15. Chemicals and general methods for the synthesis of =I and =IRS
probes

All solvents and chemicals were used as received. Melting points
were determined on a Kofler micro hot stage Leica Galen III (Leica
Camera AG) and on a Mettler Toledo Melting Point System MP 30
(Mettler Toledo). The 'H NMR and '3C NMR spectra were recorded in
CDCls, DMSO-dg, and CD3OD as solvents using Mey4Si as the internal
standard on a Bruker Avance III UltraShield 500 plus and on a Bruker
Avance NEO 600 instruments (Bruker) at 500 and 600 MHz for 11y and at
126 and 151 MHz for 13C nucleus, respectively. IR spectra were recorded
on a Bruker FTIR Alpha Platinum spectrophotometer (Bruker). Mass
spectra were recorded on an Agilent 6224 Accurate Mass TOF LC/MS
chromatograph/spectrometer (Agilent Technologies). Microanalyses
were performed by combustion analysis on a Perkin-Elmer CHNS
Analyzer 2400 II (PerkinElmer). Column chromatography (CC) was
performed on silica gel (Silica gel 60, particle size: 0.035-0.070 mm,
Sigma-Aldrich). Catalytic hydrogenation was performed on a Parr
shaker hydrogenation apparatus (Moline) at 3 bar of hydrogen in a 250
mL hydrogenation bottle. (S)-5-Amino-2-(benzyloxycarbonylamino)
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pentanoic acid, N,N'-bis(tert-butoxycarbonyl)-S-methylisourea, 1L-serine
methyl ester hydrochloride, N-(3-dimethylaminopropyl)-N'-ethyl-
carbodiimide hydrochloride (EDC), N-benzyloxycarbonyl-L-isoleucine,
pent-4-ynoic acid, 6-aminocaproic acid, 4-methylmorpholine (NMM), N,
N'-carbonyldiimidazole (CDI), and trifluoroacetic acid (TFA) are
commercially available (Sigma-Aldrich). N?-benzyloxycarbonyl-N*,N* -
bis(tert-butoxycarbonyl)-L-arginine was prepared following the litera-
ture procedure [63].

4.16. Synthesis of =I and =IRS probes

The synthesis of both probes was carried out according to general
solution-phase peptide synthesis procedures, following Boc- and Cbz-
strategies and employing CDI and EDC as activating reagents in ami-
dation reactions [64,65]. CDI was used as activation reagent in amida-
tion of pent-4-ynoic acid with 6-aminocaproic acid, while EDC was used
as activating reagent in all other amidation reactions. The Cbz protect-
ing group was removed by catalytic hydrogenation, while the Boc pro-
tecting group was removed acidolytically by treatment with TFA. All
synthetic steps were performed in standard glass flasks followed by
standard isolation and purification procedures. 6-(Pent-4-ynamido)
hexanoic acid (PAH-OH)! was prepared by amidation of pent-4-ynoic
acid (1.055 g, 5 mmol) with 6-aminocaproic acid. Yield: 880 mg
(4.17 mmol, 83 %), H NMR spectral data are consistent with the
literature data [66]. Methyl NZ—benzyloxycarbonyl—N‘",N‘"’—bis(tert—
butoxycarbonyl)-L-arginyl-L-serinate (Cbz-IR(Boc2)S-OMe) was pre-
pared in three steps from N?-benzyloxycarbonyl-N”,N*-bis(tert-butox-
ycarbonyl)-L-arginine (Cbz-R(Bocz)-OH) via coupling with r-serine
methyl ester, hydrogenolytic N-Cbz-deprotection, and coupling of
HCleR(Boc2)S-OMe (501 mg, 0.98 mmol) with Cbz-L-isoleucine. Yield
(last step): 624 mg (0.86 mmol, 88 %), HRMS (ESI): m/z = calculated for
C34Hs5Ng011 [MH]' 723.3924, found 723.3920. =I probe was prepared
by amidation of 6-(pent-4-ylamido)hexanoic acid (106 mg, 0.5 mmol)
with L-isoleucine methyl ester. Yield: 142 mg (0.42 mmol, 84 %), HRMS
(ESI): m/z = calculated for C;gH3N»O4 [MH]" 339.2278, found
339.2278. =IRS probe was prepared as trifluoroacetate salt in three
steps from Cbz-IR(Boc2)S-OMe via hydrogenolytic N-Cbz-deprotection,
coupling with 6-(pent-4-ynamido)hexanoic acid (PAH-OH), and acid-
olytic N**’-Boc-deprotection of PAH-IR(Bocz)S-OMe (53 mg, 68 pmol).
Yield (last step): 46 mg (66 pmol, 97 %), HRMS (ESI): m/z = calculated
for Co7H4gN,07 [MH] " 582.3610, found 582.3599. More detailed pro-
cedures and compound characterizations can be found in the Supple-
mental Materials online.

