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This review discusses N-termini modifications and their associated processing machinery in organisms with plastids primarily gained

N-terminal protein modifications in plastid-containing organisms in brief

During protein synthesis, protein N-termini are the first to emerge from the ribosome tunnel.

When the nascent protein emerges, it immediately interacts with a welcoming committee that rapidly determines protein fate [START_REF] Giglione | N-terminal protein modifications: bringing back into play the ribosome[END_REF]. Theoretically, all nascent chains undergo several modifications, which then allow them to undergo further modifications, interact with new partners, translocate or interact with specific compartments, or have longer or shorter half-lives. Unlike other parts of the protein, the N-terminus and any co-translational processes can be conditionally exposed to the crowed, highly interactive, and reactive space of small and large molecules in the cytosol, matrix, stroma, or even endoplasmic reticulum (ER), where they are available for additional post-translational protein modifications. The remarkable reactivity of the N-terminal amino group makes the N-terminal amino acid a substrate of choice for many enzymes capable of adding new groups, many of which cancel the positive charge. These enzymes often specifically recognize the N-terminal residue side chain and may sometimes also sense the protein sequence downstream.

Plastids have an endosymbiotic origin. At least two independent primary endosymbiosis events occurred during evolution, one ancestral ~1.6 billion years ago from a βcyanobacterium leading to the Archaeplastida phylum with red alga the closest fossil, and another more recent event from an α-cyanobacterium leading to Paulinellidae ~100 million years ago. Except Paulinellidae, most Chromalveolatae have acquired their plastid more recently secondarily via phagocytosis of a red alga into another non-photosynthetic eukaryote.

Dinoflagellates have a tertiary origin [START_REF] Yoon | Tertiary endosymbiosis driven genome evolution in dinoflagellate algae[END_REF]. Many protein modifications occurring in plastids as we currently understand them therefore arise from early endosymbiotic bacteria, which were progressively enslaved by a primitive eukaryote with a mitochondrion. A few complete and fully annotated plastid genomes for Chromalveolata have been released over the last few decades. These have revealed plastid genomes of various sizes but a remarkable convergence between protein-encoding genes and evolutionary stage (Box

1).

Here we review N-terminal protein modifications in plastid-containing organisms. Plastidcontaining organisms span all phyla in Bikonta (see Figure 1). Such organisms have gained their plastid in different ways and at different times during evolution, the earliest ancestor most likely soon after the last eukaryotic common ancestor ("LECA") gained the mitochondrion through early endosymbiosis. Plastid enslavement and the many interactions between the plastid and nuclear genomes are part of a complex and long-established process that profoundly affected not only metabolism towards autotrophy in most recipient organisms but also the protein modification landscape. We illustrate here several such modifications and how the timescale of plastid enslavement allowed the retention or migration of key elements from one genome to another (Box 1).

We first focus on N-terminal protein modifications, particularly those studies performed in plastid-containing organisms. In a dedicated section, we introduce the general features of methods that led to the discovery of protein modifications at the proteomic scale. We go on to describe the complex machinery in plastid-containing organisms and finally describe the complexity and varieties of these processes using actins and RuBisCO as exemplars.

The large diversity of N-terminal modifications in plastid-containing organisms

Proteins synthesized in plastid-containing organisms arise from three distinct cytosolic, plastid, and mitochondrial genomes. These proteins may shuttle between compartments, with the secretory pathway a rich source. In the cytosol, ribosomes distribute into free and ERassociated fractions, and in the latter case early interactions between the nascent chains and the secretory machinery can drive the association. As a result, cytosolic ribosomes synthesize mostly cytosolic proteins, whereas ER-bound ribosomes synthesize proteins mainly corresponding to the secretory and integral membranes but also a few cytosolic proteins [START_REF] Reid | Diversity and selectivity in mRNA translation on the endoplasmic reticulum[END_REF]. The molecular and modification landscapes of these two populations may therefore be strongly affected.

Co-translational amino terminal processing

Protein synthesis in the cytosol leads to the incorporation of an N-terminal methionine supported by the sole AUG codon. However, ribosome profiling has frequently retrieved AUG start codons downstream or upstream of the annotated AUG [START_REF] Li | Prevalence of alternative AUG and non-AUG translation initiators and their regulatory effects across plants[END_REF]. As proteomic approaches rely on the genomic annotation of open reading frames, care must therefore be taken in their interpretation when dealing with N-termini. This is even truer for genomes relying on less data than model organisms such as the plant dicot Arabidopsis thaliana. For instance, while 19% of N-termini in A. thaliana are wrongly annotated, 31% of tomato N-termini are wrongly annotated; no corresponding data are yet available for Chromalveolata. In addition, it was established early on that there were inconsistencies in 5' genome annotations in Apicomplexa (Wakaguri et al., 2009). Whilst usually encoded by the AUG codon, various non-AUG codons (e.g., CUG, ACG, GUG, AUU) may also initiate proteins, particularly in plants (up to 35% of translation starts in tomato) [START_REF] Li | Prevalence of alternative AUG and non-AUG translation initiators and their regulatory effects across plants[END_REF].

Nevertheless, such codons invariably lead to the incorporation of methionine (Met); indeed, the initiator Met-tRNA itself directs initiation, even though imperfect or wobble codonanticodon pairing may occur [START_REF] Na | Discovery of noncanonical translation initiation sites through mass spectrometric analysis of protein N termini[END_REF].

Organelles use a bacterial-type translation machinery and, unlike the cytosolic mechanism, which relies on archaeal-type machinery, the initiator Met-tRNA must first be modified by a formyl group prior to protein synthesis. As a result, a pre-modified N-formylated methionine is incorporated early in translation. This unique protein modification is not usually present in mature proteins as it undergoes early cleavage [START_REF] Giglione | Protein N-terminal methionine excision[END_REF]. In bacteria, for instance, about 5% of proteins retain their N-terminus, most of which are membrane proteins [START_REF] Bienvenut | Proteome-wide analysis of the amino terminal status of Escherichia coli proteins at the steady-state and upon deformylation inhibition[END_REF]. This probably means that there is competition between cotranslational N-terminal protein modifications and the early processing of such proteins by the secretory machinery including the signal recognition particle. While it remains unclear whether formyl is retained or removed in metazoan and fungal mitochondria, in plant mitochondria, the N-terminal formyl group is rarely displayed [START_REF] Giglione | Organellar peptide deformylases: universality of the Nterminal methionine cleavage mechanism[END_REF].

In humans, N-formyl must be retained on cytochrome c oxidase subunit COX1 in the mitochondrion for complex assembly [START_REF] Hinttala | An N-terminal formyl methionine on COX 1 is required for the assembly of cytochrome c oxidase[END_REF]. A few mature formylated proteins might therefore be expected in the plastids and mitochondria of plastid-containing organisms [START_REF] Giglione | Protein N-terminal methionine excision[END_REF]. Unlike in plants, there are still no data on formylated proteins in Chromalveolata.

