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RIASSUNTO 

 Il cloroplasto è l’organello fotosintetico delle alghe verdi e delle piante. Il 

cloroplasto originò da un antenato simile ai cianobatteri tramite un antico evento 

endosimbiontico, in maniera simile a quanto accaduto per il mitocondrio. Come 

vestigi delle sue origini, il cloroplasto possiede un genoma che ancora esprime poche 

proteine plastidiali. Come diretta conseguenza, il proteoma del cloroplasto è un 

mosaico di proteine codificate dal nucleo e dal cloroplasto stesso. Questo richiede 

un importante scambio di informazioni tra i due genomi, per coordinare 

l’espressione genica per la biogenesi del cloroplasto e per adattarlo alle esigenze 

fisiologiche e ai cambiamenti nell’ambiente. La segnalazione retrograda è una 

collezione di vie molecolari generate dal cloroplasto per informare il nucleo del suo 

stato di sviluppo e funzionale. Lo studio delle vie di segnalazione retrograda 

coinvolte nella comunicazione di una perturbata omeostasi plastidiale è un campo 

di ricerca recente e dinamico. Nei nematodi, la via di segnalazione retrograda della 

omeostasi proteica mitocondriale si affida all’estrusione di peptidi, prodotti dalla 

degradazione delle proteine danneggiate, da parte del trasportatore ABC HAF-1 

localizzato sulla membrana interna del mitocondrio. HAF-1 è omologo al 

trasportatore di peptidi mitocondriale MDL1 di lievito, che se rimosso causa 

sensibilità al calore. In questo lavoro, i trasportatori ABC del cloroplasto di 

Arabidopsis thaliana TAP1, NAP8 e ATH12, non ancora caratterizzati, sono stati 

identificati come i più vicini omologhi sia di MDL1 che di HAF-1. La presenza di 

questi trasportatori è necessaria ai cloroplasti per estrudere peptidi quando esposti a 

calore, e ognuno di loro, è in grado di complementare la sensibilità al calore del 

mutante di lievito Δmdl1. Piante mutanti nei tre corrispettivi geni sono più sensibili 

a condizioni che perturbano l’omeostasi proteica plastidiale. Coerentemente, il 

mutante triplo fallisce nel accumulare a livello di proteina, ma non a livello di 

trascritto, la chaperona plastidiale CLPB3, , quando esposto ad alte temperature, 

suggerendo un possibile ruolo per questi trasportatori nella regolazione post-
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trascrizionale di CLPB3 e, in generale, nella protezione contro le minacce verso la 

omeostasi proteica del cloroplasto.  
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ABSTRACT 

 The chloroplast is the photosynthesising organelle of green algae and plants. 

The chloroplast originated from an ancient endosymbiosis event with a 

cyanobacteria-like ancestor, similar to what occurred for the mitochondrion. As 

vestiges of its origin, the chloroplast retains its genome which still encodes a few 

plastid proteins. As a direct consequence, the chloroplast proteome is a mosaic of 

nuclear- and plastid-encoded proteins. This requires an important exchange of 

information between the two genomes, to coordinate gene expression for 

chloroplast biogenesis and organelle adaptation to internal or external variations. 

Retrograde signalling is a collection of pathways generated by the chloroplast to 

inform the nucleus about its developmental and operational status. The study of the 

molecular pathways involved in the communication of perturbed plastid protein 

homeostasis is a recent and dynamic research field. In nematodes, a retrograde 

signalling pathway triggered by the deterioration of the mitochondrial protein 

homeostasis relies on the extrusion of peptides, produced by the proteolysis of the 

damaged proteins, by the HAF-1 ABC transporter on the mitochondrial envelope, 

paving the way for peptides as possible signalling molecules. HAF-1 is the homolog 

of the MDL1 mitochondrial peptide transporter of yeast, which if removed causes 

sensitivity to heat. In this work, TAP1, NAP8 and ATH12 uncharacterized ABC 

transporters of the chloroplast in Arabidopsis thaliana were identified as the closest 

homologues of both HAF-1 and MDL1. The presence of the transporters is 

required to extrude peptides from chloroplasts upon heat exposure and each of 

them could complement the heat sensitivity of Δmdl1 null mutant in yeast. Triple 

mutant plants exhibit higher sensitivity to conditions that challenged the plastid 

protein homeostasis, such as high temperature. Coherently, triple mutant plants 

failed the up-regulation of CLPB3 plastid chaperone at the protein level, but not of 

the corresponding transcripts, upon exposure to high temperatures, suggesting a 
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possible role for these transporters in the post-transcriptional regulation of CLPB3 

and, overall, in the protection of chloroplast protein homeostasis against threats.  
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INTRODUCTION 

Chloroplasts are photosynthesizing organelles 

The primary energy source for life on Earth is sunlight. Solar 

electromagnetic radiation is absorbed and transformed into chemical energy, stored 

as carbohydrates, by a chemical reaction, called photosynthesis. Eukaryotic 

organisms can perform this reaction, thanks to the chlorophyll-containing 

chloroplast, a specialized form of plastid. Plastids are extremely plastic organelles 

that, starting from the undifferentiated proplastid, can develop in several types 

according to developmental and environmental cues (Fig. 1). Nevertheless, the 

chloroplast is the most ancient kind of plastid that, in addition to providing nutrients 

to the cell, is also pivotal for the biosynthesis of a plethora of essential compounds 

and the perception of both biotic and abiotic challenges (Lopez-Juez and Pyke, 

2005; Jarvis and López-Juez, 2013).  

 

Figure 1 – Common types of plastids present in land plants. Plastids are extremely plastic organelles that, 

starting from the undifferentiated proplastid, can develop in several types according to developmental and 

environmental cues. Some of the types of plastids can redifferentiate into other types as indicated by the arrows. 

The differentiation implies the plastid proteome reorganization. Chloroplasts are the photosynthesising form of 

plastids. Etioplasts produce chlorophyll precursors in darkness forming prolamellar bodies that upon light-
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driven induction rapidly develop into chloroplasts. Gerontoplasts are chloroplasts undergoing senescence 

processes. Chromoplasts are plastids accumulating huge amounts of carotenoid pigments often found 

Amyloplasts and elaioplasts have storage functions, accumulating starch granules or lipid-containing 

plastoglobuli, respectively (Jarvis and López-Juez, 2013). 

The typical chloroplast of land plants is shaped as a lens with a diameter 

between 5 and 10 µm and a thickness of 3-4 µm. According to the cell type and the 

species, chloroplasts number varies from a few to hundreds. Chloroplasts are 

defined by an envelope composed of the outer and the inner membranes, separated 

by the intermembrane space. The envelope is the interface that mediates the 

exchange of substances and information between the organelle and the cytoplasm 

of the cell. The outer membrane is permeable to molecules up to 10 kDa, whereas 

the inner membrane confers selectivity to the chloroplast (Flügge, 2001). The inner 

membrane delimits the stroma, a protein-rich aqueous environment, that acts as 

cytosol of the organelle. It is the site of the carbon fixation reactions, it contains the 

chloroplast genetic machinery and the thylakoids, the internal membranous system. 

The thylakoids form a complex interconnected compartment, which encloses the 

lumen (Mustárdy and Garab, 2003).  

Embedded in the thylakoids are large protein complexes which provide a 

scaffold on which chlorophylls are precisely positioned to absorb photons and 

transfer their energy to the reaction centres of the two photosystems (Grondelle et 

al., 1994). Photosystem II exploits this energy to extract from water molecules their 

electrons producing oxygen as a by-product (McEvoy and Brudvig, 2006). These 

electrons flow from photosystem II to photosystem I through the electron transport 

chain (Gould and Izawa, 1973). Electrons from photosystem II are accepted by the 

plastoquinone, an aromatic and lipophilic molecule. Once reduced, the plastoquinol 

diffuses in the thylakoid membrane towards the cytochrome b6f where it is oxidized 

donating its electrons. The electron transfer between the photosystem II and the 

cytochrome through the plastoquinone pool pumps protons into the lumen 

establishing a pH gradient across the thylakoid membranes (Okamura et al., 2000). 
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In turn, the cytochrome transfers the electrons to the photosystem I through the 

small copper-containing water-soluble protein plastocyanin (Gross, 1993). The 

proton gradient is then dissipated by the ATP-synthase which converts the electro-

chemical gradient into ATP (Boyer, 1997). At last, electrons are transferred to the 

NADP+ which is reduced to NADPH by the photosystem I and ferredoxin (Karplus 

et al., 1991). ATP and NADPH are invested in the Calvin-Benson cycle, where the 

RuBisCO enzyme fixes carbon dioxide molecules into triose phosphate 

intermediates which ultimately are converted into glucose in the cytoplasm (Cleland 

et al., 1998).  

Chloroplasts originated from an ancient endosymbiosis 

Similar to what occurred to the mitochondrion, the chloroplast also 

originated from an endosymbiosis event, roughly 1,5 billion years ago between a 

eukaryotic host and a photosynthetic cyanobacteria-like prokaryote (Sagan, 1967; 

Dorrell and Howe, 2012). An extraordinary diversity of photosynthetic eukaryotic 

species arose from this event. Those that derived by the primary endosymbiosis are 

grouped in the Archaeplastida clade and share the presence of primary plastids, 

which are surrounded by an envelope composed of two lipid bilayers: the innermost 

deriving from the cyanobacteria-like ancestor and the outermost descending from 

the host eukaryotic cell (Dyall et al., 2004; Dorrell and Howe, 2012). Three major 

lineages based on the characteristics of their photosynthetic organelles can be 

recognised within the Archaeplastida: Glaucophyta, Rhodophyta and Chloroplastida 

(Adl et al., 2005). The Glaucophyta possesses the most basal plastid, called cyanelle, 

that still has, as vestiges of its prokaryotic ancestry, the peptidoglycan wall and the 

typical cyanobacterial pigments phycobilins, in addition to chlorophylls. The 

Rhodophyta has the rhodoplast which lacks the ancestral peptidoglycan wall but still 

contains phycobilins and chlorophylls. Lastly, the Chloroplastida, in which the green 

algae (Chlorophyta) and the land plants (Embryophyta) groups are placed, exhibits 

the most derived kind of plastid, the chloroplast (Leebens-Mack et al., 2019).  
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The establishment of a properly functioning photosynthesising organelle 

from the endosymbiotic relationship between the host eukaryotic cell and 

cyanobacteria-like prokaryotic cells required millions of years and several attempts 

to stabilize the relationship. The first endosymbiosis events were most likely very 

unstable and led to the quick lysis of the bacteria within the eukaryotic cytoplasm. 

Eventually, the released prokaryotic DNA was integrated into the eukaryotic 

genome (Dagan and Martin, 2006). This newly acquired genetic material was, at first, 

impossible to express by the eukaryotic system due to the prokaryotic regulatory 

elements, and thus, it simply accumulated within the host genome for a long time as 

non-functioning nuclear plastid DNA or nuptDNA. This transfer of genetic 

material, from both plastids and mitochondria, still occurs nowadays (Huang, 2005). 

With time, the prokaryotic DNA sequences mutated until they could be expressed 

by the eukaryotic system. In this way, these newly nuclear-encoded proteins, derived 

from the genetic material of previous unsuccessful endosymbionts, could now be 

used by the present endosymbionts, providing chances to prolong and modulate the 

relationship. This phenomenon has likely occurred multiple times before a modern 

photosynthetic organelle finally emerged (Howe et al., 2008).  

The massive horizontal transfer of genetic material in favour of the nucleus 

deprived the plastid genome of genes (Bock and Timmis, 2008). In Arabidopsis 

thaliana, the plastome (i.e. the plastid genome) bears only 130 genes encoding for 

tRNAs, rRNAs and 85 proteins mainly involved in the photosynthetic process and 

the plastid gene expression, instead, the other 2-3000 plastid-localised proteins are 

nuclear-encoded (Lopez-Juez and Pyke, 2005). The reason why a small fraction of 

the genes is still encoded by the plastome is not certain, however, a few explanations 

have been hypothesised. For example, those genes encoding for highly hydrophobic 

proteins, difficult to be imported into the chloroplast, would be favoured to be 

maintained within the plastome (Daley and Whelan, 2005). Another hypothesis is 

based on the observation that most of the plastid-encoded proteins have functions 
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in energy metabolism. Indeed, being the photosynthetic process harmful to the 

involved proteins, their genes would have been retained within the plastome to 

assure a faster protein turnover (Allen, 2015). A plastid capable to perform 

autonomously de novo protein synthesis would be able to rapidly satisfy its own 

particular needs, whereas an exclusively centralized production of plastid proteins 

in the cytosol would force the entire pool of the cellular chloroplasts to adapt to any 

given perturbation, even if their operativity is satisfactory (Allen and Martin, 2016). 

Accordingly, the local protein synthesis requires RNA polymerase, tRNA, rRNA 

and ribosomal proteins, so also those genes were retained in the chloroplast (Maier 

et al., 2013). Despite all of this, both the photosynthetic apparatus and the plastid 

transcriptional and translational machinery still necessitate nuclear-encoded factors 

to be functional. 

Chloroplast and nucleus exchange information  

As briefly resumed above, the origin and the evolutionary history of the 

chloroplast have shaped its proteome as a mosaic of proteins, encoded by two 

physically separated genomes. Notably, nuclear- and plastid-encoded proteins 

assemble in hybrid multimeric complexes, requiring precise stoichiometry. The fact 

that plastid-localised proteins are almost completely nuclear-encoded places the 

nucleus in control over the plastid for its biogenesis, differentiation and 

maintenance, however, at the same time, chloroplasts need to influence the nucleus. 

As a consequence of this context, plant cells evolved effective communication 

mechanisms that can be divided into anterograde pathways (i.e. nucleus-to-

chloroplast) and retrograde pathways (i.e. chloroplast-to-nucleus) (Fig. 2). The 

anterograde control mainly consists of nuclear-encoded plastid-localised proteins 

involved in the transcription and translation of the plastid genetic material. On the 

other hand, the chloroplast, through various retrograde signals, communicates 

developmental, functional and environmental information. The nucleus reacts to 

the retrograde signals by generating an anterograde correction, that is the 
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modulation of its gene expression that results in the production of those nuclear-

encoded plastid proteins that can meet the chloroplast needs (Woodson and Chory, 

2008; Jarvis and López-Juez, 2013; Hernández-Verdeja and Strand, 2018; Loudya et 

al., 2020).  

 

Figure 2 – Schematic representation of the reciprocal exchange of information between the nucleus 

and the chloroplast. The anterograde control mainly consists of nuclear-encoded plastid-localised proteins 

involved in the transcription and translation of the plastid genetic material. The chloroplast can emanate several 

kinds of signals, collectively known as retrograde signalling, that transmit developmental, functional and 

environmental information. The anterograde correction is the result of the reprogramming of the nuclear gene 

expression according to those signals. 