4.17. Synthesis of synthetic peptides

Chemicals and solvents were purchased from commercial sources
(FluoroChem, SigmaAldrich, Fluka, Novabiochem and BLDpharm) and
were used as obtained unless otherwise noted. Amine trapping packets
were added to the DMF. The following amino acids were used for the
peptide synthesis: Fmoc-Ala-OH, Fmoc-Asn(Trt)-OH, Fmoc-Asp(OtBu)-
OH, Fmoc-L-Arg(Pbf)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Gln(Trt)-OH,
Fmoc-Gly-OH, Fmoc-Ile-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH, Fmoc-
Phe-OH, Fmoc-Ser(tBu)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Tyr(tBu)-OH,
Fmoc-Val-OH. The following peptides were synthesized in this study:
IRSK, Pepl6: GLTFDEIQGLTYLQV, Pep20: GLTFDEIQGLTYLQVKGSG.
All peptides were synthesized manually using a Fmoc strategy in a fritted
8-mL plastic syringe. Peptide synthesis proceeded from the C- to the N-
terminus and was performed using the Grace Alltech vacuum manifold
system. Resin preparation: peptides were synthesized using Rink amide
resin (0.4-0.8 mmol/g). 300 mg of the resin was transferred to a syringe,
DMF was added to half of the syringe, and the suspension was allowed to
stand for 1 h. DMF was removed under vacuum and piperidine (20 % v/v
in DMF) was added to half of the syringe and allowed to stand for 1 h.
After 1 h, the piperidine was removed under vacuum and the resin was
washed three times with DMF. Coupling reactions: A solution of amino
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acid (0.735 mmol; 5 eq), HATU reagent (0.38 M, dissolved in DMF; 4.5
eq; 1.74 mL), and DIEA (7 eq; 179 pL) was prepared in a penicillin vial.
The solution was added to the syringe and allowed to stand for 15 min
with occasional mixing. After 15 min, the solution was removed under
vacuum and the resin was washed three times with DMF. The Fmoc
protection of the amino acid was then removed with piperidine DMF
solution (20 % v/v in DMF, 2 x 5 min). Before the next coupling, the
resin was washed five times with DMF. Amino acids were incorporated
into the peptide sequence in the appropriate order following the
described procedure. After completion of the synthesis, the peptide was
washed three times with dichloromethane and dried for 1 h in vacuo.
Cleavage from the solid support: cleavage of the synthesized peptide from
the solid support was performed using a mixture of TFA, H,O and TIS
(95 %: 2.5 %: 2.5 %). The prepared mixture (5 mL) was added to the
syringe containing the peptide and left for 2 h with constant shaking. It
was then filtered through a frit, the filtrate was collected in 15 mL
Falcon™ tube, and the TFA was evaporated in a flow of nitrogen. The
crude product was triturated with cold diethyl ether (approx. 10 mL),
which was added dropwise to form a white precipitate. The resulting
mixture was centrifuged (7000 rpm, 5 min), after which the ether was
decanted. The described procedure was repeated two more times and
the obtained product was dried under vacuum. The crude product ob-
tained was further purified by reverse phase chromatography. Purified
peptides were analysed by HPLC and HRMS.

4.18. Analysis of IRSK peptide cleavage by mass spectrometry

200 pg of the synthetic peptide IRSK (prepared as described in Sec-
tion 4.17) was incubated with 10 nM rCrCEP1 in 100 mM NaOaAc, pH
5.0, 150 mM NaCl, 5 mM DTT for 1 h at 25 °C in a final volume of 200 pL,
along with control samples lacking either rCrCEP1 or IRSK. Samples
were applied to a 3 kDa cutoff spin column to remove rCrCEP1, and flow
through was analysed by MS. Mass spectra were recorded on an Agilent
6224 Accurate Mass TOF LC /MS chromatograph/spectrometer (Agilent
Technologies, Santa Clara, CA, USA).
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