Though not removed as frequently as the formyl group, the N-terminal methionine is also generally cleaved off [START_REF] Giglione | Protein N-terminal methionine excision[END_REF][START_REF] Giglione | Organellar peptide deformylases: universality of the Nterminal methionine cleavage mechanism[END_REF][START_REF] Millar | The scope, functions, and dynamics of posttranslational protein modifications[END_REF]. This process of N-terminal methionine excision (NME) is conserved in all living organisms studied to date. About 60% of cytosolic and plastid proteins undergo NME [START_REF] Giglione | Protein N-terminal methionine excision[END_REF], and it is an essential process in the cytosol of A. thaliana [START_REF] Ross | Functional and developmental impact of cytosolic protein N-terminal methionine excision in Arabidopsis[END_REF] and the plastids of monocots and dicots [START_REF] Dirk | Eukaryotic peptide deformylases. Nuclearencoded and chloroplast-targeted enzymes in Arabidopsis[END_REF][START_REF] Giglione | Control of protein life-span by N-terminal methionine excision[END_REF][START_REF] Moon | Rice peptide deformylase PDF1B is crucial for development of chloroplasts[END_REF][START_REF] Serero | Distinctive features of the two classes of eukaryotic peptide deformylases[END_REF]. Both steps of plastid NME are also essential in Apicomplexa [START_REF] Bushell | Functional profiling of a Plasmodium genome Reveals an abundance of essential genes[END_REF]. The molecular mechanisms underpinning NME and its importance have been studied in both the cytosol and plastids of plants. In the cytosol, NME controls proteostasis by ensuring tightly regulated crosstalk between the cellular proteolytic machinery and glutathione homeostasis [START_REF] Frottin | Cotranslational proteolysis dominates glutathione homeostasis to support proper growth and development[END_REF]. Specifically, it was shown that retention of the N-terminal methionine, by blocking NME, increases the cellular proteolytic machinery by increasing the pool of proteins suitable for rapid degradation. Very interestingly, N-terminalretained methionines were very often found to be unacetylated when NME was inhibited, suggesting that the unacetylated methionines could act as an N-degron. This is consistent with a recent finding on the non-Ac-degron (see below and [START_REF] Linster | Cotranslational N-degron masking by acetylation promotes proteome stability in plants[END_REF]), and plastid NME has been suggested to protect a specific pool of proteins from rapid degradation with retention of the N-terminal methionine interpreted as a destabilizing signal [START_REF] Adam | Interplay between Nterminal methionine excision and FtsH protease is essential for normal chloroplast development and function in Arabidopsis[END_REF][START_REF] Giglione | Control of protein life-span by N-terminal methionine excision[END_REF].

NME is also important for further modifications that fully rely on NME, such as N-terminal acetylation (Nt-acetylation) and N-myristoylation. Nt-acetylation and N-myristoylation describe the addition of short or long aliphatic acetyl or acyl (C2 and C14, respectively) groups to N-termini (Giglione andMeinnel, 2021, 2022) by specific enzymes belonging to the Gcn5-related N-acetyltransferase (GNAT) superfamily: N-acetyl-transferases (NATs) and Nmyristoyl-transferases (NMTs). These acyl additions make the N-terminus hydrophobic and cancel the positive charge. Both modifications are co-translational, as they occur soon after the nascent chain emerges from the ribosome, probably to ensure complete modification of the N-terminus. As a result, Nt-acetylation is a protein modification leading to completion for the majority of substrates in the cytosol, as shown in quantitative analyses performed in plants [START_REF] Huber | NatB-mediated Nterminal acetylation affects growth and abiotic stress responses[END_REF][START_REF] Linster | Downregulation of N-terminal acetylation triggers ABA-mediated drought responses in Arabidopsis[END_REF]. Nt-acetylation has also been described for the plastid, where it modifies both nascent proteins arising from translation of the plastid genome and proteins imported from the cytosol. In the latter case, the modification is present on the proteolytically-processed new N-terminus devoid of the transit peptide [START_REF] Bienvenut | Dynamics of post-translational modifications and protein stability in the stroma of Chlamydomonas reinhardtii chloroplasts[END_REF][START_REF] Bienvenut | Comparative large scale characterization of plant versus mammal proteins reveals similar and idiosyncratic N-alpha-acetylation features[END_REF]. Unlike in co-translation, there is only partial post-translational modification of nuclear-encoded imported proteins -30% on average -although this might be as high as 100% in some cases. By contrast, it is remarkable that complete Nt-acetylation occurs on most plastid-encoded proteins such as photosystem 2 components (e.g., D1 or D2) or the large subunit of RuBisCO (RbcL); however, no data are yet available on whether this is a co-translational process, like in bacteria.

Though not yet described in plastid-containing organisms, post-translational Nt-acetylation and N-myristoylation have been detected in the cytosol of metazoans [START_REF] Giglione | Mapping the myristoylome through a complete understanding of protein myristoylation biochemistry[END_REF][START_REF] Lange | Annotating N termini for the human proteome project: N termini and Nα-acetylation status differentiate stable cleaved protein species from degradation remnants in the human erythrocyte proteome[END_REF]. One cannot exclude, therefore, that proteins from plastid-containing organisms undergoing proteolysis in the cytosol or other subcellular compartments might further undergo N-myristoylation and Ntacetylation.

Nt-acetylation is frequent in both the cytosol and plastids of plants, and the modification has also been retrieved in Stramenopiles (diatoms) and Rhizaria [START_REF] Huesgen | Proteomic amino-termini profiling reveals targeting information for protein import into complex plastids[END_REF][START_REF] Oberleitner | A bipartite chromatophore transit peptide and N-terminal protein processing in the Paulinella chromatophore[END_REF]. By contrast, N-myristoylation occurs in about 1-2% of proteins. Nmyristoylation has been studied in detail in A. thaliana, in which nearly all the modified proteome has now been characterized [START_REF] Castrec | Structural and genomic decoding of human and plant myristoylomes reveals a definitive recognition pattern[END_REF][START_REF] Majeran | Targeted profiling of A. thaliana sub-proteomes illuminates new co-and post-translationally N-terminal myristoylated proteins[END_REF]. Nmyristoylation studies using a clickable precursor have also been performed in Toxoplasma gondii, where 65 targets were identified and many others predicted [START_REF] Alonso | Exploring protein myristoylation in Toxoplasma gondii[END_REF][START_REF] Broncel | Profiling of myristoylation in Toxoplasma gondii reveals an N-myristoylated protein important for host cell penetration[END_REF]. The substrate specificity of Plasmodium falciparum NMT was studied using an array of octapeptides, and it was shown to display close similarities with A. thaliana and human NMT, while the yeast isoform appeared to feature slightly more restricted selectivity [START_REF] Pierre | N-Myristoylation regulates the SnRK1 pathway in Arabidopsis[END_REF]Traverso et al., 2013a). N-myristoylation usually allows its protein targets to anchor the membrane towards the cytosol. The transmembrane microneme protein MIC7 was shown to display N-myristoylation, with the myristoylated N-terminus facing the lumen [START_REF] Broncel | Profiling of myristoylation in Toxoplasma gondii reveals an N-myristoylated protein important for host cell penetration[END_REF]. This suggests that the modified N-terminus might flip from the outer to the inner side of the membrane, possibly during co-translational insertion of the transmembrane domains.

N-myristoylation has been studied in detail in A. thaliana. Membrane specificity not only depends on N-terminal myristoylation but also vicinal features including palmitoylation of cysteines next to the modified N-terminal glycine [START_REF] Boisson | Unexpected protein families including cell defense components feature in the N-myristoylome of a higher eukaryote[END_REF][START_REF] Majeran | Targeted profiling of A. thaliana sub-proteomes illuminates new co-and post-translationally N-terminal myristoylated proteins[END_REF][START_REF] Pierre | N-Myristoylation regulates the SnRK1 pathway in Arabidopsis[END_REF]Traverso et al., 2013b). In plants, the essential nature of N-myristoylation likely depends on a set of major kinases and small G-proteins such as ADP-ribosyl factor (ARF) at various crucial development stages, including fertilization and germination [START_REF] Bayer | Paternal control of embryonic patterning in Arabidopsis thaliana[END_REF][START_REF] Pierre | N-Myristoylation regulates the SnRK1 pathway in Arabidopsis[END_REF][START_REF] Renna | Golgi traffic and integrity depend on N-myristoyl transferase-1 in Arabidopsis[END_REF]. Evolutionary investigations have also revealed a small number of fully conserved NMT targets in all organisms including ARFs [START_REF] Meinnel | Myristoylation, an ancient protein modification mirroring eukaryogenesis and evolution[END_REF]. Overall, the features of Nt-acetylation and N-myristoylation appear to be similar in metazoans and plastid-containing organisms, indicating the early acquisition of the system after the LECA and before primary endosymbiosis of the β-cyanobacterium leading to the primary plastid ~1.6 billion years ago.