Examples of anterograde control mechanisms 

The composition and the regulation of the chloroplast transcriptional and 

translational machinery are bright examples of the anterograde control exerted by 

the nucleus and the complexity of the interplay between the nucleus and the 

chloroplast. The chloroplast has at least two very different RNA polymerases: the 

multimeric Plastid Encoded Polymerase (PEP) and the monomeric Nuclear 

Encoded Polymerase (NEP) (Börner et al., 2015). The PEP enzyme had been 

inherited by the cyanobacteria-like ancestors and, consequently, it strongly 

resembles the typical prokaryotic enzyme. The core enzyme is composed of α, β, β’ 

and β’’ subunits encoded by rpoA, rpoB, rpoC1 and rpoC2 genes, respectively, which 

are conserved in the plastome, as suggested by the name of the polymerase 

(Hajdukiewicz et al., 1997). All these genes are essential for proper chloroplast 
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biogenesis, as mutations disrupting any of them result in albino or yellowish 

phenotypes (Pfannschmidt et al., 2015). Like any prokaryotic RNA polymerase, PEP 

requires σ factors to recognize promoters and to initiate transcription (Tiller and 

Link, 1995). In contrast to the core PEP subunits, plastid σ factors are nuclear-

encoded (SIG1-6 genes in A. thaliana) and have both specialised roles and 

overlapping functions (Lysenko, 2007; Woodson et al., 2013; Chi et al., 2015). In 

addition to plastid σ factors, also the nuclear-encoded PEP-associated proteins 

(PAPs) are essential for PEP activity (Steiner et al., 2011). These proteins appear to 

be a unique evolutionary achievement of land plants, as no orthologous have been 

identified in the green algae Chlamydomonas reinhardtii (Surzycki, 1969; Pfalz and 

Pfannschmidt, 2013). The chloroplast NEP enzyme, or RPOTp, is another 

important component of the nuclear anterograde control over the plastid. In 

Arabidopsis, three RPOT genes are found in the nuclear genome. RPOT1 produces 

the RNA polymerase of mitochondria, called RPOTm. RPOT2 encodes an enzyme 

that is targeted to both the mitochondrion and the chloroplast while the RPOT3 

gene produces the chloroplast RNA polymerase. NEP is a monomeric phage-

derived RNA polymerase, probably originated by the duplication of the RPOT1 

gene, which is mainly responsible for the transcription of plastid housekeeping 

genes, among them the PEP-encoding genes, reinforcing further the nuclear control 

over the plastid gene expression (Hedtke et al., 1997; Hedtke et al., 2000). Moreover, 

several transcripts of plastid-encoded genes require additional processing to fully 

maturate, mediated by a plethora of nuclear-encoded proteins, mostly unknown 

(Jacobs and Kück, 2011). Among these, the pentatricopeptide repeat proteins can 

bind RNA, stabilize it and perform transcript maturation or transcript editing. These 

functions could be essential for plant viability (Kotera et al., 2005; Schmitz-

Linneweber and Small, 2008a; Tadini et al., 2018).  

As it happens for the transcriptional machinery, also the chloroplast 

ribosome shares several features with that of bacteria (Mache, 1990). Both bacterial 



16 
 

and plastid ribosomes sediment at 70S and are formed by a small 30S and a large 

50S subunit that consists of rRNAs and ribosomal proteins, named RPSs or RPLs 

based on the ribosomal subunit they belong to. In Arabidopsis thaliana, the 

chloroplast ribosome is composed of 57 proteins. As for many chloroplast protein 

complexes, the genes encoding for the ribosomal proteins are found both in the 

plastid genome and in the nuclear genome. The plastid genome codes for 21 

ribosomal proteins which correspond to roughly two-fifth of the total ribosomal 

proteins (Sugiura, 1995; Yamaguchi et al., 2000; Yamaguchi and Subramanian, 2000; 

Olinares et al., 2010; Tiller and Bock, 2014). Almost all the chloroplast ribosomal 

proteins have an orthologue in E. coli however, some differences in ribosome 

composition are known. E. coli Rpl25 and Rpl30 proteins are not found in 

chloroplasts. In some species, including spinach, chloroplast RPL23 is substituted 

by the corresponding protein of the cytosolic 80S ribosome subunit. Finally, PSRP2, 

PSRP3, PSRP5 and PSRP6 are identified as plastid-specific ribosomal proteins and 

therefore have no orthologues in bacteria (Bubunenko et al., 1994; Yamaguchi et al., 

2000; Yamaguchi and Subramanian, 2000; Tiller and Bock, 2014; Bieri et al., 2017; 

Zoschke and Bock, 2018). In addition to these differences in ribosome composition, 

the conserved chloroplast ribosomal proteins present N- and C-terminal extensions, 

together with internal expansions, that are responsible for the establishment of new 

interactions with rRNAs, mRNAs, ribosomal proteins and regulatory factors that 

are exclusive features of the chloroplast (Ahmed et al., 2016; Bieri et al., 2017; Graf 

et al., 2017). Being a large part of the anterograde control, many nuclear-encoded 

plastid ribosomal proteins are essential for chloroplast biogenesis and, consequently, 

their mutation often results in the arrest of embryo development or severe pale 

phenotypes and stent growth of seedlings (Romani et al., 2012). 

Main sources of retrograde signals 

As said, the production of nuclear-encoded plastid proteins which directly 

influence the plastid gene expression is known as the anterograde control, which 
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sets the chloroplast biogenesis and its genetic material under the regulation of the 

nucleus. Nevertheless, the chloroplast emits a collection of signals, to transmit 

information to the nucleus and eventually modify the nuclear gene expression and, 

consequently, the composition of nuclear-encoded plastid proteins. Together, these 

signals are collectively indicated as retrograde signalling that can be distinct into 

“biogenic control” and “operational control” referring to those signals sent during 

the differentiation of plastids or those released from mature chloroplasts in response 

to physiological needs and environmental fluctuations, respectively (Chan et al., 

2016; Hernández-Verdeja and Strand, 2018). To date, several main sources of 

retrograde signals can be traditionally defined, the main ones being the activity of 

the electron transport chain coupled with ROS development, the biosynthesis of 

tetrapyrroles and the plastid gene expression (Inaba et al., 2011; de Souza et al., 2017; 

Hernández-Verdeja and Strand, 2018). 

Overall, the signals that can be correlated with the activity of the electron 

transport chain appear to be mediated by the plastoquinone pool or by the 

photosystem I acceptor site along with a variety of redox compounds such as 

NADPH, thioredoxin and glutathione. However, the regulation of gene expression 

by this pathway seems inconsistent among different organisms (Pesaresi et al., 2007). 

In the green algae Dunaliella tertiolecta the regulation is thought to be coupled with 

the plastoquinone pool, while in Chlamydomonas reinhardtii it is mediated by the 

photosystem I (Escoubas et al., 1995; Shao et al., 2006). In Arabidopsis thaliana gene 

modulation in response to short-term light fluctuation depends on the photosystem 

I but the plastoquinone pool could have a role in long-term adaptation (Fey et al., 

2005). In addition, expression studies on ASCORBATE PEROXIDASE 2 upon 

high-light treatment first suggested H2O2 as a possible messenger (Karpinski et al., 

1999).   
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Studies performed on the green algae Chlamydomonas reinhardtii demonstrated 

that cells treated with inhibitors of the late steps of the tetrapyrrole biosynthesis 

failed to accumulate transcripts of the light-harvesting complex (Beck et al., 2006). 

These observations suggested that some intermediates of the tetrapyrrole 

biosynthesis trigger the selective inhibition of nuclear gene expression encoding 

plastid proteins. Similar to this, treatments with norflurazon, an inhibitor of the 

phytoene desaturase hampering carotenoid biosynthesis, causes chloroplasts to 

bleach and lead to the repression of photosynthesis-associated nuclear genes 

(PhANGs) in Arabidopsis thaliana. The use of norflurazon-based screens led to the 

identification of five mutants unable to repress PhANGs expression in these 

conditions. All of the mutated genes encode plastid-located proteins and were 

indicated as GUN (Genomes UNcoupled) genes (Susek et al., 1993; Mochizuki et al., 

2001; Koussevitzky et al., 2007). GUN1 produces a pentatricopeptide protein, a 

class of proteins usually able to interact with RNAs and often involved in their 

maturation in chloroplasts (Koussevitzky et al., 2007; Schmitz-Linneweber and 

Small, 2008a). GUN2 and GUN3 genes encode a heme oxygenase and a 

phytochromobilin synthase, respectively, required for heme conversion into 

phytochromobilin. Their mutation results in the accumulation of heme (Susek et al., 

1993; Mochizuki et al., 2001). GUN4 and GUN5 produce an Mg-ProtoIX-binding 

protein and the H subunit of the Mg-chelatase, respectively. Both enzymes are 

involved in chlorophyll biosynthesis and consequently, the mutants are paler than 

the wild type (Mochizuki et al., 2001). Successively, gun6, a gain of function mutant 

overexpressing the ferrochelatase 1, upstream to GUN2 and GUN3 enzymes, was 

found (Woodson et al., 2011). GUN2 to GUN6 genes are all involved in tetrapyrrole 

biosynthesis and the respective mutants have defects in the relative abundance of 

the related metabolites, suggesting a positive role of tetrapyrroles for PhANGs 

regulation during chloroplast biogenesis (Woodson et al., 2011; Hernández-Verdeja 

and Strand, 2018). 
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Historically, studies on the barley mutants albostrians and Saskatoon, which 

exhibit albino or variegated phenotypes due to mutations in nuclear genes, had first 

suggested the possibility that the plastid gene expression generates retrograde signals 

(Bradbeer et al., 1979). In these mutants, although the cytosolic ribosomes were 

functional, the activity of plastid-located enzymes was reduced, together with the 

expression of photosynthesis-associated nuclear genes (PhANGs) (Bradbeer et al., 

1979; Hess et al., 1994). Instead, the expression of the nuclear gene encoding for 

the NEP RNA polymerase of the chloroplast was increased (Emanuel et al., 2004). 

Similar results were obtained with the employment of inhibitors of chloroplast 

transcription or translation such as lincomycin that, in plants, specifically inhibits 

chloroplast protein synthesis leading to albino seedlings (Thomson and Ellis, 1972; 

Inaba et al., 2011). The use of this drug has revealed that the already cited gun1 

mutant is unable to repress PhANGs expression, a unique feature among the gun 

mutants that display this phenotype only if treated with norfluorazon, suggesting 

that GUN1 could have a role in retrograde signalling due to altered plastid gene 

expression. Indeed, in contrast to the other GUN proteins, GUN1 is not related to 

tetrapyrrole biosynthesis but it is a pentatricopeptide protein (Koussevitzky et al., 

2007). As described earlier, pentatricopeptide proteins are usually associated with 

RNA maturation and regulation of plastid gene expression (Pfalz et al., 2006; 

Schmitz-Linneweber and Small, 2008b). However, despite that GUN1 appeared to 

bind DNA in vitro, immunoprecipitation assays performed in vivo have failed to 

detect any stable interaction of GUN1 with nucleic acids (Tadini et al., 2016). 

Instead, GUN1 seems to be rather engaged in the regulation, possibly through 

protein-protein interactions, of several plastid molecular mechanisms such as 

tetrapyrrole biosynthesis, plastid transcription, translation, ROS regulation and 

protein homeostasis (Colombo et al., 2016; Tadini et al., 2016; Wu et al., 2019; 

Tadini et al., 2020b; Tadini et al., 2020a; Fortunato et al., 2022).  
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The knowledge regarding the chloroplast retrograde signals has been 

deepened during the past years but several aspects remain enigmatic. Notably, in 

land plants, a specific signalling molecule is still unidentified and, indeed, the 

retrograde signalling system should be considered as a complex network of signals 

and pathways that are mostly unknown (Inaba et al., 2011; Hernández-Verdeja and 

Strand, 2018).  

Chloroplast proteome biogenesis, maintenance and degradation 

Up to 95% of plastid-localised proteins are nuclear-encoded. This implies 

that a constant bulk of plastid proteins must be sorted, imported into the chloroplast 

and processed for maturation. Additionally, mature proteins in the chloroplast 

require proper folding and continuous quality check. Finally, old or terminally 

damaged proteins must be removed (Paila et al., 2015; van Wijk, 2015; Nishimura 

et al., 2016; Fu et al., 2022; Rochaix, 2022). In addition to the physiological protein 

turnover, the photosynthetic process makes the chloroplast a difficult environment 

for the organellar protein structures. The absorption of photons and the electron 

flow require proteins to be highly functional, to guarantee safe energy conversion 

avoiding ROS production (Suzuki et al., 2012). Thus, to achieve a regular import of 

nuclear-encoded proteins and their maintenance, chloroplasts are equipped with 

complex import machinery, numerous chaperones and a plethora of proteases 

(Flores-Pérez and Jarvis, 2013; Paila et al., 2015; Nishimura et al., 2016). 

Import of nuclear-encoded plastid proteins 

The nuclear-encoded plastid precursor proteins are discernible from those 

that are resident in the cytoplasm by the first N-terminal portion of their amino acid 

sequences which act as a chloroplast-specific targeting signal called chloroplast 

transit peptide (cTP). The exact features that define a chloroplast transit peptide are 

still poorly understood since no consensus sequence can be identified even though 

it is possible to detect it in silico (Emanuelsson et al., 2000; Bruce, 2001). The 
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chloroplast transit peptide recruits cytosolic sorting factors, such as HSP70, HSP90 

and/or 14-3-3 proteins to bring the precursor protein to the translocon complex on 

the surface of the chloroplast (Lee et al., 2013). HSP70 and HSP90 also interact with 

CHIP (Carboxyl-terminal Hsp70-Interacting Protein), a highly conserved cytosolic 

E3 ligase (Ballinger et al., 1999). Together, these proteins exert a chloroplast protein 

quality control by targeting unwanted chloroplast precursors to the proteasome to 

prevent their accumulation in the cytosol (Lee et al., 2009).  

The translocon complex can be described as two molecular gates embedded 

on the outer and inner membranes of the chloroplast, which eventually interact to 

form a channel allowing the precursor proteins in the cytoplasm to cross the 

chloroplast envelope and reach the stroma (Paila et al., 2015). The translocon 

components placed on the outer membrane are called TOC proteins (Translocon at 

the Outer membrane of the Chloroplast), while those constituting the complex on 

the inner membrane are known as TIC proteins (Translocon at the Inner membrane 

of the Chloroplast). Both group names are followed by numbers indicating the 

molecular mass in kDa of the corresponding proteins (Schnell et al., 1997).  

TOC159 and TOC34 are membrane-bound GTPase receptors which 

establish the first interactions with the client precursor protein (Chang et al., 2012). 

The client protein is then inserted into TOC75 which forms the TOC channels 

thanks to its β-barrel structure (Li and Chiu, 2010). Upon insertion into TOC75, the 

client protein engages the TIC complex since the translocon proteins on both 

membranes physically interact (Schnell and Blobel, 1993). Recent studies have 

highlighted that the ubiquitin-dependent modification of proteins located on the 

chloroplast outer membrane is a pivotal event, at the basis of chloroplast adaptation 

to stress conditions. SP1 E3 ubiquitin ligase is embedded in the outer envelope of 

the chloroplast and, by ubiquitination of TOC components, confers the ability to 

isolate the chloroplasts from the bulk of plastid precursor proteins in the cytoplasm, 
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thus modulating the quantity and the quality of the imported precursor proteins 

(Ling and Jarvis, 2015). The SP2 outer-membrane protein, thanks to its β-barrel 

architecture, provides a channel through which ubiquitinated TOC components can 

be extracted and eventually delivered to the proteasome, a process indicated as 

CHLOroplast-Associated protein Degradation (CHLORAD). The extraction is 

carried out by the cytosolic CDC48 AAA+ protein, which is also the motor of the 

similar degradation process known as the Endoplasmic Reticulum-Associated 

protein Degradation (ERAD) pathway, which inspired the name of the chloroplastic 

one (Ling et al., 2012; Chen et al., 2020). 

Despite that several components of the TIC complex have been 

characterized, the precise nature of the import machinery of the inner membrane is 

still not fully understood (Paila et al., 2015). The so-called TIC110 complex is 

formed by at least TIC20, TIC21, TIC22, TIC40 and TIC110 proteins that were 

shown to associate with client precursor proteins and with TOC complexes (Kessler 

and Blobel, 1996; Kouranov et al., 1998; Chou et al., 2003). TIC20 and TIC21 share 

similar structural organization and topology, both displaying four α-helices, and are 

thought to form the TIC channel (Teng et al., 2006; Kovács-Bogdán et al., 2011). 

TIC110 contains two N-terminal α-helices and a large C-terminal region which 

protrudes into the stroma (Jackson et al., 1998). It is still unclear if TIC110 could be 

part of the TIC channel, however, a portion close to the transmembrane helices of 

the stromal domain binds directly transit peptides providing a docking site for the 

client proteins emerging from the TIC channel, whereas the rest of the stromal 

domain could serve as a scaffold for the interaction of stromal chaperones involved 

in the import process (Inaba et al., 2003; Paila et al., 2015).  

The motor of the TIC110 translocon complex has been identified in CLPC 

stromal chaperone, a member of the AAA+ protein family (ATPases Associated 

with various cellular Activities) which forms a hexameric ring through which the 
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emerging polypeptide chain is pulled (Nielsen et al., 1997). TIC40 mediates the 

interaction between CLPC and TIC110 and stimulates the ATPase activity of CLPC 

(Chou et al., 2006). However, several pieces of evidence indicate that also the 

stromal chaperone with ATPase activity cpHSC70 (chloroplast Heat Shock Cognate 

protein of 70 kDa) is a central component of the protein import motor and could 

provide a second import pathway, parallel with the TIC40/CLPC system (Su and 

Li, 2010; Paila et al., 2015). More recently, another heteromeric complex associated 

with the TIC complex, referred to as 2-MD complex, that functions as an ATP-

dependent import motor was found in Arabidopsis thaliana and is composed of the 

plastid-encoded Ycf2 protein, four nuclear-encoded FTSH-like proteins and the 

nuclear-encoded FTSH12 and it appears to have a complementary role with that of 

the TIC110 complex (Kikuchi et al., 2018).  

A second 1 MDa protein complex has been found associated with precursor 

client proteins at the inner membrane and TOC elements. It is composed of TIC20 

and TIC21, which are also part of the TIC110 complex, TIC56, TIC100 nuclear-

encoded proteins and the plastid-encoded Tic214/Ycf1 protein, (Kikuchi et al., 

2009). Tic214 displays six α-helices, is the first putative import component found to 

be encoded by the plastome and, in tobacco, is essential for plant viability (Drescher 

et al., 2000; Kikuchi et al., 2013). Interestingly, the components not shared with the 

TIC110 complex are absent in Glaucophyta and Rhodophyta algae lineages and the 

Poaceae land plant family, suggesting that the 1 MDa complex is not required in all 

plastids (Drescher et al., 2000). It has been proposed that the TIC110 complex and 

the 1 MDa complex could be two independent channels for precursor proteins, 

however, since they share the TIC20 and TIC21 components and both complexes 

were identified as associated with the same precursor client proteins, it seems 

reasonable that they could function coordinately for import (Kikuchi et al., 2013; 

Paila et al., 2015). 
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Main chaperones and proteases of the chloroplast 

To generate and maintain a fully functional chloroplast proteome a variety 

of proteases are required for several purposes including removal of chloroplast 

transit peptides, cleavage of the N-terminal methionine from plastid-encoded 

proteins, additional N- or C-terminal cleavages for protein maturation, degradation 

of unfolded, damaged or aggregated proteins and removal of unwanted proteins 

upon developmental or environmental changes. The main known chloroplast 

proteases and their direct chaperones, which function as adaptors, can be divided 

into the ATP-dependent and the ATP-independent proteins. The ATP-dependent 

group includes members from the LON, CLP and FTSH families, all classified in 

the larger AAA+ (ATPases Associated with various cellular Activities) protein 

family, whereas the ATP-independent members are from the DEG family (van 

Wijk, 2015). The ATP-dependent members of the AAA+ superfamily bind and 

hydrolyse ATP to power the conformational changes useful for unfolding the 

protein substrates and, in Arabidopsis thaliana, the FTSH and CLP proteins are the 

major conserved multimeric protease complexes of the chloroplast. Both proteolytic 

systems evolved from prokaryotic ancestors and are conserved in all kingdoms of 

life (Nishimura et al., 2016). 

The FTSH (Filamentation Temperature Sensitive) family comprises 

numerous membrane-embedded metalloproteases composed of one or two 

transmembrane N-terminal domains, the ATPase domain and the proteolytic 

domain with a zinc-binding motif (Fig. 3). These metalloproteases must interact in 

homo- or hetero-hexamers to form the catalytic chamber that can control the access 

of substrates (van Wijk, 2015). Arabidopsis thaliana genome encodes twelve FTSH 

genes, nine of them targeted to the chloroplast (Nishimura et al., 2016). The four 

major isoforms are embedded in the thylakoids, with the catalytic domain facing the 

stroma. The thylakoid FTSHs are divided into type A, consisting of FTSH1 and 

FTSH5, and type B, containing FTSH8 and FTSH2. The removal of all type A or 
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type B proteases results in albino phenotypes (Yu et al., 2004; Zaltsman, 2005).  

FTSH2 and FTSH5 are the first and the second most abundant FTSH isomers in 

the chloroplast as reflected by their loss-of-function mutants, resulting in 

increasingly severe variegated phenotypes on true leaves indicating their importance 

in thylakoid development. The severity of the phenotypes correlates with the 

physiological abundance of the lost protease. Indeed, the ftsh2 mutant shows leaves 

with large white sectors, while in the ftsh5 mutant variegations are less extended. 

Coherently, the double mutant results in an enhanced variegated phenotype with 

only a few small green sectors. Additionally, both mutants show increased sensitivity 

to high light. Conversely, ftsh1 and ftsh8 mutants and the double mutant are wild-

type-like (Takechi et al., 2000; Sakamoto et al., 2002; Sakamoto et al., 2003; 

Zaltsman, 2005). The FTSH6 sub-plastidial localisation is still uncertain, however, 

it has been linked with the regulation of thermomemory in Arabidopsis (van Wijk, 

2015; Sedaghatmehr et al., 2016). FTSH7, FTSH9, FTSH11 and FTSH12 are 

localised at the chloroplast’s inner membrane. FTSH7 and FTSH9 are thought to 

form a complex, although no additional information is available (Wagner et al., 

2012). FTSH12 has been mentioned above as part of the novel 2-MD complex 

involved in protein import that comprises Ycf2 and four FTSHi proteins, which, 

lacking the zinc-binding motif, are not catalytically active but retain the chaperone 

activity (Kikuchi et al., 2018). FTSH11 forms homohexamer at the chloroplast inner 

membrane and its loss has little or no impact on developing plantlets kept under 

standard growth conditions. Nevertheless, FTSH11 is important to cope with heat 

exposure, as the knock-out mutant displays hampered growth and sharp decreases 

in the photosynthetic performance, if cultivated at temperatures higher than 30°C 

(Chen et al., 2006; Chen et al., 2018). Detailed analyses of the mutant revealed its 

interactions with proteins involved in photosynthesis and import, as probable 

targets, and the chaperones HSP70, CPN60 and CLPB3, as putative substrate-

delivery partners (Adam et al., 2019).  
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Figure 3 – Simplified representation of an FTSH protease. A single monomer is composed of a 

transmembrane domain, an ATPase domain and the proteolytic domain which coordinates a zinc ion. To form 

a functional FTSH protease, monomers must form a hexameric complex. In A. thaliana chloroplasts can be 

found both homo- and hetero-complexes. 

The serine-type CLP (CaseinoLytic Protease) machinery is the most 

abundant stromal protease of the chloroplast and it is composed of several subunits 

organised in rings (Fig. 4). The proteolytic core consists of two asymmetric 

heptameric rings. The P-ring contains the catalytically active subunits CLPP3, 

CLPP4, CLPP5 and CLPP6 in a 1:2:3:1 ratio. The R-ring is composed of the catalytic 

plastid-encoded subunit ClpP1 and the catalytically inactive CLPR1, CLPR2, 

CLPR3 and CLPR4 proteins in a 3:1:1:1:1 ratio (Olinares et al., 2011a). The various 

clpp and clpr null mutants in Arabidopsis thaliana exhibit several phenotypes affecting 

embryogenesis, seedling development and chloroplast biogenesis (Kim et al., 2013). 

The unique plastid-encoded ClpP1 subunit has been studied in tobacco and it is 

essential for leaf development (van Wijk, 2015). Loss of CLPP4 and CLPP5 is 

incompatible with life, as the respective mutant embryos cannot complete their 

development. The knock-out mutants clpr2, clpr4 and clpp3 arrest their development 

at the cotyledon stage however, when cultivated in heterotrophic conditions, they 

can complete the life cycle. Interestingly, the clpr1 mutant displays only a mild 

virescent phenotype because its functions can be partially replaced by CLPR3, 

resulting in a hampered CLP complex (Kim et al., 2009; Kim et al., 2013). Protein 

substrates are delivered to the proteolytic core by hexameric rings with chaperone 

functions composed of CLPC1, CLPC2 and/or CLPD subunits. These HSP100 
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class proteins present a C-terminal Protease Binding Domain (PBM) which mediates 

the interactions with the proteolytic rings. The unfoldase activity of the hexamer 

linearizes the target polypeptide facilitating its proteolytic degradation by the CLP 

core rings (Lee et al., 2007; van Wijk, 2015). The knock-out mutations in CLPC1 

result in small pale plants, while clpc2 and clpd plants have no phenotype (Constan et 

al., 2004; Sjögren et al., 2004). CLPC chaperones have been found associated with 

the TIC complex and could function as a motor for the translocon machinery (Chou 

et al., 2006; Paila et al., 2015). Additionally, they could be involved in protein quality 

control during the import process by recruiting the CLP core protease at the 

translocon to degrade misfolded proteins generated during their import (Nishimura 

et al., 2016). 

 

Figure 4 – Simplified representation of CLP protease complex subunits. The CLP core enzyme is 

composed of two heptameric rings, the R- and the P-ring. The R-ring is catalytically inactive and contains three 

ClpP1, one CLPR1, one CLPR2, one CLPR3 and one CLPR4 subunit. The P-ring is catalytically active and 

features one CLPP3, two CLPP4, three CLPP5 and one CLPP6 subunit. The ClpP1 protein is the only one 

encoded by the plastome. The chaperone rings are composed of CLPC1/C2 or CLPD proteins. By interacting 

with the core enzyme, these rings deliver the substrates to the core enzymes. They promote CLP activity by 

ATP hydrolysis. 
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Another important plastid HSP100 chaperone is CLPB3. Similar to 

CLPC/D chaperones, also CLPB3 forms homohexameric rings, although it lacks 

the PBD sequence preventing its interaction with the CLP proteolytic core. CLPB3 

depletion results in seedlings which germinate but soon die when grown on soil, or 

in severe albinotic phenotype with thylakoid-deficient plastids when the seedlings 

germinated on a sugar-containing medium. Additionally, clpb3 mutants possess no 

tolerance to increasing temperatures. Indeed, plants exposed to heat selectively up-

regulate CLPB3 transcripts while exhibiting no changes in CLPC/D expression 

(Myouga et al., 2006; Lee et al., 2007). The biochemical characterization of CLBP3 

demonstrated that it has high affinity with protein aggregates and it acts as an 

unfoldase contributing to dissolve aggregates or to linearize its targets allowing for 

their re-folding, functioning either alone or with the aid of cpHSP70/J20 chaperone 

system (Pulido et al., 2016; Parcerisa et al., 2020). These pieces of evidence point to 

two diversified roles for CLPC/D and CLPB3 chaperones. The cpHSP70/J20 

chaperone system functions as a hub that can dispatch its misfolded clients either 

to the CLPC/D ring, which linearizes them for their final degradation by the CLP 

protease core or to CLPB3, which actively promotes the acquisition of their native 

conformations (Pulido et al., 2016). 

Degradation of chloroplasts 

 Chloroplasts are expensive organelles to maintain and, when damaged, can 

be an additional source of hazard to cells, especially under stressful environmental 

conditions, starvation or during senescence. Recent investigations revealed a variety 

of pathways that cells employ to commit old or damaged chloroplasts for 

degradation, achieving the maintenance of a functional pool of chloroplasts and the 

redistribution of nutrients/resources (Woodson, 2016; Woodson, 2022). 

Chloroplast portions or whole organelles can be delivered to the central vacuole by 

vesicle-mediated pathways. Some pathways work with autophagosome-derived 

vesicles. Autophagy is an ancient process for the degradation of cellular components 



29 
 

in eukaryotic cells that requires the involvement of conserved ATG proteins, and 

therefore, these degradation pathways are also referred to as ATG-dependent. The 

other pathways that instead are executed by vesicles unrelated to the autophagosome 

formation are indicated as ATG-independent (Fu et al., 2022). In some cases, 

chloroplasts have been observed to bud large vesicles directly in the vacuole, known 

as “bleb”. This event is triggered by the activity of the cytosolic PUB4 E3 ubiquitin 

ligase that tags yet unidentified outer-membrane chloroplast proteins. Indeed, PUB4 

removal suppresses chloroplast degradation and cell death in the mutant fc2, which 

accumulates excessive 1O2, and promotes greening in the double mutant gun1 ftsh5, 

which is defective in protein quality control mechanisms (Woodson et al., 2011; 

Jeran et al., 2021; Lemke et al., 2021).  

Chloroplast protein homeostasis as a source of retrograde signals  

The development of a repressible chloroplast gene expression system that 

specifically depletes ClpP1 expression in the green algae Chlamydomonas reinhardtii, 

granted the ability to induce an imbalance of the chloroplast protein homeostasis 

and study the cellular reaction to the event (Ramundo et al., 2014). Several 

consequences arose in cells depleted of the CLP protease complex. They stopped 

their proliferation and displayed progressive impairment of the photosynthetic 

performance. Coherently, the expression of nuclear-encoded genes involved in 

these processes was repressed. Conversely, the expression of nuclear genes encoding 

chloroplast chaperones and proteases, and their accumulation at the protein level, 

were steadily up-regulated. The accumulation of these proteins in chloroplasts can 

counteract and mitigate protein aggregation and damage (Ramundo et al., 2014; 

Ramundo and Rochaix, 2014). Several studies in Arabidopsis thaliana describe similar 

phenomena. Indeed, mutants lacking FTSH or CLP proteins exhibit chloroplast 

proteomes highly enriched in chaperones, proteases and ROS detoxifiers (Kim et 

al., 2009; Kim et al., 2013; Adam et al., 2019; Dogra et al., 2019). Taken together, 

these pieces of evidence strongly suggest that the perturbation of the chloroplast 
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protein homeostasis triggers the generation of retrograde signals that promote the 

nuclear production of plastid-localised protein quality control factors. These 

molecular mechanisms are considered a chloroplast version of the Unfolded Protein 

Response, a molecular mechanism first discovered in the yeast endoplasmic 

reticulum when unfolded proteins accumulated due to defective folding capacity, 

and successively found also in mitochondria of mammalian cells (Cox et al., 1993; 

Zhao et al., 2002; Ramundo et al., 2014; Llamas et al., 2017; Qureshi et al., 2017; 

Dogra et al., 2019).  