Intracellular proteolysis leads to new N-termini

Since most mitochondrial genes and many plastid genes have migrated to the nuclear genome during evolution, proteins transit from the cytosol to organelles by taking advantage of targeting peptides. This phenomenon is well studied and described in plants [START_REF] Christian | Plastid transit peptides-where do they come from and where do they all belong? Multi-genome and pangenomic assessment of chloroplast transit peptide evolution[END_REF]. This transit usually leads to proteolytic cleavages by dedicated machineries, similar to proteins transiting via the secretory pathway. In fact, recent data indicate that it is very likely that the secretory pathway is used as a means for proteins to cross the three to four membrane layers that separate the plastid from the cytosol in Chromalveolata, in which plastids originate from (i) secondary endosymbiosis (i.e., most phyla including Cercozoa like Bigelowiella natans [START_REF] Hopkins | Proteomics reveals plastid-and periplastid-targeted proteins in the chlorarachniophyte alga Bigelowiella natans[END_REF] but not ciliates and foraminifera, Figure 1) or (ii) primary endosymbiosis (only Paulinellidae in the phylum). It appears that the ER signaling peptide must be fused to a transit peptide for protein import into complex plastids like those in the diatom Thalassiosira pseudonana [START_REF] Huesgen | Proteomic amino-termini profiling reveals targeting information for protein import into complex plastids[END_REF]. The situation in Apicomplexa is most similar to that in non-photosynthetic plastid-(so-called apicoplast) targeting sequences [START_REF] Tonkin | Protein targeting to the malaria parasite plastid[END_REF]. The apicoplast also has a secondary origin and is separated from the cytosol by four membranes. Like diatoms, Apicomplexa use a target peptide formed from the fusion of an ER-and plastid-targeting sequence. In addition to the plastid, these organisms contain advanced secretory compartments including rhoptries, micronemes, or dense granules, which are specialized for parasite-host interactions [START_REF] Sheiner | Protein trafficking inside Toxoplasma gondii[END_REF].

Consequently, complex proteolytic events occur in these unique compartments, leading to new downstream cleavages of secreted proteins. These involve dedicated proteases including aminopeptidase N and aspartyl protease ASP5, which we will not discuss further [START_REF] Coffey | Aspartyl protease 5 matures dense granule proteins that reside at the hostparasite interface in Toxoplasma gondii[END_REF][START_REF] Dogga | A druggable secretory protein maturase of Toxoplasma essential for invasion and egress[END_REF]. Additional modifications including acetylation have also been described in this pathway [START_REF] Nyonda | N-Acetylation of secreted proteins is widespread in Apicomplexa and independent of acetyl-CoA transporter AT1[END_REF].

Methods of investigation and the discovery of protein modifications

Protein modifications and modified proteomes

A range of approaches have now been used over many years to discover and annotate modified proteomes [START_REF] Meinnel | Tools for analyzing and predicting N-terminal protein modifications[END_REF], including methods based on: (i) precursors tagged with radioactive or reactive species including clickable moieties [START_REF] Kallemeijn | Proteome-wide analysis of protein lipidation using chemical probes: in-gel fluorescence visualization, identification and quantification of Nmyristoylation, N-and S-acylation, O-cholesterylation, S-farnesylation and Sgeranylgeranylation[END_REF][START_REF] Suazo | A not-so-ancient grease history: click chemistry and protein lipid modifications[END_REF] or featuring unique chemical bond sensitivity (e.g., acyl biotin exchange for S-acylation); (ii) enrichments of modified peptides using affinity approaches such as Strong Cation eXchange columns (SCX; e.g., phosphorylation) or monoclonal antibodies (e.g., acetylation); (iii) in vitro challenges of the catalyst with sorted or random alanine-scanning libraries when the enzyme modifier is known; (iv) affinity-based approaches such as proximity assays to visualize and identify protein modification substrates (e.g., methylation [START_REF] Poulard | Activation of rapid oestrogen signalling in aggressive human breast cancers[END_REF]); (v) site-directed variants with substitutions abolishing target modification site reactivity or mimicking the modified target; and (vi) genome-wide mass spectrometry approaches with dedicated surveys for specific modifications (e.g., ubiquitination with GGK tags [START_REF] Parker | Mass spectrometric determination of protein ubiquitination[END_REF]) [START_REF] Aebersold | Mass-spectrometric exploration of proteome structure and function[END_REF]. Complementary bioinformatics approaches are integral to progress in this field, particularly when the modification is frequent and complex, for instance in the case of palmitoylation [START_REF] Blanc | SwissPalm: protein palmitoylation database[END_REF]. Target catalogs are listed in several repositories and can be searched. Annotations in protein databanks remain incomplete, for instance in the reference protein resource UniProtKB (Protein KnowledgeBase), but focused efforts to integrate these data are currently underway [START_REF] Zahn-Zabal | The neXtProt knowledgebase in 2020: data, tools and usability improvements[END_REF].

In vitro and in vivo approaches have frequently been combined with structural and bioinformatics analyses to further complete the picture. In vitro approaches are often used upstream to help rationalize the data obtained from in vivo samples, which may sometimes be difficult to interpret due to sample preparation artefacts such as oxidation of thiol-containing residues or chemical acetylation of lysines [START_REF] Baeza | Site-specific reactivity of nonenzymatic lysine acetylation[END_REF]. Furthermore, the sample may be complex, sometimes producing billions of overlapping signals. The interpretation of those approaches that use reactive precursors can also be ambiguous, as the precursor may be metabolized into other compounds used by other catalysts on different targets or lead to weak signals that do not represent the real stoichiometry or biology. Lysine acetylation, for instance, is most often associated with low stoichiometry (see Fig. 7 in [START_REF] Lindahl | Site-specific lysine acetylation stoichiometry across subcellular compartments[END_REF] and [START_REF] Hansen | Analysis of human acetylation stoichiometry defines mechanistic constraints on protein regulation[END_REF][START_REF] O'leary | Rubisco lysine acetylation occurs at very low stoichiometry in mature Arabidopsis leaves: implications for regulation of enzyme function[END_REF][START_REF] Prus | Analysis and interpretation of protein post-translational modification site stoichiometry[END_REF]). All data arising from these diverse approaches therefore provide qualitative information about modified subproteomes.

However, the quantitative assessment of modified proteomes remains in its infancy, as stoichiometry, competition with other modifications, tissue and environmental heterogeneity, or isoform heterogeneity require characterization and are usually poorly documented.

The special case of N-terminal modifications and their discovery

The discovery of position-specific modifications becomes even more challenging. These modifications need to be identified on only one peptide and not randomly on any peptide whatever its position. This restricts the identification search space to an average of one out of 20-40 tryptic peptides. For instance, a given protein has only one N-terminus and an average of 32 lysine acceptors available for trypsin cleavage. In addition, classic proteomic label-free approaches cannot be used for protein quantification and stable isotopes need to be employed.

To retrieve proteome-wide information, N-terminal peptides must be enriched. Specific properties of the N-terminal peptide are therefore exploited for this purpose. One major property relies on NH 2 terminal group reactivity with aldehyde derivatives. The amino terminal group is often acetylated in eukaryotes or can react with dedicated modifiers.

Although the pK is much lower than that of lysines and would theoretically allow the labeling of only one group if the reaction is at the proper pH, most protocols lead to the modification of both amino groups. This was certainly the case in early approaches such as SILProNAQ [START_REF] Bienvenut | SILProNAQ: a convenient approach for proteome-wide analysis of protein N-termini and N-terminal acetylation quantitation[END_REF][START_REF] Bienvenut | Comparative large scale characterization of plant versus mammal proteins reveals similar and idiosyncratic N-alpha-acetylation features[END_REF] or COFRADIC, which are readily applied to plants [START_REF] Tsiatsiani | Preparation of Arabidopsis thaliana seedling proteomes for identifying metacaspase substrates by N-terminal COFRADIC[END_REF][START_REF] Tsiatsiani | The Arabidopsis metacaspase9 degradome[END_REF]. Improved workflows have now been described for plants [START_REF] Carrie | Identification of cleavage sites and substrate proteins for two mitochondrial intermediate peptidases in Arabidopsis thaliana[END_REF]. Here we only summarize the main features and refer interested readers to an excellent recent review on the topic in plants [START_REF] Perrar | New beginnings and new ends: methods for large-scale characterization of protein termini and their use in plant biology[END_REF].

The chemical labeling reaction takes place before proteins are cleaved by proteases like trypsin, which cleaves at lysines and arginines. As a result, this blocks lysine cleavage by trypsin and produces longer peptides. Some peptides cannot be analyzed in this way because their length is incompatible with mass spectrometry. In these cases, a good alternative is the use of other proteases such as endoproteinase GluC, which cleaves after glutamates [START_REF] Zhang | N-terminomics reveals control of Arabidopsis seed storage proteins and proteases by the Arg/N-end rule pathway[END_REF]. Terminal Amine Isotopic Labelling of Substrates (TAILS) coupled with dimethyl labeling is one commonly used approach [START_REF] Rowland | The Arabidopsis chloroplast stromal N-terminome: complexities of amino-terminal protein maturation and stability[END_REF][START_REF] Zhang | Quantitative proteomics analysis of the Arg/N-end rule pathway of targeted degradation in Arabidopsis roots[END_REF]. The HUNTER workflow [START_REF] Weng | Sensitive determination of proteolytic proteoforms in limited microscale proteome samples[END_REF], which also relies on chemical dimethylation, was recently used to examine Paulinella chromatophora processing in the chromatophore (Figure 2). Internal peptides react with a hydrophobic chain (undecanal, a C11 aliphatic aldehyde), and the N-terminal peptides can be enriched by reverse phase chromatography. Stable isotope labeling is used when quantification is required, for instance deuterated acetic acid for acetylation quantification. Tandem mass tag labeling has been implemented in the TAILS workflow [START_REF] Zhang | N-terminomics reveals control of Arabidopsis seed storage proteins and proteases by the Arg/N-end rule pathway[END_REF]. Another alternative is to use click chemistry if precursors can be incorporated in the growth medium. So far, however, unlike for other organisms such as fungi or metazoans, few large-scale approaches have been described for plastid-containing organisms, probably because they display almost complete autotrophy. For instance, Nmyristoylation has been reported for several proteins using azido or alkyne derivatives [START_REF] Boyle | Detecting N-myristoylation and S-acylation of host and pathogen proteins in plants using click chemistry[END_REF][START_REF] Lee | Redox-dependent structural switch and CBF activation confer freezing tolerance in plants[END_REF]. Catalytic parameters obtained in vitro -including k cat /K m values -of N-terminal peptides help to categorize substrates and the reaction as exemplified by the systematic analysis of A. thaliana N-myristoylation [START_REF] Castrec | Structural and genomic decoding of human and plant myristoylomes reveals a definitive recognition pattern[END_REF].

The processing machinery of plastid-containing organisms

In this section, we discuss current knowledge about the catalysts that specifically mediate Nterminal protein processing and their associated specificity in plastid-containing organisms.

The main modification events are summarized in Figure 3. We use representative members of each phylum (Figure 1) to provide examples of the corresponding machinery (see also Tables 1 and2).

The green plant A. thaliana lies in the Archaeplastida phylum. In the Chromalveolata phylum, which includes Stramenopiles, Alveolata, and Rhizaria (SAR), we use the oleaginous alga Nannochloropsis gaditana -which features lipid-production capacity up to six-fold higher than those of other algae [START_REF] Radakovits | Draft genome sequence and genetic transformation of the oleaginous alga Nannochloropis gaditana[END_REF]) -as a model of Stramenopiles. We also use Paulinella species to exemplify the Rhizaria phylum and Toxoplasma gondii -a nonphotosynthetic organism -as a model of Alveolata (Figure 1). All organisms were chosen because of the superior quality of their genome annotation and assembly. We do not discuss Euglenozoa (see further information in the "Concluding remarks").

Proteolytic events promoting new protein N-termini

Plants display a plethora of peptidases impacting protein N-termini leading to new N-terminal protein modifications (Table 1). These include the dedicated endoproteases that cleave off the signal/targeting signals in the ER, mitochondria, and plastid, namely signal peptide peptidase (SIP/SIPL), the mitochondrial-processing peptidase (MPP), and the stromal processing peptidase (SPP). The substrate specificity appears rather large, and the activity is completed by further aminopeptidases (APP) that trim the N-terminus. The nature of these APPs is not completely understood, but some of them (e.g., MPA1, LAP2/3, and DAP2) have been found in the A. thaliana plastid, where they may be involved in a multistep processes leading to progressive trimming of new N-terminal moieties [START_REF] Teixeira | A multi-step peptidolytic cascade for amino acid recovery in chloroplasts[END_REF] (Table 1). It is interesting that a number of these proteases show significant similarity to the PepP bacterial aminopeptidase gene product, which also shares homology with MetAPs -the conserved component of the NME machinery (see below) -which promotes specific N-terminal processing in bacteria likely in combination with MetAP.

In Chromalveolata, the transit peptide of plastid-targeted proteins is bipartite to ensure ER and then plastid retargeting, and it appears to be cleaved by homologs of SPP. Diatoms and Apicomplexa including T. gondii (van Dooren et al., 2002) encode an unambiguous SPP homolog (Table 1). No such SPP homolog has been detected in the rhizarian Paulinellidae, which might explain why only partial cleavage of the long targeting peptide has been retrieved [START_REF] Oberleitner | A bipartite chromatophore transit peptide and N-terminal protein processing in the Paulinella chromatophore[END_REF]. SIP and MPP homologs have been identified in diatoms and Apicomplexa (Table 1) Of the APPs, MetAPs have more restricted specificity and are involved in NME. Dedicated forms appear in the organelles and cytosol in plants (Giglione et al., 2000b). Cytosolic isoforms have an N-terminal extension featuring polybasic or zinc-binding domains, both of which are believed to be involved in ribosome targeting. In the plastid, NME is initiated by deformylation, as MetAPs cannot cleave the formyl group. Peptide deformylases (PDFs) unmask the N-formyl methionine for methionine removal by MetAPs (Giglione et al., 2000b).

Though not formally true proteases, PDF's action is closely related to that of an aminopeptidase, and PDFs display the same HEXXH motif in the catalytic center as many proteases (Giglione et al., 2000a). Both MetAPs and PDF homologs can be retrieved in Stramenopiles, Apicomplexa, and Rhizaria. In Paulinellidae, PDFs and MetAPs are encoded within the chromatophore (Box 1). Finally, pyroglutamyl peptidases can cleave pyroglutamate in the cytosol.

Addition reactions at the N-terminus

The mechanisms leading to the addition of a chemical group to the N-terminus involve a large range of modifications.

Formylation

Though incorporated early in protein translation, we will consider N-formylation as the very first modification revealed by any protein. This modification relies on Met-tRNA fMet formyltransferase (FMT), an enzyme that specifically modifies both mitochondrial and plastid initiator tRNAs using 10-formyltetrahydrofolate as the methyl donor. The enzyme is conserved in diatoms and encoded in the nuclear genome, where it features a transit peptide.

The situation is different in other Chromalveolata such as Apicomplexa, as (i) in Toxoplasma FMT appears to be the second part of a two-domain protein, and (ii) as yet there is no evidence of an FMT homolog in Plasmodium, whose genome is significantly smaller than other Apicomplexa. In Paulinellidae, the gene is encoded in the chromatophore -the plastid with a large genome -as a remnant of early endosymbiosis (Box 1). In B. natans, a Cercozoa with plastids of secondary origin -no homolog has been found. In A. thaliana, FMT is essential, as gene inactivation leads to an albino phenotype (pigment-defective pde194; [START_REF] Bryant | Identification of nuclear genes encoding chloroplast-localized proteins required for embryo development in Arabidopsis[END_REF]). Although it may also be essential in Chromalveolata, organisms in the phylum lacking an FMT homolog might be less dependent on the efficient organelle translation initiation expected from formylation due to the smaller plastid genome, as seen in Apicomplexa or parasitism (see also Box 1).