The signalling pathways mediating the UPR in the endoplasmic reticulum 

are very conserved and are well-studied (Hetz et al., 2015). Instead, the research in 

the field of mitochondrial UPR was only recently boosted with the characterization 

of a peptide-mediated mitochondrion-to-nucleus retrograde signalling pathway in 

the roundworm Caenorhabditis elegans (Fig. 5) (Haynes et al., 2007; Haynes et al., 

2010). More into detail, the exposure of the animals to heat causes mitochondrial 

proteins to damage and unfold. Unfolded proteins are prone to aggregate, therefore, 

the mitochondrial soluble AAA+ CLPXP protease complex promptly degrades 

them into peptides. These 6 to 20 residues long peptides are eventually extruded 

into the cytoplasm, where promote the nuclear translocation of the ATFS1 

transcription factor activating the expression of UPR-related genes. The peptide 

efflux depends on the ABC transporters HAF-1, localised at the inner membrane of 

the mitochondria (Haynes et al., 2010). Strikingly, HAF-1 is orthologous to the 

previously reported ABC transporter MDL1 from Saccharomyces cerevisiae which also 

mediates peptide extrusion from mitochondria upon heat incubation (Young et al., 

2001). These results have encouraged the re-evaluation of the human ABCB10 

mitochondrial transporter which possesses a fair sequence identity with both MDL1 

and HAF-1. ABCB10 also localises at the inner membrane of the mitochondrion, 

and its activity has been associated with oxidative stress protection although it is not 

clear yet if its substrates are peptides, heme intermediates or both (Liesa et al., 2012). 
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Figure 5 – Graphical summary of the mitochondrial UPR described in C. elegans. Upon heat, 

mitochondrial proteins are damaged and their unfolding is promoted. In these conditions, protein aggregates 

could form threatening mitochondria functionality. The mitochondrial proteases degrade the damaged proteins 

into peptides. The resulting peptides are then extruded into the cytoplasm by the ABC transporter HAF-1, 

localised at the inner membrane of the mitochondria. In the cytoplasm, the peptides promote the translocation 

of the ATFS1 transcription factor into the nucleus activating the expression of UPR-related genes (Haynes et 

al., 2010). 

ABC proteins  

The ABC (ATP-Binding Cassette) proteins constitute one of the largest 

protein families found in all living organisms (Higgins, 1992; Henikoff et al., 1997). 

The vast majority of the ABC proteins act as transporters, as their general structure 

features two transmembrane domains, which delineate a pore in the membrane, and 

two soluble nucleotide-binding domains, which power substrates export. The 

transmembrane domains are generally composed of four or six hydrophobic α-

helices that appear to determine, or at least contribute, to the substrate selectivity of 

the transporter. Nevertheless, the transmembrane domains of even closely related 

ABC transporters exhibit low levels of sequence similarity, unlike the nucleotide-

binding domains which are strongly conserved and give the name to the protein 

family (Higgins, 1992; Sánchez-Fernández et al., 2001; Martinoia et al., 2002; Kang 

et al., 2011). The survey of the superfamily reveals the modular construction of the 

ABC transporters. The four core domains may be encoded by individual genes, by 
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one gene encoding for a half-transporter (composed of a nucleotide-binding domain 

and a transmembrane domain) which then homodimerizes, by two genes each 

encoding half-transporters that form heterodimers or by a single gene coding for a 

full-transporter. In addition, the organization of the domains in both half-

transporters and full-transporters is defined as forward, if the transmembrane 

domain lies in the N-terminal portion and the nucleotide-binding domain is in the 

C-terminal region, or as reverse in the opposite case (Higgins, 1992; Sánchez-

Fernández et al., 2001; Kang et al., 2011).  

Based on their domains structure and phylogenetic relationships and, 

following the nomenclature system in use for animal transporters, the Arabidopsis 

thaliana ABC proteins are currently classified into eight subfamilies, that re-organises 

the previous nomenclature system (Fig. 6). The ABCA subfamily comprises eleven 

forward half-transporters, previously part of the ABC Two Homolog (ATH) group, 

and one forward full-transporter, from the ABC One Homolog (AOH). The ABCB 

subfamily includes twenty-one forward full-transporters, former MultiDrug 

Resistance (MDR), and seven forward half-transporters, previously belonging to the 

Transporter Associated with antigen Processing (TAP) and Transporter of the 

Mitochondrion (ATM) subfamilies. The ABCC contains fifteen forward full-

transporters before indicated as Multidrug Resistance-associated Proteins (MRP), 

that exhibit an additional N-terminal transmembrane domain. The ABCD subfamily 

is represented by one forward half-transporter and one forward full-transporters 

previously named Peroxisomal Membrane Proteins (PRP) due to their subcellular 

localisation. The ABCE and the ABCF subfamilies consist of three and five 

members, respectively, that lack any transmembrane domains and are, probably, 

involved in other functions than transport. The ABCG is the largest subfamily and 

it groups twenty-eight reverse half-transporters, formerly indicated as White-Brown 

Complex homolog (WBC), and twelve reverse full-transporters, named Pleiotropic 

Drug Resistance (PDR). Lastly, the ABCI subfamily contains twenty-one proteins 
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that fold in single transmembrane, nucleotide-binding or accessory domains that, at 

least some of them, can assemble into multi-subunit transporters, similar to what 

occurs in prokaryotes (Sánchez-Fernández et al., 2001; Verrier et al., 2008; Kang et 

al., 2011). 

 

Figure 6 – Simplified graphical representation of the ABC protein subfamilies. ABCA, ABCB and ABCD 

families contain forward full- or half-transporters. ABCC family groups forward full-transporters with an 

additional N-terminal transmembrane domain. ABCE and ABCF families are composed of soluble proteins 

with no transmembrane domains. In the ABCG family are found reverse full- or half-transporters. The ABCI 

family contains proteins that represent single domains, that can interact to form complete transporters. Blue 

rectangles represents transmembrane domains, red circles indicate nucleotide binding domains. 
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AIM OF THE PROJECT 

 Several pieces of evidence support the notion that the chloroplast proteome 

adapts in response to perturbed protein homeostasis to re-establish its optimal 

functional state. Protein homeostasis perturbations can be due to genetic defects 

that hinder the molecular mechanisms involved with the generation and 

maintenance of the proteome or can result from external challenges. Either way, 

proteome modification requires the nuclear gene expression to be re-programmed 

to cope with the issues. To date, the modality by which the chloroplast 

communicates to the nucleus the onset of challenges to its protein homeostasis has 

been partially elucidated, but it is still an open topic that can be investigated deeply.  

Chloroplasts and mitochondria share similar molecular features due to their 

common evolutionary origin that forces the coordination of the organellar genomes 

with the nuclear genome, which provides almost completely for the proteins of the 

organelles. In Caenorhabditis elegans, a retrograde signalling pathway deputed to the 

communication of folding stress in mitochondria and generated by the degradation 

of damaged mitochondrial proteins and by the consequent extrusion of the 

proteolytic products has been characterized. The translocation of the peptides is 

associated with the presence of the HAF-1 ABC transporter in the envelope of the 

mitochondria, and its loss correlates with increased sensitivity to protein 

homeostasis threats. Moreover, HAF-1 is the homolog of the MDL1 ABC 

transporter in Saccharomyces cerevisiae, which exerts the same peptide-translocation 

activity from mitochondria into the cytosol. Additionally, ABC peptide transporters 

have also been found in human cells, such as the TAP transporter, which is involved 

in the immunological response, or the TAPL transporter which scavenges peptides 

from the cytosol into the lysosome.  

ABC transporters are part of a vast, ancient and conserved superfamily of 

proteins that can recognize a plethora of substrates and translocate them across 
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several biological membranes mediating a variety of functions. Arabidopsis thaliana 

genome encodes 130 ABC proteins which are mostly uncharacterized and none of 

them is reported to have peptide as substrate.  

In light of this, it can be hypothesised the existence of a chloroplast retrograde 

signalling pathway comparable to that described in mitochondria. Therefore, this 

work aims to: 

1. Identify, in Arabidopsis thaliana, the ABC transporter that could mediate 

peptide extrusion from chloroplasts.  

2. Detection and characterization of the putative peptide efflux from 

chloroplasts. 

3. Characterize the biological function of such transporter, particularly in 

response to plastid protein homeostasis perturbations. 

4. Attempt to link the function of the transporter with a putative retrograde 

signalling pathway generated by protein degradation within the chloroplast 

and mediated by the extrusion of the peptides. 

 

To achieve these goals, a bioinformatic approach will be employed to identify 

candidate proteins and their respective genes starting from the amino acid sequences 

of HAF-1 and MDL1 peptide ABC transporters. The plastid-localisation of the 

candidate proteins will be then verified by confocal microscopy. The detection of 

peptide efflux from chloroplasts and its possible abolishment will be performed 

directly on intact chloroplasts, isolated from wild-type and mutant plants, subjected 

to stress able to promote protein degradation employing an experimental approach 

inspired by the work accomplished for the characterization of the mitochondrial 

peptide efflux. The putative extruded plastid peptides will be characterized by mass 

spectrometry. The mutants exhibiting a reduction in efflux will be further 

investigated to test their sensitivity to plastid protein homeostasis challenges.  
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RESULTS AND DISCUSSION 

Identification of candidate plastid peptide ABC transporters in A. 

thaliana  

It has been shown that the mitochondrial-located ABC transporters HAF-1 

from C. elegans and MDL1 from S. cerevisiae are capable of releasing peptide-based 

signalling molecules into the cytosolic compartment upon heat exposure  (Young et 

al., 2001; Augustin et al., 2005; Arnold et al., 2006; Haynes et al., 2010). On the other 

hand, the plastid-located counterpart of such peptide transporters, together with a 

peptide-mediated communication pathway, has been postulated but remains 

unknown (Olinares et al., 2011b). To computationally identify candidate plastid 

peptide transporters, the SwissProt protein sequence database of A. thaliana was 

interrogated by BLASTp searches employing as queries the amino acid sequences 

of both HAF-1 and MDL1. The analyses produced 87 and 80 significant protein 

hits (E value < 0,05) from HAF-1 and MDL1 queries, respectively, all annotated as 

ABC transporters. Hits were then arbitrarily filtered for BLAST scores higher than 

100 and plastid localization according to SUBA5 database information. Among all 

the hits from both searches, three common uncharacterized candidates satisfied 

both criteria: TAP1 (Transporter associated with Antigen processing Protein) had 

the highest score, followed by NAP8 (Non-intrinsic ABC Protein 8 or TAP-related 

protein 1) and ATH12 (ABC Two Homolog 12).  
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Table 1 – Summary of BLASTp searches. The output of the BLASTp searches using either MDL1 or HAF-

1 aminoacidic sequences as queries against the Arabidopsis thaliana proteome from the SwissProt database. Only 

hits predicted to localise in the plastid and with a BLASTp score higher than 100 are reported. TAP1, NAP8 

and ATH12 proteins were the unique hits satisfying both criteria. The AGI codes and protein names are 

reported. E value indicates the probability of a random match. BLASTp Score indicates the overall strength of 

the matches.  

ID Araport 
Protein 
name 

E value 
BLASTp 
Score 

Coverage 
Identity 

% 
Positives 

% 
Total 
length 

MDL1 as query 

AT1G70610 TAP1 1,39E-81 272 0,71 34,87 55,51 700 

AT5G03910 ATH12 6,74E-50 184 0,72 31,53 49,71 634 

AT4G25450 NAP8 3,37E-47 177 0,33 40,69 61,9 714 

HAF-1 as query 

AT1G70610 TAP1 6,56E-78 262 0,84 32,19 54,91 700 

AT4G25450 NAP8 1,28E-52 192 0,71 30,54 48,60 714 

AT5G03910 ATH12 7,37E-43 163 0,69 29,22 49,59 634 

 

Plant ABC proteins are currently subdivided into 8 subfamilies, according 

to their topology, domain composition and phylogenetic relationship (Sánchez-

Fernández et al., 2001; Verrier et al., 2008; Kang et al., 2011). To assign the identified 

candidates to an ABC protein subfamily, the amino acid sequences of TAP1, NAP8 

and ATH12 were prompted in CCTOP and ScanProsite tools (de Castro et al., 2006; 

Aszí O Dobson et al., 2015). For comparison, the sequences of HAF-1 and MDL1 

were included as well. All of the proteins were predicted to possess an N-terminal 

transmembrane domain (TMD), composed of six α-helices and a C-terminal 

nucleotide-binding domain (NBD) (Fig. 7 A). TargetP software was employed to 

highlight the organelle transit peptides required for mitochondrial or plastid 

localisation (Fig. 7 A). The obtained data established that all of the analysed proteins 

have identical domain compositions and topologies, compatible with their 

classification in the ABCB half-transporter subclass. This is in agreement with a 

previously published complete survey of the Arabidopsis ABC proteins where 

TAP1, NAP8 and ATH12 proteins are also named ABCB26, ABCB28 and 

ABCB29, respectively, and cluster into a distinct group (Kang et al., 2011). 
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To further corroborate in silico the homology of the candidate proteins, their 

amino acid sequences were analysed with the multiple sequence alignment (MSA) 

tool MUSCLE (Edgar, 2004). The analysis was performed including the sequences 

of a subset of known peptide transporters found in several organisms, together with 

the sequences of the Arabidopsis auxin transporters MDR1 (ABCB1), MDR4 

(ABCB4) and MDR11 (ABCB19) as outgroup (Table 2). Subsequently, the analysis 

was further processed through the PhyML software, which estimates maximum 

likelihood phylogenies from MSA data (Guindon et al., 2009).  TAP1, NAP8 and 

ATH12 were clustered among the known peptide transporters, whereas, MDR 

proteins were not (Fig. 7 B). TAP1 was arranged with the human peptide 

transporters TAP1 (ABCB2), TAP2 (ABCB3) and TAPL (TAP-like protein, 

ABCB9), whereas, NAP8 and ATH12 were grouped with TmrAB peptide 

transporters found in Thermus thermophilus. MDL1, HAF-1 and ABCB10 

transporters, found in the mitochondria of yeast, roundworm and human, 

respectively, formed a group of their own. The NBD is the most conserved domain 

in the ABC proteins, instead, the TMD is very variable, even among proteins from 

the same species (Sánchez-Fernández et al., 2001). Therefore, to rule out the 

possibility that TAP1, NAP8 and ATH12 were misleadingly clustered, the same 

analysis was repeated with the sequences of the TMD portions from each 

transporter. The obtained phylogenetic tree was strikingly alike (Fig. 7 C).   

  

Figure 7 – In silico analyses of candidate ABC transporters. A) Graphical representation of the indicated 

ABC transporters. Chloroplast Transit Peptide (green), transmembrane domain (TMD, blue), nucleotide-

binding domain (NBD, orange) and transmembrane helices (yellow) are reported. To better show the similarities, 

models have been aligned by the first amino acid of their first transmembrane helix. Protein models are drawn 

to scale. B) Phylogenetic tree based on the alignment of the amino acid sequences from the indicated ABC 

transporters. AtABCB1, AtABCB4 and AtABCB19 were included as outgroups. Percentages represent branch 

probability based on 100 bootstrap repetitions. Numbers over branches indicate the phylogenetic distance. Tm, 

T. thermophilus; Sc, S. cerevisiae; At, A. thaliana; Ce, C. elegans; Hs, H. sapiens. C) Phylogenetic tree based on the 

alignment of the amino acid sequences from the transmembrane domains (TDM) of the indicated ABC 

transporters. 
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Table 2 – List of the ABC proteins employed in the MSA analysis. The protein names, the organism of 

origin, subcellular localisation, a brief description and the references found in the literature are reported in the 

table. All of the transporters are confirmed peptide transporters, except for the human ABCB10 protein, which 

substrate is still to be experimentally verified, and the A. thaliana MDR auxin transporters, here used as an 

outgroup. 

Protein 
name 

Organism 
Subcellular 
localisation 

Description Reference 

TmrABa Thermo 
thermophilus 

plasma 
membrane 

Functional homologues of the 
human TAP complex. The two 
proteins heterodimerise. 

(Nöll et al., 
2017) TmrABb 

MDL1 
Saccharomyces 

cerevisiae 
mitochondria 

It forms homodimers. The null 
mutant is sensitive to heat. 

(Young et al., 
2001; Jarolim 
et al., 2013) 

HAF-1 
Caenorhabditis 

elegans 
mitochondria 

It forms homodimers. It mediates 
retrograde signalling in response to 
proteostasis perturbations by 
extruding peptides originated by 
protease activity. 

(Haynes et 
al., 2010) 

ABCB10 Homo sapiens mitochondria 
It forms homodimers. It is proposed 
to translocate peptides and could be 
involved in the response to ROS. 

(Liesa et al., 
2012) 

TAP1 
(ABCB2) 

Homo sapiens 
endoplasmic 

reticulum 

The two proteins heterodimerise. 
The TAP complex transfers peptides 
derived from the antigen processing 
into the ER lumen contributing to 
the immunological response. 

(Nijenhuis 
and 
Hämmerling, 
1996; Lehnert 
et al., 2016) 

TAP2 
(ABCB3) 

TAPL 
(ABCB9) 

Homo sapiens 
lysosome, 

endoplasmic 
reticulum 

It forms homodimers. It is involved 
in the removal of peptides from the 
cytoplasm into lysosomes and ER 
lumen. 

(Wolters et 
al., 2005; 
Zhao et al., 
2008) 

MDR1 
(ABCB1) 

Arabidopsis 
thaliana 

plasma 
membrane 

Full-transporters mediating auxin 
export and the associated signalling. 

(Noh et al., 
2001; Lin and 
Wang, 2005; 
Santelia et al., 
2005) 

MDR11 
(ABCB19) 

MDR4 
(ABCB4) 

 

The sequence similarity of TAP1, NAP8 and ATH12 with HAF-1 suggests 

that they could function as peptide transporters involved in the generation of 

retrograde signalling. Additionally, they were computationally predicted to be 

plastid-located and, in virtue of their TMD, they should be embedded in a lipid 

bilayer. Therefore, TAP1, NAP8 and ATH12 are expected to localise in the 
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chloroplast envelope. To validate this hypothesis, the coding sequences of the 

candidate proteins were cloned in frame with that of GFP or RFP genes under the 

control of the CaMV 35S constitutive promoter to obtain C-terminally tagged 

proteins. The coding sequence of TIC20, encoding for a subunit of the Inner 

membrane Translocon Complex of the chloroplast, was cloned as well as a marker 

of the plastid envelope. The produced constructs were then introgressed into wild-

type plants by Agrobacterium-mediated transformation. Transformed plants were 

subsequently crossed to generate Arabidopsis lines co-expressing GFP or RFP 

tagged proteins as follows: oeTAP1-GFP oeTIC20-RFP, oeTAP1-GFP oeNAP8-RFP, 

oeTAP1-GFP oeATH12-RFP. Leaf tissue from these plants was then analysed via 

Confocal Laser Scanning Microscopy (Fig. 8). The signal from TAP1-GFP appeared 

to be surrounding the fluorescence of plastid chlorophylls, resembling the RFP 

signal from the TIC20 chimaera. Moreover, NAP8-RFP and ATH12-RFP signals 

were ring-shaped and perfectly overlapped with that from TAP1-GFP. In 

accordance with these experimental observations, TAP1, NAP8 and ATH12 were 

found in the envelope fraction by a mass-spectrometry-based analysis of the 

chloroplast proteome (Ferro et al., 2010). Taken together, these observations are 

compatible with the role envisaged for TAP1, NAP8 and ATH12 as plastid 

envelope-located peptide transporters, similar to what is described for 

mitochondrial-located peptide extruders HAF-1 and MDL1. 
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Figure 8 – Localisation of candidate peptide ABC transporters. Mesophyll cells from oeTAP1-GFP 

oeTIC20-RFP, oeTAP1-GFP oeNAP8-RFP, oeTAP1-GFP oeATH12-RFP transgenic lines observed under the 

confocal microscope. Blue channel: chlorophyll autofluorescence (Chl); green channel: GFP signal; red channel: 

RFP signal. 



43 
 

TAP1, NAP8 and ATH12 mediate peptide efflux from chloroplasts 

To investigate the molecular and physiological function of the candidate 

transporters, single mutants bearing a T-DNA inserted in TAP1 (AT1G70610), 

NAP8 (AT5G03910) and ATH12 (AT4G25450) gene loci were acquired from the 

Nottingham Arabidopsis Stock Centre. The exact insertion sites in each mutant were 

experimentally verified by PCR amplification followed by Sanger sequencing. The 

tap1-1 allele resulted to bear the T-DNA insertion within the third intron, the T-

DNA in the nap8-1 allele fell in the fourth intron and ath12-1 allele had it in the tenth 

exon (Fig. 9 A). The position of T-DNAs within the locus suggested the disruption 

of the respective genes. The single mutants were then crossed to yield all the possible 

combinations of double mutants and, subsequently, the triple mutant was generated. 

No obvious phenotypes were noticeable in any of the mutants when grown under 

standard conditions (Fig. 9 B). The absence of phenotype, however, is in line with 

what was observed in the mdl1Δ and haf-1 mutants in yeast and nematode, 

respectively, which behaved as the wild type under standard growth conditions 

(Young et al., 2001; Haynes et al., 2010). Nevertheless, both these mutants struggled 

if their protein homeostasis was perturbed (Haynes et al., 2010; Jarolim et al., 2013). 
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Figure 9 – T-DNA insertional lines in candidate genes. A) Schematic representations of the indicated genes. 

Exons are represented as white boxes and introns as black lines. Models are in scale. T-DNA insertion sites, 

start and stop codons are indicated. T-DNAs are not in scale. B) Pictures of 12 days old plants of the indicated 

genotypes grown on soil under long-day photoperiod. 
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Wild-type purified mitochondria that were exposed to heat in an incubation 

buffer containing ATP extruded peptides, whereas the mitochondria isolated from 

mdl1Δ and haf-1 mutants were deficient in this function (Young et al., 2001; Haynes 

et al., 2010). The proposed role for TAP1, NAP8 and ATH12 ABC proteins, the 

closest plastid-localised homologues of both MDL1 and HAF-1 peptide 

transporters, is the translocation of peptides from chloroplasts, possibly mediating 

a retrograde signalling pathway in response to stress. If this holds true, an increment 

in plastid-derived peptides would be detected in the incubation buffer in which 

isolated intact chloroplasts are resuspended when exposed to heat, similar to what 

was observed from mitochondria of yeast and nematode, instead, this molecular 

phenotype would be abolished when mutant chloroplasts are treated. Therefore, to 

test this hypothesis, the experimental procedure performed to detect the peptide 

efflux from purified mitochondria upon heat incubation was adapted for 

chloroplasts (Haynes et al., 2010). Chloroplasts were isolated from wild-type and 

mutant plants through Percoll gradients (Seigneurin-Berny et al., 2008). Isolated 

chloroplasts were then incubated at 45° C to perturb the protein homeostasis, by 

promoting protein misfolding and degradation, and possibly triggering peptide 

efflux. ATP was added to the samples to support the ATP-dependent peptide 

transport. As a control, wild-type chloroplasts were incubated at 25° C with ATP 

or, at 45° C in the absence of ATP. After the treatment, chloroplasts were pelleted 

and supernatants were collected. Samples were cleaned through a 30 kDa cut-off 

filter and successively processed with a solid-phase extraction column, to allow 

enrichment in low molecular weight peptides. Finally, peptide concentration in each 

sample was evaluated by UV spectrometry at 280 nm (Fig. 10 A). When treated at 

45° C with ATP, wild-type chloroplasts produced a peptide extrusion of about twice 

the amount of the control samples, where no heat or ATP was applied. The lack of 

one or two of the transporters did not significantly affect the level of retrieved 

peptides in the supernatants. Instead, when subjected to the same treatment, 
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chloroplasts devoid of all three transporters  extruded half the amount of peptides 

in comparison with wild-type chloroplasts. The peptide efflux from triple mutant 

was comparable to the one from untreated wild-type chloroplasts, in the presence 

of ATP, or treated wild-type chloroplasts without ATP. These results suggest that 

the identified putative plastid-located peptide transporters promote peptide efflux 

upon heat treatment. Moreover, all three TAP1, NAP8 and ATH12 transporters 

contribute to the total peptide efflux from chloroplasts upon heat exposure in an 

ATP-dependent manner, showing functional redundancy and possible substrate 

overlap. Hence, from now on TAP1, NAP8 and ATH12 proteins will be collectively 

indicated as PPTs (Plastid Peptide Transporters) and ppts would be used in place of 

tap1 nap8 ath12 name.  
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Figure 10 – Chloroplast peptide efflux A) UV quantification of peptides recovered from the supernatants 

after 1 hour of heat-incubation. Averages and standard deviations are shown. The value of wild-type chloroplasts 

treated with heat and ATP has been set as 100% (green). Control samples are indicated in blue. Samples from 

single double mutants are in grey. The triple mutant sample is indicated in red. Statistical significance has been 

calculated with ANOVA one-way test and Tukey’s posthoc analysis. B) Pie chart indicating the distribution by 

the origin of peptides recovered from the supernatant of wild-type chloroplasts. C) Distribution of the length 

of peptides recovered from the supernatant of wild-type chloroplasts.  
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Peptides recovered from heat-treated wild-type chloroplasts were analysed 

by mass spectrometry, to attempt sequence identification. The average total number 

of detected peptides from 2 independent experiments was 10629, derived from 481 

different proteins (Table 3). Only proteins identified by peptides found in both 

replicates were considered. 99,2% of the peptides mapped on the amino acid 

sequences of plastid proteins, indicating that the chloroplast samples were virtually 

pure. The majority of the plastid-derived peptides (57,1%) originated from thylakoid 

proteins (Fig. 10 B). Luminal proteins contributed to the production of 18,9% of 

the peptides, whereas the stromal proteins supplied 17,7% (Fig. 10 B). The 

remaining portions of peptides were attributed to proteins localised in 

plastoglobules (1%), envelope (0,5%) or unsorted ones (4,8%) (Fig. 10 B). About 

50% of the peptides belonged to the Photosystem II proteins, the subunits of its 

antenna complexes or the oxygen-evolving complex. According to the literature, 

these proteins are both highly abundant in chloroplasts, tightly regulated by 

proteases and prone to suffer severe damage upon heat treatments (Allakhverdiev 

et al., 2008). Among all recovered peptides in wild-type heat-treated plants, the 

length ranged from 8 to 25 amino acids, with the average peptide being 15 amino 

acids long (Fig. 10 C). This feature is remarkably similar to those previously reported 

for the peptide released by both MDL1 and HAF-1 (Augustin et al., 2005; Haynes 

et al., 2010).  
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Table 3 – Subset of the first 20 most represented proteins originating the detected peptides from heat-

treated wild-type chloroplasts. In the table are reported the AGI code, the protein ID from the Uniprot 

database, the protein names and the sub-plastidial localisation according to the PPDB database of the first 

twenty most represented peptide-producing proteins. The average amount of peptides detected from 2 

independent experiments and the percentage (%) relative to the total amount of peptides for each protein are 

indicated.  

Araport ID Uniprot ID Protein name PPDB localisation 
AVG 

Count 
% 

ATCG00280 P56778 psbC thylakoid 578 5,48 

AT5G66570 P23321 PSBO1 lumen 508 4,81 

AT2G39730 P10896 RCA stroma 386 3,66 

AT3G50820 Q9S841 PSBO2 lumen 378 3,58 

ATCG00270 P56761 psbD thylakoid 372 3,52 

AT1G06680 Q42029 PSBP1 thylakoid 334 3,16 

AT4G05180 Q41932 PSBQ2 lumen 293 2,77 

AT4G21280 Q9XFT3 PSBQ1 lumen 286 2,71 

ATCG00680 P56777 psbB thylakoid 241 2,28 

AT5G01530 Q07473 LHCB4.1 thylakoid 219 2,07 

AT3G08940 Q9XF88 LHCB4.2 thylakoid 214 2,02 

ATCG00020 P83755 psbA thylakoid 209 1,98 

AT1G03600 Q9LR64 PSB27-1 thylakoid 155 1,46 

AT1G79040 P27202 PSBR thylakoid 153 1,45 

AT1G29930 P04778 LHCB1.3 thylakoid 146 1,38 

AT2G34420 Q39141 Lhb1B2 thylakoid 131 1,24 

AT3G46780 Q9STF2 PTAC16 thylakoid 129 1,22 

AT4G10340 Q9XF89 LHCB5 thylakoid 129 1,22 

ATCG00710 P56780 psbH thylakoid 115 1,09 

AT4G01050 Q9M158 STR4 thylakoid 112 1,06 

 

  



50 
 

However, the diminished peptide extrusion from triple mutant chloroplasts 

could be attributed to differences in the protein degradation rate rather than peptide 

extrusion. To rule out this possibility, the relative abundance of proteins was 

monitored in heat-treated chloroplasts in the presence of ATP through western blot. 

Chloroplasts from the wild type and the triple mutant were sampled before the 

treatment, after 30 minutes and at the end of the incubation at 45° C. Samples 

incubated with ATP but not exposed to heat and chloroplasts heat-treated without 

ATP were included as a control (Fig. 11). PSBO and LHCB4 proteins were selected 

as targets since a high amount of their peptides was found in the previous analysis. 

The relative abundance of both proteins decreased gradually during the treatment 

in both chloroplast populations, indicating that the diminished peptide efflux in the 

triple mutant chloroplasts is to be attributed to the absence of the transporters rather 

than impaired proteolysis. Notably, the presence of ATP alone did not cause protein 

degradation. Instead, protein stability is lost if heat is applied even in the absence of 

ATP, which could be due to both heat-induced cleavage and the activity of ATP-

independent proteases, such as DEG (Allakhverdiev et al., 2008; van Wijk, 2015). 

In addition, the peptide efflux data have shown that the extrusion activity of heated 

wild-type chloroplasts was not increased without ATP (Fig. 10 A). Taken together, 

these data suggest that proteolysis is promoted by heat even in the absence of ATP, 

nevertheless, in these conditions, the extrusion of the resulting peptides is 

hampered.  
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Figure 11 – Protein degradation in wild-type and ppts mutant chloroplasts. Immunoblots performed on 

wild-type and triple mutant chloroplasts incubated as indicated using antibodies raised against PSBO and LHCB4 

plastid proteins. Coomassie blue staining has been used as a loading control. 
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PPTs can functionally replace MDL1 in S. cerevisiae 

MDL1 ABC transporter of S. cerevisiae mitochondria mediates the extrusion 

of peptides upon heat treatment into the cytoplasm (Young et al., 2001; Augustin et 

al., 2005). Peptide production and extrusion have been involved in the regulation of 

gene expression (Arnold et al., 2006). Moreover, the mdl1Δ mutant strain is heat-

sensitive as revealed by a high-throughput screen, indicating that MDL1 activity is 

involved in conferring the ability to survive high temperatures (Jarolim et al., 2013). 

Since TAP1, NAP8 and ATH12 ABC transporters appeared to contribute to the 

plastid peptide efflux upon heat treatment (Fig. 10 A), it could be possible that the 

heat-sensitive phenotype of mdl1Δ mutant could be rescued by the introduction of 

TAP1, NAP8 and/or ATH12 genes.  