Acetylation N-terminal acetylation (Nt-acetylation) is the most common N-terminus modification. The modification is ensured by a complex machinery which is similar in most eukaryotes, and the catalytic subunits can be identified in most plastid-containing organisms including Chromalveolata, Archaeplastida, and Euglenozoa (Table 2). The many different NATs and their associated cell localization, substrate specificity, and activity on cellular proteins are conserved in eukaryotes and are detailed in Figure 4A. It is remarkable, however, that some important ancillary subunits, including HYPK of the NatA complex (except in diatoms) or NAA35 of the NatC complex in Apicomplexa, are missing or could not be identified in Chromalveolata. The same is also true for Paulinellidae; while an NAA40 homolog could not be retrieved, there was acetylation of its specific histone substrates. Remarkably, Paulinellidae also have NAA80 activity, as actin derivatives display N-terminal acidic acid (i.e., Glu or Asp) acetylation, a modification which appears also to occur in Toxoplasma but not in Plasmodium or plants (Table 2). NAA80 homologs have not been identified in plastidcontaining organisms, but one cannot exclude that this activity arises from another type of NAT; for instance, human NAA10 devoid of the NAA15 subunit displayed such activity [START_REF] Van Damme | Proteome-derived peptide libraries allow detailed analysis of the substrate specificities of N(alpha)-acetyltransferases and point to hNaa10p as the post-translational actin N(alpha)-acetyltransferase[END_REF]. Finally, it is worth mentioning that recent data from large-scale Nterminal analyses have indicated that N-terminal acetylation also occurs in the Apicomplexa secretory pathway. Though the origin of AcetylCoA still needs to be established, it likely originates from a NAT, but the specific enzyme responsible has yet to be identified [START_REF] Nyonda | N-Acetylation of secreted proteins is widespread in Apicomplexa and independent of acetyl-CoA transporter AT1[END_REF]. In A. thaliana, NatA, NatB, and NatE appear to be essential complexes as demonstrated in knockout experiments of the various subunits of each complex [START_REF] Armbruster | NAA50 is an enzymatically active N(α)-acetyltransferase that is crucial for development and regulation of stress responses[END_REF][START_REF] Ferrandez-Ayela | Mutation of an Arabidopsis NatB N-alpha-terminal acetylation complex component causes pleiotropic developmental defects[END_REF][START_REF] Huber | NatB-mediated Nterminal acetylation affects growth and abiotic stress responses[END_REF][START_REF] Linster | Downregulation of N-terminal acetylation triggers ABA-mediated drought responses in Arabidopsis[END_REF]. NatC inactivation is associated with photosynthetic defects [START_REF] Pesaresi | Cytoplasmic N-terminal protein acetylation is required for efficient photosynthesis in Arabidopsis[END_REF], while NAA60 is associated with high stress responses [START_REF] Linster | The Arabidopsis Nαacetyltransferase NAA60 locates to the plasma membrane and is vital for the high salt stress response[END_REF].

The Plantae phylum displays a well conserved acetylation machinery (NatG) dedicated to the plastid [START_REF] Bienvenut | Dual lysine and N-terminal acetyltransferases reveal the complexity underpinning protein acetylation[END_REF]. There are two NatG subfamilies, NAA90 and NAA70 [START_REF] Giglione | Evolution-driven versatility of N terminal acetylation in photoautotrophs[END_REF]. Unlike NAA70, NAA90 homologs are found in red algae and the corresponding gene is usually encoded in the plastid (except in some Glaucophyta such as Cyanophora paradoxa). This is in keeping with only partial nuclear relocalization of the plastid genome in red algae (Box 1). In addition, this indicates that NAA90 is the ancestral NatG; as it can only be identified in cyanobacteria, it has likely evolved from the RimIJL family seen in all bacteria to mediate an important but as yet unknown acetylation required by the photosynthetic apparatus. Accordingly, two NatG homologs can be found in the plastid genome of Paulinellidae, which underwent very recent endosymbiosis from an αcyanobacterium [START_REF] Meinnel | Tracking N-terminal protein processing from the Golgi to the chromatophore of a rhizarian amoeba[END_REF]. This classification is related to the RbcL type phylogeny, which strongly relies on N-terminus differences. Representative members of the four subtypes (A-D) of type 1 RbcL N-termini and the known associated modifications are aligned in Table 3. NAA70 homologs -but not NAA90 -have been detected in diatoms and other Cercozoa.

However, it is currently unknown which forms control plastid-resident Nt-acetylation or where the modification takes place.

Myristoylation N-myristoyltransferase (NMT) is the only enzyme known to catalyze N-myristoylation in eukaryotes. NMT uses cytosolic myristoyl CoA to promote co-translational N-myristoylation [START_REF] Giglione | Mapping the myristoylome through a complete understanding of protein myristoylation biochemistry[END_REF]. In plastid-containing organisms, fatty acid synthesis is performed in the plastid. Myristate probably needs to travel from the plastid through the ER to be eventually available as MyrCoA in the cytosol for NMT-catalyzed N-myristoylation. In parasites such as Apicomplexa, depending on their amebic or parasitic form, the origin of myristate could differ, as most organisms can pump in fatty acids from the medium including the host's cytosol or blood. This is unlike autotrophic organisms such as diatoms, which only rely on plastid synthesis. NMTs have been identified in Apicomplexa but not yet in Paulinellidae, though a homolog was identified in another Cercozoan (Bigelowiella natans, Table 2). N-myristoylation is a typical modification whose appearance during evolution is linked to early eukaryogenesis, most likely by fusion of two NAA catalytic subunits [START_REF] Meinnel | Myristoylation, an ancient protein modification mirroring eukaryogenesis and evolution[END_REF]. N-myristoylation, surprisingly, does not occur in the plastid despite being the site of fatty acid synthesis in plastid-containing organisms, while other organisms only rely on food uptake to fuel their cytosolic needs [START_REF] Giglione | Mapping the myristoylome through a complete understanding of protein myristoylation biochemistry[END_REF]. Arginylation N-terminal arginylation is an essential component of the N-degron protein degradation pathways (Varshavsky, 2019). Arginine is added on amino-terminal acidic residues such as oxidized Cys, Asp, or Glu -either native or arising from oxidation of Asn or Gln (see below).

This arginylation guides targeted proteins to the proteasome complex, where the protein is degraded. Arginyl-tRNA-protein transferases (ATE) promote the transfer of arginyl from the Arg-tRNA to the protein. The ATE knockout mutant, initially identified as the delayed leaf senescence dls1 mutant in A. thaliana [START_REF] Yoshida | A delayed leaf senescence mutant is defective in arginyl-tRNA:protein arginyltransferase, a component of the N-end rule pathway in Arabidopsis[END_REF], actually displays a broad range of phenotypes including enhanced seed dormancy and improved hypoxia tolerance (see phenotypes and associated references in Figure 2 in [START_REF] Dissmeyer | Conditional protein function via N-degron pathway-mediated proteostasis in stress physiology[END_REF]). We retrieved ATE homologs in Chromalveolata including diatoms and some Cercozoa (Plasmodiophora brassicae) but none yet in Paulinellidae and Apicomplexa (Table 2).

Methylation

Methylation is a rare modification catalyzed by protein N-methyltransferases (NTMs), with cytosolic activity in both plants and diatoms. Protein methylation has been reported in the plastids of plants for a couple of plastid encoded-ribosomal proteins but also for the small subunit of RuBisCO after cleavage of its transit peptide. An NTM (RBCMT) was proposed to mediate RbcS monomethylation [START_REF] Houtz | Co-and post-translational modifications in Rubisco: unanswered questions[END_REF][START_REF] Ying | Rubisco small and large subunit Nmethyltransferases. Bi-and mono-functional methyltransferases that methylate the small and large subunits of Rubisco[END_REF], but to date no catalyst has been identified for the ribosomal activity (Table 2). Note that RBCMT should not be confused with another NTM (LSMT) that appears to be mostly involved in Lys14 trimethylation of RbcL. Homologs of cytosolic NTM exist in diatoms and Apicomplexa, and a homolog of the plastid RBCMT exists in diatoms. Modifications by NTM appear to affect N-terminal small residues such as Ala, Ser, or Pro followed by Pro-Lys (Table 2). Such a specific pattern restricts the modified proteome to only few targets.

Oxidative events occurring at the N-terminal residue

The amino terminal residue may undergo specific oxidation as a result of enzyme-catalyzed or chemical processes [START_REF] Davies | The oxidative environment and protein damage[END_REF]. Proteome-wide protocols usually start with protein oxidation leading to Met and Cys oxidation. They are therefore poorly informative about the oxidative state of the proteins. Dedicated approaches for protein oxidation have been established for plants, for instance during oxidative stress [START_REF] Jacques | Protein methionine sulfoxide dynamics in Arabidopsis thaliana under oxidative stress[END_REF]. These have revealed that methionines, especially those of the plastid proteome, are a hotspot of oxidative stress. Despite trends to retain protein integrity with repair systems, these processes are closely associated with protein homeostasis -so-called proteostasis -and they contribute to protein half-life by driving them specifically to degradation.