To test this hypothesis, genetically modified yeast strains expressing either 

TAP1, NAP8 or ATH12 coding sequences in place of the endogenous MDL1 gene 

were generated. Three different recombination cassettes have been designed to bear 

the TAP1, NAP8 or ATH12 coding sequences (devoid of chloroplast transit 

peptides) together with the KANMX resistance and cloned in a plasmid for 

propagation in E. coli. Each recombination cassette was flanked upstream and 

downstream by 40 bp stretches homologous to the desired recombination sites in 

the yeast genome. The recombination sites were designed to drive the replacement 

of the entire MDL1 coding sequence downstream of the mitochondrial transit 

peptide, allowing for the expression of the Arabidopsis proteins targeted to the 

mitochondria. A similar recombination cassette bearing the KANMX resistance 

only was designed to replace completely the MDL1 locus. The wild-type yeast strain 

BY4741 was then transformed with the described DNA cassettes to yield mdl1Δ 

TAP1, mdl1Δ NAP8 and mdl1Δ ATH12 transgenic strains and the null mutant 

mdl1Δ. The proper recombination of the constructs was verified by PCR 

amplification and sequencing.  
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The wild type and the obtained mutant strains were incubated in growing 

conditions (28° C, 250 rpm) until the exponential phase was reached. Then, cell 

cultures were divided into two subcultures (Mock and Heat). Before splitting, 

aliquots were collected, serial diluted and plated on a complete medium as T0 

samples. The Mock cultures were incubated in the previous growing conditions as 

a control. The Heat cultures were incubated at 45° C, instead. After 2 hours both 

cultures were sampled, and cells were plated on Petri dishes kept at 28° C for 3 days 

to allow colony formation. The obtained colonies were then manually counted to 

compare the T0 sample with the Mock and the Heat ones to estimate cell growth 

(expressed as a ratio) in the two conditions (Fig. 12 A). All the yeast strains grew 

similarly when incubated at 28° C, while (Fig. 12 B) the temperature raised at 45° C 

caused cell loss in all cultures. However, the mdl1Δ Heat sample produced about -

60% of colonies relative to the T0 sample whereas, the wild type and, importantly, 

all the transgenic strains resulted in about -30% of negative growth (Fig. 12 B). 

These results indicate that TAP1, NAP8 or ATH12 can rescue the heat-sensitive 

phenotype of the mdl1Δ mutant, demonstrating that each one of them can 

functionally replace MDL1 protein in extruding peptides from mitochondria.  
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Figure 12 – TAP1, NAP8 and ATH12 can functionally replace MDL1. A) Schematic representation of the 

experimental workflow. B) Growth relative to the T0 sample for the indicated yeast strains. Averages and 

standard deviations are shown. The asterisk indicates statistical significance relative to the wild type (Student’s t-

test p-value < 0,05). 
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The ppts triple mutant displays enhanced sensitivity to alterations of 

chloroplast protein homeostasis 

The previously described data support the model that TAP1, NAP8 and 

ATH12 mediate peptide extrusion from chloroplasts upon heat exposure, similar to 

what was observed in mitochondria of both nematode and yeast (Young et al., 2001; 

Haynes et al., 2010). In addition, the mutants lacking the peptide transporters in 

mitochondria resulted to be more susceptible to heat incubation, a condition that 

perturbs the protein homeostasis of the organelle (Haynes et al., 2010; Jarolim et al., 

2013). Notably, PPTs were found to rescue the heat-sensitive phenotype of the yeast 

mutant (Fig. 12 B). In light of this, ppts triple mutant plants, being unable to generate 

a peptide efflux from chloroplasts, could also be more sensitive to high 

temperatures. To test this, the photosynthetic efficiency (Fv/Fm) of heat-treated 

plants was evaluated since this parameter has been reported to be a good indicator 

of plant health and to correlate with heat tolerance/sensitivity (Allakhverdiev et al., 

2008; Chen et al., 2018). 15 days old plants grown under standard conditions were 

subjected to two different heat treatments. At first, plants were incubated at 45° C 

for 2 hours in the dark (HS). In a second treatment, plants were first acclimated (1,5 

hours at 37° C in the dark and 2 hours of recovery in standard conditions) before 

the incubation (ACHS). Acclimation has been demonstrated to increase heat 

tolerance by inducing the expression of heat-shock proteins that protect the cellular 

environment (Chen et al., 1990; Havaux, 1993). To measure reference values, a 2-

hour-long incubation in the dark without shifts in temperature was performed 

(Mock). The ftsh11 mutant was included in the analysis, as it lacks a transmembrane 

protease involved in thermotolerance and protein quality control (Chen et al., 2006; 

Chen et al., 2018; Adam et al., 2019). Overall, the HS treatment determined a 

reduction in the photosynthetic parameter Fv/Fm in all plants when compared to the 

mock, while the acclimation affected positively the endurance to the heat stress, as 

expected (Fig. 13 A). Wild-type photosynthetic efficiency decreased strongly after 
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the HS treatment, while acclimation allowed it to endure better heat incubation, 

mitigating the impairment of photosynthetic parameters. The Fv/Fm values 

reduction was enhanced in the ftsh11 mutant in both treatments. Interestingly, the 

ppts triple mutant appeared less capable to recover after heat exposure than the wild 

type in both conditions. The greatest reduction in wild-type plants was observed in 

plants that endured direct heat treatment. Instead, plants first subjected to 

acclimation had the parameter Fv/Fm slightly lowered relative to the wild type (Fig. 

13 A).  

To challenge the ppts triple mutant with alternative-to-heat plastid protein 

homeostasis perturbations, the sensitivity to methyl viologen (MV) was evaluated as 

well. Also known as Paraquat herbicide, MV is an oxidative agent that induces 

protein misfolding by promoting ROS development and carbonylation (Manning-

Bog et al., 2002; Nyström, 2005; Pulido et al., 2017). Wild-type, ppts and ftsh11 plants 

were sown on MS synthetic medium containing 1 or 2 μM MV and their 

photosynthetic efficiency were evaluated after 9 days of growth (Fig. 13 B). The wild 

type was marginally affected by the presence of MV, as its photosynthetic efficiency 

decreased slightly compared to that observed in the mock. On the other hand, the 

ftsh11 mutant was significantly more sensitive to the chemical treatment. 

Remarkably, if the photosynthesis of ppts triple mutant was just slightly diminished 

at 1 μM MV relative to the wild type, it was greatly affected in 2 μM MV-treated 

samples. These results indicate that the PPTs-mediated peptide efflux from 

chloroplast participates at least in part with the defence of the chloroplast physiology 

against conditions that threaten the plastid protein homeostasis. 
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Figure 13 – The ppts triple mutant is sensitive to plastid protein homeostasis perturbations A) 

Photosynthetic efficiency measurements performed on 15 days old plants 2 days after the treatments. Averages 

and standard deviations are shown. Asterisks indicate statistical significance relative to the wild type (Student’s 

t-test p-value: * < 0,05; ** < 0,01; *** < 0,001). B) Photosynthetic efficiency measurements performed on 9 

days old plants grown on medium containing the indicated concentration of methyl viologen (MV). Averages 

and standard deviations are shown. Asterisks indicate statistical significance relative to the wild type in the same 

condition (Student’s t-test p-value: * < 0,05; ** < 0,01; *** < 0,001). 



58 
 

The absence of PPTs causes an altered accumulation of CLPB3 

chaperone in chloroplasts  

 The ppts triple mutant was found to be sensitive to both heat and MV 

treatments, which are known to induce protein instability (Manning-Bog et al., 2002; 

Feller, 2010). As described in previous sections, the depletion of the HAF-1 gene in 

C. elegans leads to increased sensitivity to mitochondrial proteostasis perturbations. 

This phenotype was due to the abolishment of the peptide-mediated retrograde 

signalling that ultimately is required for HSP60 mitochondrial chaperone up-

regulation upon heat stress (Haynes et al., 2010). In A. thaliana, the nuclear-encoded 

plastid-located CLPB3 chaperone is up-regulated when the chloroplast protein 

homeostasis is challenged (Myouga et al., 2006; Lee et al., 2007; Llamas et al., 2017). 

Indeed, the CLPB3 plastid chaperone has the important function of resolving 

aggregates of unfolded proteins in the stroma to avoid their toxic accumulation 

(Llamas et al., 2017; Parcerisa et al., 2020). Hence, CLPB3 relative abundance was 

evaluated as a marker of ongoing protein homeostasis maintenance and possible 

chloroplast UPR molecular marker.  

First, the amount of CLPB3 was probed via immunoblotting in total protein 

samples harvested from 15 days old wild-type and ppts triple mutant plants that were 

grown on soil in standard conditions. Notably, on average, the amount of CLPB3 

in the ppts triple mutant was about 65% more abundant than the wild type (Fig. 14 

A and B). It was noticed that chloroplasts from the ppts triple mutant were still able 

to perform proteolysis upon heat exposure (Fig. 11) despite the hampered peptide 

efflux. In yeast, it was demonstrated that mitochondria constantly extrude peptides 

resulting from normal protein turnover (Augustin et al., 2005). Therefore, taken 

together, these results suggest that the absence of PPTs could be per se a source of 

plastid proteostasis alteration, possibly due to the not-extruded peptides derived 

from plastid protein turnover. 
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Next, the ability to up-regulate CLPB3 was evaluated in response to stress. 

According to the observations made previously, ppts triple mutant plants directly 

exposed to 2 hours long heat treatments were particularly more sensitive than the 

wild type (Fig. 13 A). Thus, wild-type and triple mutant plants grown in standard 

conditions were moved in a pre-heated incubator at 45° C for 2 hours to deliver the 

heat shock. After the treatment, plants were allowed to recover back to standard 

conditions. Plants were sampled before the heat shock (preHS), immediately after 

the treatment (2h HS), after 1 hour of recovery (1h Rec) and after 2 additional hours 

of recovery (3h Rec). Total proteins were then extracted, fractionated on SDS-

PAGE and probed with CLPB3-specific antibodies. In the wild type, CLPB3 

gradually increased its accumulation in all the considered time points reaching, in 

the 3h Rec time point, about 3-fold the amount of the preHS sample (Fig. 14 C and 

D). Instead, the ppts triple mutant failed to over-accumulate CLPB3 during the same 

time window. Importantly, CLPB3 in the treated mutant decreased to the preHS 

sample by about 70% (Fig. 14 C and D). To understand whether gene expression 

was altered as well, the expression of the CLPB3 gene was tested by qRT-PCR at 

the preHS and 1h Rec time points. Remarkably, the detected amount of CLPB3 

transcripts in both wild type and ppts triple mutant were comparable, which 

increased about 4-fold after 1 hour of recovery from the heat treatment (Fig. 14 E). 

According to these results, CLPB3 is steadily up-regulated in the wild type upon 

exposure of the plants to heat. Such up-regulation is lost in the ppts triple mutant at 

the protein level, whereas transcripts accumulation appeared unperturbed, thus 

providing pieces of evidence that PPTs could be involved in the positive post-

transcriptional regulation of CLPB3 upon stresses which eventually confers higher 

tolerance to elevated temperatures. 
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Figure 14 – The regulation of CLPB3 abundance in chloroplasts is 

altered in ppts triple mutant.  A) Immunoblot against CLPB3 on total 

protein extracts from 15 days old wild-type and ppts triple mutant plants. 

Coomassie blue staining was used as a loading control. B) Quantification of 

the CLPB3 relative abundance shown in A. Averages and standard deviations 

are shown. The asterisk indicates statistical significance relative to the wild 

type (Student’s t-test p-value < 0,05). C) Immunoblots against CLPB3 on total 

protein extract obtained from 15 days old wild-type and ppts triple mutant 

plants before treatment (preHS), after 2 hours heat treatment (2h HS), after 1 

hour recovery (1h Rec) and after 2 additional hours (3h Rec). Coomassie blue 

staining was used as a loading control. D) Quantification of CLPB3 relative 

abundance expressed as a logarithm. Averages and standard deviations are 

shown. Asterisks indicate statistical significance relative to the wild type 

(Student’s t-test p-value: * < 0,01; ** < 0,001). E) Relative expression of 

CLPB3 gene at the indicated time points. Averages and standard deviations 

are shown.  
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Genetic interactions of ppts triple mutant with mutants impaired in 

plastid proteases 

In the effort to provide a plastid-specific perturbation of the chloroplast 

protein homeostasis, a genetic approach was employed by introgressing mutations 

in plastid proteases into the ppts triple mutant background. In these conditions, 

possible genetic interactions between the hampered plastid proteolytic machinery 

and the putative peptide-mediated response could be revealed. Three mutants in 

plastid proteases had been selected for this purpose. The ftsh11 mutant was 

described in the previous section. The highly variegated ftsh2 mutant lacks a 

thylakoidal transmembrane protease located on the thylakoid membranes. It is 

required for the biogenesis and the preservation of photosystem II and in its 

absence, the chloroplast protein quality control mechanisms are triggered as a 

compensatory response (Takechi et al., 2000; Dogra et al., 2019). Finally, the 

virescent clpr1 has the CLP multisubunit stromal protease hampered since it lacks a 

non-catalytic subunit of the core enzyme (Pulido et al., 2016; Llamas et al., 2017; 

Pulido et al., 2017). Quadruple mutants were generated by manual crossing and 

isolated through PCR-based screening. The obtained quadruple mutants displayed 

no major differences from the phenotypes observed in the parental single mutants 

(Fig. 15 A). Nevertheless, their photosynthetic efficiencies were measured to 

evaluate if the functionality of chloroplasts was further perturbed by the 

concomitant absence of the transporters. Measurements were performed on plants 

grown on soil under standard conditions for 15 days. Interestingly, all of them 

displayed a modest decrease in the Fv/Fm values relative to the single mutants (Fig. 

15 B), indicating the existence of genetic interactions between the protease activity 

and the peptide extrusion in chloroplasts and supporting a common role in 

maintenance of plastid protein homeostasis 

CLPB3 accumulation was altered in ppts triple mutant plants, either in the 

absence of stresses or after heat treatment (Fig. 14). To test whether CLPB3 
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accumulation was somehow affected also in these conditions, its relative abundance 

was evaluated as well (Fig. 15 C). As previously observed, the ppts triple mutant 

accumulated more CLPB3 relative to the wild type. The same was observed for all 

three mutants in plastid proteases. This was already detected by mass spectrometry 

analyses in mutant backgrounds defective in the proteolytic activity mediated by the 

protease of interest (Kim et al., 2013; Adam et al., 2019; Dogra et al., 2019). 

Remarkably, CLPB3 was found to be less accumulated in ftsh ppts mutants, whereas 

in ppts clpr1 background it was more abundant. Such a result further supports the 

interactions in place between protein degradation, peptide extrusion and the 

activation of protein quality control systems. 
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Figure 15 – Genetic interactions of ppts with mutants in plastid proteases. A) Pictures of 15 days old 

plants of the indicated genotypes. B) Photosynthetic efficiency measurements performed on plants shown in C. 

Averages and standard deviations are shown. Asterisks indicate statistical significance relative to the single 

mutant of reference (Student’s t-test p-value: * < 0,05; ** < 0,01). C) Immunoblot against CLPB3 on total 

protein extracts from 15 days old plants of the indicated genotypes. Coomassie blue staining was used as a 

loading control. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 

 In this work, the ability of chloroplasts to extrude peptides upon heat 

treatment was investigated and linked to the presence, in the chloroplast envelope, 

of TAP1, NAP8 and ATH12 ABC proteins and thus, here collectively designated as 

PPTs, Plastid Peptide Transporters. Additionally, plants lacking all PPTs were found 

more sensitive to conditions that pose challenges to chloroplast protein homeostasis 

and are defective in the post-transcriptional regulation of CLPB3 plastid unfoldase.  