Methionine sulfoxide reduction

Methionine is extremely sensitive to oxidation of its sulfur group by reactive oxygen species into sulfenic, sulfinic, sulfonic, or sulfoxide forms [START_REF] Davies | The oxidative environment and protein damage[END_REF]. Oxidation may lead to two stereoisomers. Though methionines are often retrieved proteolytically from the N-terminus, as noted above, a significant number are kept and often protected by acetylation, for instance by NatB, NatC, NatE, or NatH.

All cells are equipped with a dedicated salvage repair enzyme machinery called peptidemethionine-S-oxide reductase (MRS), which includes two catalysts (MRSA and MRSB), each specific for either the S or R stereoisomer, respectively. Plastid-containing organisms also contain this machinery (Table 2), though we could not identify it in Paulinellidae. Plants possess an extremely diverse machinery localized in all cell compartments including highly oxidative organelles like plastids and mitochondria. However, the specific mitochondrial machinery remains to be identified in A. thaliana. Mitochondrial forms have been identified in other plants [START_REF] Tarrago | Protein-repairing methionine sulfoxide reductases in photosynthetic organisms: gene organization, reduction mechanisms, and physiological roles[END_REF]. Overall, the machinery contributes to the general reduction of this residue [START_REF] Rouhier | Plant methionine sulfoxide reductase A and B multigenic families[END_REF] and it is conserved in Archaeplastida [START_REF] Tarrago | Protein-repairing methionine sulfoxide reductases in photosynthetic organisms: gene organization, reduction mechanisms, and physiological roles[END_REF]. Whether N-terminal methionines are more sensitive to oxidation than internal methionines, possibly because they are more exposed to the outer, more oxidative environment, is unknown. Internal methionines are rather buried and protected because of the amphipathic but more hydrophobic character of this linear side chain.

Oxidation of cysteines

Like mammals, plants display an active enzyme machinery that contributes to the oxidation of cysteine-sensitive N-terminal residues. This includes Nt-Cys cysteine oxidases, known as plant cysteine oxidases (PCOs) in plants [START_REF] Graciet | Structure and evolutionary conservation of the plant N-end rule pathway[END_REF]Vicente et al., 2019;Weits et al., 2014;[START_REF] White | Plant cysteine oxidases are dioxygenases that directly enable arginyl transferase-catalysed arginylation of N-end rule targets[END_REF]. Cysteine oxidases have not been retrieved in Chromalveolata, and whether they use other devices to achieve this aim is unknown. In plants, this oxidation machinery was shown to be directly related to protein degradation, as it is sensed by N-degron degradation pathways in the cytosol [START_REF] Gibbs | From start to finish: aminoterminal protein modifications as degradation signals in plants[END_REF]Vicente et al., 2019;Weits et al., 2014).

The Nt-Cys oxidation and degradation system serves as sensor of oxygen concentration [START_REF] Dissmeyer | Conditional protein function via N-degron pathway-mediated proteostasis in stress physiology[END_REF][START_REF] Hammarlund | Oxygen-sensing mechanisms across eukaryotic kingdoms and their roles in complex multicellularity[END_REF]. Under normal oxygen concentrations, Nt-Cys oxidation leads to Nt arginylation by ATE and recognition by ubiquitin ligases such as PRT6 in plants, which target the protein for proteasome degradation. Under hypoxia -for instance triggered by flooding or waterlogging in plants -the Nt-Cys is no longer oxidized and the protein is not degraded, which promotes a hypoxic response. This response involves ERF-VII transcription factors but also other targets like the polycomb repressive complex 2 subunit VERNALIZATION 2 or LITTLE ZIPPER 2 [START_REF] Gibbs | Oxygen-dependent proteolysis regulates the stability of angiosperm polycomb repressive complex 2 subunit VERNALIZATION 2[END_REF][START_REF] Holdsworth | Comparative Biology of Oxygen Sensing in Plants and Animals[END_REF]Weits et al., 2019).

Other N-terminal modifications

Gln and Asn deamidations

Nt-Asn (NTAN) and Nt-Gln (NTAQ) deamidases catalyze the conversion of Asn and Gln residues into Asp and Glu [START_REF] Graciet | Structure and evolutionary conservation of the plant N-end rule pathway[END_REF]Vicente et al., 2019;Weits et al., 2014;[START_REF] White | Plant cysteine oxidases are dioxygenases that directly enable arginyl transferase-catalysed arginylation of N-end rule targets[END_REF]. Nt amidases have been identified in Stramenopiles and Rhizaria but not yet in Paulinellidae and Apicomplexa. In the plant cytosol, Nt deamidation is sensed by N-degron degradation pathways [START_REF] Gibbs | From start to finish: aminoterminal protein modifications as degradation signals in plants[END_REF]Vicente et al., 2019;Weits et al., 2014).

Pyroglutamate cyclization

Pyroglutamyl formation corresponds to the spontaneous cyclization of glutamate or glutamine residues in peptides and proteins. This cyclization is usually located at the N-terminus and leads to -18 and -17 Da mass shifts [START_REF] Liu | N-terminal glutamate to pyroglutamate conversion in vivo for human IgG2 antibodies[END_REF][START_REF] Schilling | Isolation and characterization of the glutaminyl cyclases from Solanum tuberosum and Arabidopsis thaliana: implications for physiological functions[END_REF][START_REF] Schilling | Glutaminyl cyclases from animals and plants: a case of functionally convergent protein evolution[END_REF]. Cyclases in some plants, such as in the latex of Carica papaya, accelerate the reaction.

There also exist aminopeptidases that can cleave off the N-terminal pyroglutamate residue (Table 1). Homologs of these peptidases can be retrieved in diatoms and Apicomplexa (Table 1).

The remarkable and unique examples of N-terminal modifications of actins and

RuBisCO, the most abundant proteins on Earth

In this last section, we describe two major targets -the two most abundant proteins on Earth actins and RuBisCO [START_REF] Ellis | The most abundant protein in the world[END_REF][START_REF] Raven | Rubisco: still the most abundant protein of Earth?[END_REF] -and their associated protein machinery as exemplars of N-terminal modifications. RuBisCO is a plastid-resident major complex associated with CO 2 uptake, scavenging, and autotrophy in plastid-containing organisms, and actin is a major cytoskeletal component. The respective N-terminal sequences and associated modifications in plastid-containing organisms are depicted in Tables 3 and4 for the RbcL catalytic component of RuBisCO and actin isoforms, respectively. The data show that these abundant proteins have independently developed specific modification schemes that mostly mimic each other: trimming up to residue 3, while starts on residues 1 or 2 are the rule for most mature proteins relying on NME. This unique processing involves not only Ntacetylation and NME but also processing of the second residue and unusual Nt-acetylation events (Figure 4B; Tables 3 and4). The overall mechanism has yet to be deciphered, although recent data have described, for instance, the dedicated Nt-acetylation machinery in mammals [START_REF] Drazic | NAA80 is actin's N-terminal acetyltransferase and regulates cytoskeleton assembly and cell motility[END_REF][START_REF] Drazic | The final maturation state of β-actin involves N-terminal acetylation by NAA80, not N-terminal arginylation by ATE1[END_REF]. Figure 4B proposes the mechanism allowing the cytosol to achieve this remarkable unique scheme for actin. In mammals, this involves an N-acylaminopeptidase (ANAP) removing the NatB-acetylated N-terminal methionine. Mammalian ANAP consists of a purified and characterized 77 kDa monomer [START_REF] Sheff | Isolation and characterization of the rat liver actin Nacetylaminopeptidase[END_REF], but the associated gene remains elusive. Whilst plants and diatoms do not apparently display this unique actin modification pattern, Apicomplexa and Cercozoa do (Table 4). The associated machinery has yet to be clearly discovered but could mimic the mammalian one.