PPTs proteins were identified as the closest plastid-located homologues of 

MDL1 and HAF-1 mitochondrial peptide transporters (Young et al., 2001; Haynes 

et al., 2010). The in silico analysis of PPTs amino acid sequences revealed that each 

one possesses an N-terminal TMD composed of 6 transmembrane α-helices and a 

C-terminal NBD. These observations, together with the data from a complete 

survey of the Arabidopsis ABC protein, agreed with the classification of PPTs among 

the ABCB half-transporters subclass (Kang et al., 2011). The localisation of PPTs 

in the chloroplast envelope was experimentally corroborated by confocal 

microscopy observations of mesophyll tissue expressing PPTs fluorescent 

chimaeras. A mass spectrometry analysis has also reported PPTs in the chloroplast 

envelope fraction (Ferro et al., 2010). 

 The PPT-dependent peptide efflux from isolated intact chloroplasts was 

triggered by heat and the presence of ATP in the incubation buffer. This is 

consistent with the putative molecular function of PPTs (transport of substrate 

coupled with ATPase activity) in mediating the export of the peptides derived from 

protein degradation in chloroplasts. This efflux was hampered in chloroplasts 

isolated from ppts triple mutant plants, while those purified from single or double 

mutants were still able to emit peptides, indicating that all three transporters exert 

the same peptide-extrusion activity in the chloroplast envelope. The same 

conclusions could be drawn from the results obtained by the yeast complementation 
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assay. Indeed, the heat sensitivity of mdl1Δ was rescued by introducing any coding 

sequence among the PPT genes corroborating further that the PPTs function is 

translocating peptides between two compartments (Jarolim et al., 2013). From a 

future perspective, the purification of PPT proteins would be instrumental to test 

their activity also in vitro by coupling the ATP hydrolysis with the presence of their 

substrate (i.e. peptides) as recently reported (Saxberg et al., 2021). 

 The mass spectrometry analysis of the peptides extruded by wild-type 

chloroplasts revealed that their length is comparable with that of the peptides 

extruded by yeast and nematode mitochondria, suggesting that peptide ABC 

transporters share an evolutionarily conserved mechanism of action, at least for 

substrate recognition, despite little sequence similarity can be detected in this kind 

of proteins (Sánchez-Fernández et al., 2001; Augustin et al., 2005; Haynes et al., 

2010). This observation is also consistent with the successful complementation 

observed in yeast. The extruded peptides were prevalently originated by proteins 

forming or associated with Photosystem II, such as PsbC, LHCB4, and PSBO, to 

name a few. Coherently, these proteins are particularly abundant in chloroplasts and 

are fragile under heat stress (Allakhverdiev et al., 2008). In comparison, the peptides 

extruded from the mitochondria of yeast and nematodes originated especially from 

proteins forming the respiratory chain complexes, the TCA cycle or the ATP-

synthase which could be considered as mitochondrial equivalent (Augustin et al., 

2005; Haynes et al., 2010).  

 As mentioned, the observations through confocal microscopy of mesophyll 

tissue co-expressing PPTs fluorescence-tagged chimerae, revealed, in addition to 

their plastid-localisation, that PPTs are close suggesting possible interactions. 

Indeed, PPTs, being half-transporters and, thus, requiring a partner molecule to 

produce a complete functional transporter, could either form homodimers, as in the 

case of MDL1 and HAF-1 or heterodimers, as occurs for TAP1 and TAP2 in H. 
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sapiens (Nijenhuis and Hämmerling, 1996; Young et al., 2001; Haynes et al., 2010). 

The results obtained from both the peptide-efflux detection and the yeast 

complementation assay support the idea that PPTs form homodimers, as the 

presence of just one of the proteins was sufficient to either produce an efflux from 

chloroplasts or to complement the yeast heat sensitivity (Young et al., 2001; Haynes 

et al., 2010). Nevertheless, these observations provide indirect pieces of evidence 

for this conclusion which will be reinforced by a Split-ubiquitin screen (Grefen et 

al., 2007). 

 In C. elegans, the haf-1 mutant was found to be sensitive to a variety of 

mitochondrial protein homeostasis perturbations and its ability to induce a mtUPR 

was abolished (Haynes et al., 2010). The ppts triple mutant, lacking the three PPTs 

from chloroplasts, resulted to be vulnerable as well to both heat and MV treatments. 

In addition, the introgression of mutations in chloroplast proteases, namely FTSH2, 

FTSH11 and CLPR1, within the ppts mutant background led to diminished 

photosynthetic performances as well in the quadruple mutants. This is in agreement 

with the overall sensitivity of ppts to perturbed protein homeostasis. These 

observations are coherent with the hypothesised role of PPTs as mediators of a 

retrograde signalling pathway involved in the response against chloroplast protein 

homeostasis alterations. Indeed, although no changes at the transcript level were 

detected, upon heat shock, ppts mutant plants failed to upregulate CLPB3 proteins 

in chloroplasts. CLPB3 resolves aggregates of unfolded proteins in the stroma, 

therefore, the higher sensitivity of ppts could be linked to the decreased amount of 

CLPB3 and consequently to a loss of its protective action during the early events of 

the cellular response to heat. Currently, it is not clear how the peptide efflux 

contributes to CLPB3 regulation after heat treatment. Additionally, it remains to 

investigate if PPTs activity influences nuclear gene expression. The transcriptome 

analysis of the ppts triple mutant both under standard conditions and after heat 
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treatment will be performed to identify PPTs-dependent genes and to correlate the 

PPTs-mediated peptide efflux with the retrograde signalling. 

Interestingly, CLPB3 was also found to accumulate in larger amounts in ppts 

mutants than wild-type leaves before any external challenge was applied. This 

indicates the presence of an already deteriorated protein homeostasis in chloroplasts 

(Llamas et al., 2017; Parcerisa et al., 2020). Since it was observed that protein 

degradation is unaffected by PPTs absence, it is reasonable to speculate that peptide 

concentration is increased within chloroplasts of ppts mutants. Peptides can interact 

with proteins affecting their activity, folding, interaction and stability, therefore, 

accumulating peptides within chloroplasts could provoke the imbalance in the 

plastid protein homeostasis and trigger another retrograde signal which ultimately 

leads to higher CLPB3 accumulation (Ferro et al., 2014). It was interesting to 

observe that the removal of the considered plastid proteases from the ppts mutant 

genetic background resulted in two different outcomes of CLPB3 accumulation in 

plants grown in standard conditions. Loss of FTSH proteases (both FTSH2 or 

FTSH11) correlated with a diminished accumulation of CLPB3, instead, if the CLP 

protease complex was hindered, CLPB3 accumulation was even higher. The 

experiments here described are not sufficient to explain in detail the reason behind 

these differences and further investigation is required, however, it is tempting to 

speculate that the removal of either FTSH2 or FTSH11 could lead to a decreased 

rate of proteolysis and the consequentially reduced accumulation of peptides, 

compensating for the lack of PPTs (Adam et al., 2019; Dogra et al., 2019). Instead, 

the higher amount of CLPB3 in the clpr1 ppts quadruple mutant could be due to the 

additive effect that arose from the malfunctioning CLP complex and the abolition 

of a putative PPTs-mediated retrograde signalling.  

 In conclusion, the data here reported can delineate a working model in 

which PPTs are peptide transporter located on the chloroplast envelope (Fig. 16). 
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Under standard growing conditions, PPTs could contribute to the removal of 

peptides originated by the normal protein turnover from the stroma. Upon 

challenges to the chloroplast protein homeostasis, peptide production is increased 

due to a higher proteolysis rate of the accumulating damaged proteins. The resulting 

peptides are then extruded from chloroplasts into the cytoplasm by PPTs. This 

event has somehow a role in regulating CLPB3 post-transcriptionally leading to its 

higher accumulation in chloroplasts. The failed CLPB3 upregulation could be 

responsible for the higher sensitivity of ppts triple mutant to the chloroplast protein 

homeostasis. 
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Figure 16 – The working model of a putative PPTs-mediated retrograde signalling pathway. On the left 

is reported, as a comparison, a graphical summary of the mitochondrial retrograde pathway mediated by HAF-

1 and extruded peptides (Haynes et al., 2010). Stress caused by heat promotes protein unfolding and degradation. 

The resulting peptides are then extruded into the cytoplasm by HAF-1. This event favours the translocation of 

the ATFS1 transcription factor in the nucleus, where it triggers the expression of mtUPR-related genes (e.g. 

HSP60). On the right is depicted the proposed working model in Arabidopsis thaliana. Heat exposure causes 

plastid protein degradation. Fueled by ATP, PPTs export peptides out of the chloroplast. It is still unclear if 

peptides act as signalling molecules influencing nuclear gene expression or if are part of a post-transcriptional 

regulation mechanism, or both. Nevertheless, ppts triple mutant plants fail to promote CLPB3 chaperone 

accumulation in chloroplasts upon heat treatment and are sensitive to perturbation of protein homeostasis 

induced by heat or methyl viologen. Additionally, the concomitant removal of plastid proteases with PPTs 

decreases the photosynthetic performance of the chloroplasts and results in CLPB3 misregulation at the protein 

level.  
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MATERIALS AND METHODS 

Plant material and growth conditions 

Arabidopsis thaliana Col-0 ecotype plants both wild type and T-DNA mutant 

lines were cultivated in pots within growth chambers under standard conditions (16 

h at 100 μmol photons m-2 s-1 light and 8 h dark, at 22°C temperature). T-DNA 

insertion sites were determined by sending the PCR-amplified genomic regions of 

interest to a company for Sanger-based sequencing analyses. Multiple mutants were 

generated by manual crossing and identified by PCR-based segregation analyses of 

F2 populations. The mutant lines are listed in Table 4. 

Plants tested for heat and methyl viologen (Sigma) sensitivity were grown in 

Petri dishes containing synthetic medium (Murashige and Skoog salt 0,4% w/v; 

Phyto agar 1,5% w/v) with the addition, where indicated, of 1 or 2 µM MV. Heat 

treatments on entire 15 days old plants grown in Petri dishes were performed by 

incubating the Petri dishes in dark at 45°C for 2 h. Acclimation was performed in 

the same way at 37°C for 1,5 h when indicated. 

Table 4 – List of T-DNA mutant lines employed in this work. 

ID Araport Gene Allele Line Reference 

AT1G70610 TAP1 tap1-1 SALK_085664 this work 

AT4G25450 NAP8 nap8-1 SALK_151551 this work 

AT5G03910 ATH12 ath12-1 SALK_052673 this work 

AT2G30950 FTSH2 ftsh2-2 SAIL_253_A03 (Tadini et al., 2020b) 

AT5G53170 FTSH11 ftsh11 SALK_033047 (Adam et al., 2019) 

AT1G49970 CLPR1 clpr1-2 SALK_088407 (Llamas et al., 2017) 
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Accession numbers 

The Arabidopsis Genome Initiative accession numbers for the A. thaliana 

genes mentioned in this work can be found at TAIR (https://www.arabidopsis.org): 

TAP1 (AT1G70610), NAP8 (AT4G25450), ATH12 (AT5G03910), FTSH2 

(AT2G30950), FTSH11 (AT5G53170), CLPR1 (AT1G49970), TIC20-II 

(AT2G47840), PP2AA3 (AT1G13320), CLPB3 (AT5G15450), LHCB4 

(AT5G01530), PSBO1 (AT5G66570). 

Genomic DNA isolation from Arabidopsis thaliana 

Genomic DNA was isolated from A. thaliana leaves or cotyledons. Samples 

DNA extraction buffer (200 mM Tris-HCl pH 7.5, 250 mM NaCl, 25 mM EDTA 

and 0.5% (w/v) SDS) and precipitated with 0,8 volumes of isopropanol at 16,000 g 

for 20 minutes. The pellet was then washed in 70% ethanol and resuspended in 200 

µl of ddH2O. 

Total RNA isolation 

The total RNA was extracted from liquid-nitrogen-freeze ground samples 

using one volume of extraction buffer (300 mM NaCl, 50 mM TRIS-HCl pH 7,5, 

20 mM EDTA, 0,5% SDS) and one volume of Acid Phenol followed by 

solubilization at 55°C for 5 minutes. Samples were centrifuged for 2 min at 16000 g 

at 4°C and the aqueous phases were collected and washed twice in chloroform. The 

chloroform-cleaned aqueous phases were collected and mixed with one volume of 

8 M LiCl, incubated for two hours at -20°C and centrifuged for 60 minutes at 4°C 

at 16000 g. The pellet was then washed twice with 75% ethanol and resuspended in 

80 µl of DEPC-treated water. Samples were used fresh or stored at -20°C for future 

analyses.  

Standard PCR, High Fidelity PCR and RT-qPCR 

For genotyping of plant material 1 μl of DNA was used as a template for 

PCR analysis. For this purpose, the PCR was performed in a total volume of 20 μl 
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containing 2 μl of 10x PCR-buffer (Promega), 250 μM dNTPs, 100 μM for each 

primer, 0,5 units of GoTaq polymerase (Promega). The PCR product was then 

loaded on a 1% agarose gel.  

cDNA for RT-qPCR analyses or cloning procedures were obtained from 1 

µg of total RNA processed with iScript™ gDNA Clear cDNA Synthesis Kit 

(BioRad) for genomic DNA digestion and first-strand cDNA synthesis. 

The genes of interest for cloning procedures were amplified from Col-0 

cDNA with the Q5 High-Fidelity DNA Polymerase (NEB). Reactions were 

performed in a total volume of 50 μl each. The reaction contained 10 μl colourless 

reaction buffer 10X, 200 μM of each primer, 250 μM dNTPs and 1 unit of Q5 High-

Fidelity DNA Polymerase. The PCR products were loaded on a 1% agarose TAE 

(150 mM Tris-HCl, 1.74 M Acetic acid, 1 mM EDTA) gel and then cut from the gel 

and purified via the Qiagen gel extraction kit following the producer’s instructions.  

RT-qPCR analyses were performed on a CFX96 Real-Time system (Bio-

Rad), using SYBR Green Master Mix (BioRad). Data obtained from three biological 

and three technical replicates were analysed with the CFX Maestro software 

(BioRad). Used primers are listed in Table 5. 
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Table 5 – List of primers for Arabidopsis thaliana sequences used in this work. Underscored sequences 

annealed on T-DNA left borders. wt: wild-type locus; mut: T-DNA insertion; goi: gene of interest; ref: internal 

reference for RT-qPCR. 