Similarly, a dedicated RbcL processing machinery occurs in plastid-containing organisms, type 1B RuBisCO (Table 4). The machinery leading to this unique processing has yet to be determined, but some hypotheses have been proposed [START_REF] Houtz | Co-and post-translational modifications in Rubisco: unanswered questions[END_REF]. Note that dinoflagellates (Alveolata; Figure 1) feature a type II RbcL encoded in the nuclear genome and whose active form corresponds to a homodimer of RbcL without RbcS [START_REF] Tabita | Distinct form I, II, III, and IV Rubisco proteins from the three kingdoms of life provide clues about Rubisco evolution and structure/function relationships[END_REF]. Finally, it is remarkable that the small RbcS subunit of RuBisCO is also encoded in the plastids of many unicellular plastid-containing organisms but has relocated to the nucleus of land plants (Box 1). In this latter situation, the transit peptide of its precursor is cleaved off and further monomethylated [START_REF] Houtz | Co-and post-translational modifications in Rubisco: unanswered questions[END_REF]. In any case, the active type 1B RuBisCO quaternary structure is an octamer of the large (RbcL) and the small (RbcS) subunits (LS8).

Overall, it is remarkable that the most abundant proteins have developed unique N-terminal protein modification mechanisms. Whether this is due to their abundance and related stability is unknown.

Concluding remarks and future perspectives

Here we discussed the remarkable conservation but diversity of the modification machinery and proteomes of plastid-containing organisms. We are fully aware that we have not discussed Euglenozoa, a photosynthetic plastid-containing organism in the Excavata phylum (Figure 1). This was deliberate, not least due to the generally poor knowledge about these organisms, especially with respect to N-terminal protein modifications. We identified NAA10, NAA20, NAA30, and NAA50 homologs in Euglena gracilis and NMT in Euglena longa. A recent genome-wide integrated analysis of E. gracilis will be helpful for more accurate analyses of the associated N-terminal protein modification machinery in Euglenozoa [START_REF] Ebenezer | Transcriptome, proteome and draft genome of Euglena gracilis[END_REF]. N-terminal protein modifications generally serve various crucial purposes, primarily dedicated to cellular localization. They also act as unambiguous degradation signals in plants [START_REF] Dissmeyer | Conditional protein function via N-degron pathway-mediated proteostasis in stress physiology[END_REF][START_REF] Gibbs | From start to finish: aminoterminal protein modifications as degradation signals in plants[END_REF]. How and if this is also true in the plastid is unknown and is currently under investigation [START_REF] Bouchnak | N-degron pathways in plastids[END_REF]. In the cytosol, very recent data have shown that not only oxidation but also Nt-acetylation contribute to protein stability and are crucial for stress adaptation; this appears to be a role of the small ancillary subunit HYPK of the NatA complex, which was not retrieved in Chromalveolata. Plant HYPK plays a crucial role in plant adaptation to non-marine environments [START_REF] Gong | OsHYPK-mediated protein N-terminal acetylation coordinates plant development and abiotic stress responses in rice[END_REF] adaptation to pathogenic attack [START_REF] Xu | Two Nterminal acetyltransferases antagonistically regulate the stability of a nod-like receptor in Arabidopsis[END_REF]. The unique adaptation of land plants to aerial life involves exposure to drought, salt stress, waterlogging, and flooding that may differentially affect distinct areas of different organs (roots vs shoots, for instance).

Chromalveolata are usually unicellular marine, fresh water, or parasitic organisms that possibly do not suffer similar events or may adapt differently through protection from their siliceous shell, Finally, N-terminal ubiquitination is an N-terminal protein modification that has been described in mammals as a modification that contributes to shorten protein half-life [START_REF] Meinnel | Processed N-termini of mature proteins in higher eukaryotes and their major contribution to dynamic proteomics[END_REF]. So far, however, no such modification has been described in plastidcontaining organisms, including plants and diatoms. NterDB is available at https://n-terdb.i2bc.paris-saclay.fr/. 603 enzymes of the early modification machinery also occurring in cyanobacteria -namely FMT, PDF, MetAP, PepP, RimIJ, and NAA90 -and their localization during three major stages of evolution. RimIJL corresponds to the only NAT occurring in bacteria and modifying only a few proteins including EFTu, SecB, and ribosomal proteins L7 and S5 [START_REF] Bienvenut | Proteome-wide analysis of the amino terminal status of Escherichia coli proteins at the steady-state and upon deformylation inhibition[END_REF][START_REF] Pletnev | Ribosomal protein S18 acetyltransferase RimI is responsible for the acetylation of elongation factor Tu[END_REF]. The corresponding timescale is shown in the bottom green panel. This illustrates how the plastid content decreased from a couple of thousand genes to 850 in Paulinellidae, 150-200 in red algae, and 90 or so in land plants. In the right blue panel, the type of evolution is indicated for each gene. We indicate in this figure how major genes involved in early N-terminal modifications were lost very late in evolution. The most remarkable is certainly NAA90, which was transferred to the nucleus contemporary to RbcS. This analysis also suggests that NAA70 might have evolved later directly from the nuclear version of NAA70. This might explain why only NAA70 has been retrieved in Euglenozoa and diatoms even though NAA70 was lost, if one considers that only part of the nuclear genome was retained by the photosynthetic primary organism during endosymbiosis. CCTH: Cryptophyta, Centrohelida, Telonemia, and Haptophyta. SAR: Stramenopiles, Alveolata, and Rhizaria. The classification is according to [START_REF] Lynch | Evolutionary cell biology: two origins, one objective[END_REF]. Full or partial genomic data and annotation are available for all the indicated organisms. LECA is Last Eukaryote Common Ancestor. The names of organisms with plastids are colored in light and dark green, brown, and purple. Organisms without plastids are in black. Model organisms frequently mentioned in this report are underlined. 
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 5881 Stremenopiles is exemplified with sequences from Nannochloropsis gaditana and the whole phylum was searched if matching was unsuccessful; the Apicomplexa phylum was searched through Toxoplasma gondii ME49.

	Aminopeptidase		BRENDA category	Entry TAIR	Gene Name UniProt	Cleavage specificity	Locali-zation	References	Strame-nopiles	Rhiza-ria	Apicom-plexa
	Organellar									
	Presequence processing								
						Processing of				
	Chloroplast peptidase	processing	3.4.21.89	At3g24590	PLSP1	some plastid-targeted proteins including OE33 &	C	(Inoue et al., 2010) 2005; Shipman-Roston et al.,	-	
						Toc75				
	Presequence protease 1		At3g19170	PREP1	X(10-65)RR		(Huang et al., 2009; Kmiec		
			3.4.24.-			(LFY)/(SAV)(ST	C/M	and Glaser,	-	
	Presequence protease 2		At1g49630	PREP2	A)		2012; Stahl et al., 2002)		
	Stromal processing peptidase	3.4.21.102	At5g42390	SPP	Presequence rich in S and T	C	(Richter and al., 2005) Lamppa, 1998, 2002; Richter et	Naga_100079g9	-	TGME49_035680
	Serine chloroplastic protease	SPPA,	3.4.21.-	At1g73990	SPPA	Degradation of antenna and PSII	C	(Lensch et al., al., 2009) 2001; Wetzel et	Naga_100001g124	B1X5C9
								(Aryal et al.,		
	Aminopeptidase P, prolidase	3.4.11.26	At4g29490		?RX(FY)/(AS)??	C	2014; Huang et		
								al., 2015)		
	Mitochondrial-processing peptidase subunit alpha	3.4.24.64	At3g16480 At1g51980	MMPA 2 MMPA 1	Might have no protease activity (lacks one conserved zinc-binding site)	C/M M	(Baudisch and Klösgen, 2012) (Carrie et al.,	Naga_100011g96, Naga_100003g161 Naga_100066g1		TGME49_002680
	Mitochondrial-processing peptidase subunit beta		At3g02090	MPPB		M	2015)	NGA_016780, Naga_100054g10	

Table 2 . Oxidative and addition processing machinery of plastid-containing organisms. 595
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	Protein N-terminal Modification	Protein function	Name	BREND A categor y	Entry TAIR	Gene Name TAIR	Targets	Localizatio n	Refer ences	Nannochlor opsis gaditana £	Paulinella spp	Toxoplasma gondii
	Formylation	Methionyl-tRNA formyltrans ferase		2.1.2.9	At1g66520	pde194	Met-tRNA f Me t	Plastid/ Mitochondri a	(Brya nt et al., 2011)	jgi|Nangad1| 4821|rna862 5	A0A1S6Y J55	TGME49_2356 40
							ERF-		(Graci			
	Arginylation	Arginyl-tRNA-protein transferase	ATE1 ATE2	2.3.2.8	At5g05700 At3g11240	DLS1	VII transcrip tion factors	Cytosol	et et al., 2009; White et al., 2017)	Naga_1005 23g2 Naga_1000 01g75	-	-
			NTM1		At5g44450		[APS]-P-K	Cytosol		Naga_1006 44g2	-	
									(Yama			
	Monomethylatio n	Protein methyltran sferase	?	2.1.1.24 4	?		RPL2(A IV) , RPL16 (MLS)	Plastid	guchi and Subra mania n, 2000) (Ying			TGME49_2017 20
									et al.,			
			RBCMT		At1g14030	RBCMT	RbcS (MQV)	Plastid	1999) not check	Naga_1000 13g90	-	-
									ed in			
									AT			
			NMT1		At5g57020		GXXXS X	Cytosol	(Boiss on et		No but homologs	
	N-myristoylation	N-myristoyltr ansferase	NMT2	2.3.1.97	At2g44170			Cytosol	al., 2003; Pierre et al.,	Naga_1000 04g141	do occur in Cercozoa, (Giglione	TGME49_2091 60
									2007;		and	
									Qi et		Meinnel,	

Table 3 . Phylogeny of RbcL type 1 is exemplified by differences at the N-termini and the associated NPTMs. 599
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									N-	
	Domain	Phylum	Order	Plastid acquisition	Species	Type	Line age	Unprocessed translated sequence	termin sequen al	References
									ce	
	Eukaryota Bacteria	Rhizaria Cyanoba cteria Alphapr oteo-bacteria	Cercoz oa Cyanop hyceae Rhodo bactera les	Primary -	Paulinella micropora Paulinella chromatophora Prochlorococc us marinus Synechococcu s sp.BL107 Rhodovulum sulfidophilum Rhodobacter capsulatus		1A	MS-KKYDAGVKEYRDT-YWTPDYIPLDTDLLACFKCTGQE MS-KKYDAGVKEYRDT-YWTPDYIPLDTDLLACFKCTGQE MS-KKYDAGVKEYRDT-YWTPEYVPLDTDLLACFKCTGQE MS-KKYDAGVKEYRDT-YWTPDYVPLDTDLLACFKCTGQE MA-KTYDAGVKDYRST-YWEPDYTLKDSDILAVFKVIPQP MAAKTYDAGVKDYRSI-YWEPQYQVKDSDILAVFKVVPQP	S2 or AcS2 A2	
					Synechocystis sp. PCC6803			MVQAKAGFKAGVQDYRLT-YYTPDYTPKDTDLLACFRMTPQP	V2	
					Synechococcu					
	Bacteria	Cyanoba cteria	Cyanop hyceae	-	s elongatus PCC118 Synechococcu s sp.PCC7335	Green		MPKTQSAAGYKAGVKDYKLT-YYTPDYTPKDTDLLAAFRFSPQP MSYSQTQSKSGAGYDAGVQDYRLT-YYAPDYTPRDTDILAAFRMTPQP	P2 S2	
					Nostoc sp.PCC7120			MSYAQTKTQTKSGYKAGVQDYRLT-YYTPDYTPKDTDILAAFRVTPQP	S2	(Flecken et al., 2020)
					Cyanophora paradoxa			MS-SQARTQTRAGFKAGVKDYRLT-YYTPEYTPKETDILAAFRMTPQP	S2	
			Glauco phyta		Glaucocystis incrassate		1B	MS-SQARTQTVAGFKAGVKDYRLN-YYTPDYKPKETDILAAFRMTPQP	S2	
					Gloeochaete wittrockiana			MP-SQSRTQTASGFKAGVKDYRLN-YYTPEYTPKETDILAAFRMTPQP	P2	
	Eukaryota	Plantae/ Archaepl astida		Primary	Ostreococcus tauri Chlamydomon as reinhardtii			MA-PQTETKTGTGFQAGVKDYRLT-YYTPDYQVKETDILAAFRMTPQP MV-PQTETKAGAGFKAGVKDYRLT-YYTPDYVVRDTDILAAFRMTPQL		(Houtz et al., 1992)
			Chloro phyta		Physcomitrium patens			MS-PRPEIKAGVGFKAGVKDYRLT-YYTPDYQTKDTDILAAFRMTPQP	AcP3	
					Marchantia polymorpha			MS-PQTETKAGVGFKAGVKDYRLT-YYTPDYETKDTDILAAFRMTPQP		(Houtz et al., 1992)
					Triticum aestivum			MS-PQTETKASVGFKAGVKDYKLT-YYTPEYETKDTDILAAFRVTPQP		(Houtz et al., 1992)

Table 4 . Cytosolic actin isoforms from different organisms, their N-terminus, and the N-terminal machinery involved. 602
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	Clade	Infra-kingdom	Species	Protein name	Alternative name	UniProtKB entry	N-terminal sequence	Matured N-terminus	Matur-ation class	MetAP cleavage	Nat(s) involved	ANAP	Reference
				ACTC	α-cardiac	P68032	MCDDEE	AcC2		Y	A	-	N	
				ACTS	α-skeletal	P68133	MCDEDE	AcC2	IIa	Y	A	-	N	
				ACTA	α-smooth	P62736	MCEEED	AcE3		Y	A	H	Y	(Van
		Metazoa	Homo sapiens	ACTB	β-cyto	P60709	MDDD	AcM1, AcD2 & AcD3 AcM1,	Ib	N	B	H	Y	Damme et al., 2012; Varland et al., 2019)
								AcE2 &						
				ACTG	γ-cyto	P63261	MEEE	AcE3		N	B	H	Y	
				ACTH	γ-smooth	P63267	MCEEE	AcE3		Y	A	H	Y	
			Drosophila melanogaster	ACT1		P10987	MCDEE	AcD3	IIb	Y	A	H	Y	(Rubenstein and Martin, 1983)
			Schizo-											
	Unikonta		Sacchar-omyces	ACT1										(Cook et al., 1991)
			pombe			P10989	MEEE	AcM1		N	B	-	N	
		Fungi	Candidat albicans	ACT		A0A1D8PFR4	MDGEE	AcM1	Ia	N	B	-	N	(Cook et al., 1991)
			Sacchar-											(Van
			omyces											Damme et
			cerevisiae	ACT1		P60010	MDSE	AcM1		N	B	-	N	al., 2012)
														(Hernández-
			Acanth-											Cuevas et
			amoeba	ACT1		P02578	MGDE	AcG2	IIa	Y	A	-	N	al., 2019;
			castellanii											Redman et
		Amoebozoa												al., 1985)
			Dictyo-stelium discoideum	ACT1		P07830	MDGED	AcD2	Ib	N	B	H	Y	(Redman and Rubenstein, 1981)
	Bikonta	Archaeplastida	Arabidopsis thaliana	ACT1 ACT2	At2g37620 At3g18780	P0CJ46 Q96292	MADGED MAEADD	AcA2 AcA2	IIa	Y Y	A A	--	N N	NterDB

& Further information and early bibliographic references can be found in(Walling, 2006) 
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Such genomes encode mostly remnants of the transcription-translation system and have almost entirely lost the ancestral photosynthetic machinery. The purpose of the persistence of a protein synthesis machinery is unknown.

Legend to Figure Box 1: Evolutionary steps leading to progressive relocalization of the N-terminal processing machinery from the plastid to the nuclear genome along the primary endosymbiosis timescale.

The main Nt processing enzymes from bacteria are listed. The RbcL and RbcS subunits of RuBisCO are used as landmarks and probes of the behavior of a crucial multi-subunit complex requiring complex N-terminal maturation of major subunits. mentioned. The number in front of each Nat relates to the percentage of substrate proteins in the proteome [START_REF] Aksnes | First things first: vital protein marks by Nterminal acetyltransferases[END_REF]. X means any amino acid.

Panel B: Types of actin processing in the cytosol and the NTPM and associated machinery involved. ANAP is N-terminal acetyl-aminopeptidase. Table 4 provides different examples of the processing types in plastid-containing organisms.