Target  Forward sequence (5’ to 3’) Reverse sequence (5’ to 3’) Note 

Primers used for genotyping 

TAP1 
TTCAGTGGCATACGAGGATGC CAGCATATCACCAATGTGCAC wt 

GCGTGGACCGCTTGCTGCAACTC CAGCATATCACCAATGTGCAC mut 

NAP8 
AAGGGTTTTGATCCAGAAGG CCTGACTACCGAAGATAGAC wt 

GCGTGGACCGCTTGCTGCAACTC CCTGACTACCGAAGATAGAC mut 

ATH12 
TCAAAAAGGCATAACTAGGG TACAGAGATCTCACGACAGG wt 

TCAAAAAGGCATAACTAGGG GCGTGGACCGCTTGCTGCAACTC mut 

FTSH2 
CGCTTTTGATTGGTGGTTTG CGTCAACACTTACCTGCACC wt 

GCATCTGAATTTCATAACCAATCTCGATACAC CGTCAACACTTACCTGCACC mut 

FTSH11 
TCCTCCTCTCCATACTTCTTCG CATGGTAACAATACCAGTGCG wt 

GCGTGGACCGCTTGCTGCAACTC CATGGTAACAATACCAGTGCG mut 

CLPR1 
GTGGGCTTTTGCCTTCAC GAAGCATGCCAAAAGACGAG wt 

GTGGGCTTTTGCCTTCAC GCGTGGACCGCTTGCTGCAACTC mut 

Primers used for RT-qPCR 

CLPB3 TGAATGCTGCAAGGTCAATC ACACGTGCCAGCTGTAAC goi 

PP2A GACAAGGTTCACTCAATCCG TCGGATCCCATTACTGGAGC ref 

Primers used for cloning procedures 

TAP1 *ATGGCTCAGCAAGTACTCGG **ATAAGACGGCATCGTTTTGTCTC - 

NAP8 *ATGGCGTCTGCAACGACTC **ACTCAAAGGCTAGTCTCTGAGTG - 

ATH12 *ATGTCATTTCTCCTCCTAACACCG **AAATCACGAGTCCAGCTGATG - 

TIC20 *ATGGCGTCTCTGTGCCTTTC **AGAGTTGTCTACCGGCGGC - 

attB1 site GGGGACAAGTTTGTACAAAAAAGCAGGCT* 

attB2 site GGGGACCACTTTGTACAAGAAAGCTGGGT** 

Cloning procedure and transgenic lines generation 

First, an entry clone (pDONR207, Invitrogen) was produced using BP 

ClonaseII enzyme mix reaction (see the Invitrogen GATEWAY™ instruction 

manual). After purification of the donor vector from E. coli (QIAprep Spin Miniprep 

Kit, following producer’s instructions) the LR reaction (LR Clonase II enzyme mix, 

Invitrogen) was used to clone the gene of interest in the GFP (pB7FWG2) and RFP 
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(pB7RWG2) destination vectors. GFP- or RFP-tagged transgenic lines were 

generated by Agrobacterium-mediated transformation of wild-type plants, manual 

crossing and PCR-based segregation analyses. Primer sequences employed in this 

thesis are listed in Table 4. 

Chloroplasts isolation and heat treatment 

Intact chloroplasts were isolated from leaves (5 g fresh weight) harvested 

from mature plants according to previous work (Kunst, 1998), with a few changes. 

Samples were homogenized in 250 mL of homogenization buffer (45 mM sorbitol, 

20 mM Tricine-KOH pH 8,4, 10 mM EDTA, 10 mM NaHCO3 and 0,1% (w/v) 

BSA fraction V, supplemented with proteinase inhibitor cocktail (cOmplete™, 

COEDTAF-RO, Roche), filtered through a single-layer of Miracloth (Millipore) and 

centrifuged for 7 min at 700 g at 4°C. The pellet was gently resuspended in 

resuspension buffer (300 mM sorbitol, 200 mM Tricine-KOH pH 8,4, 2,5 mM 

EDTA and 5 mM MgCl2). The suspension was centrifuged using a two-step Percoll 

gradient (40%-80% (v/v) in resuspension buffer) at 4°C and 6500 g for 20 min. 

Intact chloroplasts were collected at the interface of the percoll gradient and washed 

once with the resuspension buffer. Samples were then normalized on the 

chlorophyll quantity. Samples were heat treated at 45°C for 1h with a pre-heated 

thermoblock. 3 mM ATP was added to the sample just before treatment. After stress 

delivery, samples were centrifuged at 1000 g for 8 min. Supernatants were used for 

peptide quantification and identification. Pellets were used for protein degradation 

tests via immunoblots.  Both fractions were immediately frozen in liquid nitrogen 

and stored at -80°C until use. 

Peptides purification, quantification and identification 

Samples were first purified using Ultra-0.5 Centrifugal Filter Devices 

(Amicon) and further purified and concentrated using the SPE Clean-up Kit 

(Waters). Peptides were quantified through UV spectrometry at 280 nm. A 
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calibration curve was realised using MS Compatible Yeast and Human Protein 

Extracts (Promega) as a reference for peptide quantification. Normality and one-

way ANOVA test and Tukey HSD were performed using 

https://www.statskingdom.com/. Standard parameters were used as indicated by 

the tool.  

Peptide detection was performed through Q Exactive™ Hybrid 

Quadrupole-Orbitrap™ Mass Spectrometer (LC-MS/MS). Three independent 

biological replicas were performed. Raw data were processed with MaxQuant v. 

1.5.3.31, using default settings. Peptide-producing proteins were identified with the 

Arabidopsis thaliana protein UniProt database (www.uniprot.org) and their subcellular 

localisation was determined with The Plant Proteome Database 

(http://ppdb.tc.cornell.edu/). 

Protein Sample Preparation and Immunoblot Analyses 

For immunoblot analyses, plant tissues or purified chloroplasts were 

homogenized in Laemmli sample buffer (20% v/v glycerol, 4% w/v SDS, 160 mM 

Tris-HCl pH 6,8, 10% v/v 2-mercaptoethanol) to a final concentration of 0,1 mg 

µL−1 (fresh weight/Laemmli sample buffer). Samples were incubated at 65 °C for 

15 min and, after a centrifugation step at 16000 g for 10 min, the supernatant was 

incubated at 95 °C for 5 min. Samples were used fresh or stored at -20°C for future 

analyses. Protein extracts corresponding to 4 mg (fresh-weight) seedlings were 

loaded onto SDS–PAGE (10% [w/v] acrylamide) gels and transferred to 

polyvinylidene-difluoride (PVDF) filters (0.20 µm pore size). Replicate membranes 

were immuno-decorated with specific antibodies. The antibody specific for CLPB3, 

LHCB4 and PSBO were obtained from Agrisera. Secondary antibodies Anti-rabbit 

conjugated with HRP were obtained from Thermo. Immunodetection was 

performed using the ChemiDoc imaging system (BioRad). Signals were quantified 

with ImageLab software (BioRad) in at least three biological replicates. 



76 
 

Photosynthetic efficiency measurements 

Photosynthetic efficiency was evaluated using a Walz Imaging PAM 

fluorometer (https://walz.com). The maximum quantum yield of the photosystem 

2 (Fv/Fm) was measured from plants previously dark-adapted for 20 minutes. 

Measurements were repeated at least in three biological replicates. 

Yeast strains generation  

 All yeast strains obtained in this work were derived from the Saccharomyces 

cerevisiae BY4741 (genetic background S288C) strain, kindly donated by Prof. 

Federico Lazzaro. For the generation of mdl1Δ TAP1, mdl1Δ NAP8 and mdl1Δ 

ATH12 strains, the DNA recombination cassettes were synthesised by the Duolix 

company. The cassettes contain upstream coding sequences of TAP1, NAP8 or 

ATH12 without the portion coding for the respective chloroplast transit peptides. 

Downstream, lies the KANMX locus from the pFA6a plasmid which confers to 

yeast cells resistance against the G-418 kanamycin derivative for selection. Each 

recombination cassette was flanked upstream and downstream by 40 bp stretches 

homologous to the desired recombination sites in the yeast genome (Table 5). The 

recombination sites were designed to drive the replacement of the entire MDL1 

coding sequence downstream of the mitochondrial transit peptide, allowing for the 

expression of the Arabidopsis proteins targeted to the mitochondria. The 

recombination cassettes were additionally flanked by EcoRI restriction sites and 

cloned into the pSEVA18 plasmid. For this purpose, the CDS of NAP8 was edited 

by substituting the thymine 1416 with cytosine to disrupt an internal EcoRI 

restriction site without altering the amino acid encoded by the edited codon. The 

obtained plasmids were then propagated in E. coli. Finally, the EcoRI digestion of 

the purified plasmids provided the linear DNA utilized for yeast transformation.  

Instead, the recombination cassette employed for the generation of the mdl1Δ null 

mutant strain was obtained by High-Fidelity PCR amplification of the KANMX 

locus using the pFA6a plasmid as a template. The used primers were designed to 
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add 40 bp homologous able to replace completely the MDL1 locus through 

homologous recombination (Table 5). Yeast transformation was carried out by the 

lithium acetate/single-stranded carrier DNA/polyethylene glycol method (Gietz 

and Woods, 2002). Strains selection was performed on a YPD medium containing 

200 µg/ml G-418. The in-frame correct insertion of the recombination cassettes 

was confirmed through PCR amplification and Sanger sequencing.  

Table 6 – DNA sequences employed for yeast homologous recombination.  

Target  Sequence (5’ to 3’) Notes 

Recombination sites 

MDL1 mTP 
GTTGTTGCGAAGTCAATTCGCATCAGCAAG
TGCACTATAT 

Used to replace in frame 
MDL1 with TAP1, 
NAP8 or ATH12 

downstream 
MDL1 

ACTGTGGCATAGAAAAGTGATTCCATACTG
CGGCAACTTC 

Used to replace in frame 
MDL1 with TAP1, 
NAP8 or ATH12 

upstream 

MDL1 
CATTGAAATTTTACTAAGTTAAAGAAGAGG
AAGGGCTCCA Used to delete MDL1 

Primers used for the generation of the recombination cassette for the generation of the 
mdl1Δ null mutant 

upstream 

MDL1 
CATTGAAATTTTACTAAGTTAAAGAAGAGGAAGGGCTCCAGACATGGAGGCCCA
GAATAC 

downstream 
MDL1 

ACTGTGGCATAGAAAAGTGATTCCATACTGCGGCAACTTCCAGTATAGCGACCA
GCATTCAC 

Yeast heat-shock treatment 

Heat-shock treatments were performed as explained, with few changes 

(Jarolim et al., 2013). Yeast cultures were grown (28° C, 250 rpm) until the 

exponential phase was reached (0,5-0,6 OD600). Then, cultures were divided into two 

subcultures (Mock and Heat). Before splitting, aliquots were collected, serial diluted 

and plated on a complete YPD medium as T0 samples. The Mock cultures were 

incubated in the previous growing conditions as a control. The Heat cultures were 
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incubated at 45° C instead. After 2 hours both cultures were sampled, and cells were 

plated on Petri dishes kept at 28° C for 3 days to allow colony formation. The 

obtained colonies were then manually counted to compare the T0 sample with the 

Mock and the Heat ones to estimate cell growth (expressed as a ratio) in the two 

conditions.   
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APPENDIX 

During the three years of fellowship as a PhD student under Prof. Paolo 

Pesaresi’s supervision, I have also contributed to research activities regarding 

chloroplast biogenesis and the retrograde communication of chloroplasts which 

resulted in published research and review articles and in the submission of a research 

article which is currently under the revision process. 

Published articles 

 Lasorella C, Fortunato S, Dipierro N, Jeran N, Tadini L, Vita F, Pesaresi P, de 

Pinto MC (2022) Chloroplast-localized GUN1 contributes to the acquisition of 

basal thermotolerance in Arabidopsis thaliana. Frontiers in Plant Science, 13, 5319. 

(Accepted manuscript under preparation for final publication, the Authors’ 

proof is attached). 

In this work, we investigate the heat-shock response in Arabidopsis wild-type 

and gun1 plantlets subjected to 2 hours of incubation at 45°C. My direct 

contribution was: the analysis of the photosynthetic efficiency, the biochemical 

analysis regarding the accumulation of plastid-precursor proteins in the cytosol 

and the editing of the manuscript. 

 Fortunato S, Lasorella C, Tadini L, Jeran N, Vita F, Pesaresi P, de Pinto MC 

(2022) GUN1 involvement in the redox changes occurring during biogenic 

retrograde signaling. Plant Sci 320: 111265 

https://doi.org/10.1016/j.plantsci.2022.111265 

In this work, we focused on the interplay between GUN1 and redox regulation 

during biogenic retrograde signalling. My direct contribution was: the 

production of biological material which was then employed for the analyses, the 

bioinformatic analysis of already published gene expression datasets and the 

editing of the manuscript. 
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 Jeran N, Rotasperti L, Frabetti G, Calabritto A, Pesaresi P, Tadini L (2021) The 

PUB4 E3 ubiquitin ligase is responsible for the variegated phenotype observed 

upon alteration of chloroplast protein homeostasis in arabidopsis cotyledons. 

Genes (Basel) 12: 1387 

https://doi.org/10.3390/genes12091387 

In this work, we have analysed the Arabidopsis double mutant gun1 ftsh5. The 

double mutant seedlings display both variegated cotyledons and true leaves. We 

attempted to suppress this phenotype by introgressing second-site mutations in 

genes involved in plastid translation, plastid folding/import and cytosolic 

protein ubiquitination. My direct contribution was: the isolation of the mutants, 

the physiological and biochemical analyses of the mutants, the preparation of 

the figures and the drafting of the manuscript. 

 Barbato R, Tadini L, Cannata R, Peracchio C, Jeran N, Alboresi A, Morosinotto 

T, Bajwa AA, Paakkarinen V, Suorsa M, et al (2020) Higher order 

photoprotection mutants reveal the importance of ΔpH-dependent 

photosynthesis-control in preventing light induced damage to both photosystem 

II and photosystem I. Sci Rep. doi: 10.1038/s41598-020-62717-1 

https://10.1038/s41598-020-62717-1 

In this work, we have generated a number of higher-order mutants by crossing 

genotypes bearing defects in each of the short-term photoprotection 

mechanisms, with the final aim to obtain a direct comparison of their role and 

efficiency in photoprotection. My direct contribution was: the growth rate 

analysis of mutants, the preparation of the figures and the drafting of the 

manuscript. 

 Tadini L, Jeran N, Pesaresi P (2020) GUN1 and Plastid RNA Metabolism: 

Learning from Genetics. Cells 9: 2307 
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https://doi.org/10.3390/cells9102307 

In this review, we discuss the recently identified links between plastid RNA 

metabolism and retrograde signalling by providing a new and extended concept 

of GUN1 activity, which integrates the multitude of functional, genetic and 

physical interactions reported in the last years. My direct contribution was: the 

bioinformatic analysis of already published gene expression datasets, the 

preparation of the figures and the editing of the manuscript. 

 Tadini L, Jeran N, Peracchio C, Masiero S, Colombo M, Pesaresi P (2020) The 

plastid transcription machinery and its coordination with the expression of 

nuclear genome: Plastid-Encoded Polymerase, Nuclear-Encoded Polymerase 

and the Genomes Uncoupled 1-mediated retrograde communication. Philos 

Trans R Soc B Biol Sci 375: 20190399 

https://doi.org/10.1098/rstb.2019.0399 

In this review, we discuss chloroplast transcription regulation and its 

coordination with the expression of photosynthesis-associated nuclear genes. 

Particular attention is given to the link between NEP and PEP activity and the 

GUN1-mediated chloroplast-to-nucleus retrograde signalling. My direct 

contribution was: the preparation of the included figure and table, the drafting 

of part of the manuscript and the editing of the manuscript. 
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Submitted article 

 Tadini L, Jeran N, Domingo G, Zambelli F, Masiero S, Costantini E, Forlani S, 

Marsoni M, Briani F, Pesaresi P (2022) Perturbation of protein homeostasis 

brings plastids at the crossroad between repair and Luca Tadini 1a. bioRxiv 1: 

790 

https://doi.org/10.1101/2022.07.19.500576 

(Submitted article currently under revision, the submitted manuscript, available 

also on bioRxiv, is attached.) 

In this work, we studied the complex regulatory chloroplast-quality-control 

mechanisms by modulating the expression of two nuclear genes encoding 

plastid ribosomal proteins PRPS1 and PRPL4. My direct contribution was: the 

physiological and biochemical characterization of Arabidopsis transgenic lines, 

the analyses of the bacterial strains, the preparation of the samples for the RNA-

seq and the bioinformatic analysis, the generation of the double mutants and 

their characterization, the studies of the flowering time, the preparation of the 

figures and the drafting of the manuscript.  
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