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Protein homeostasis (proteostasis) is a dynamic balance of protein synthesis and degradation. Because of
the endosymbiotic origin of chloroplasts and the massive transfer of their genetic information to the nu-
cleus of the host cell, many protein complexes in the chloroplasts are constituted from subunits encoded
by both genomes. Hence, the proper function of chloroplasts relies on the coordinated expression of chlo-
roplast- and nucleus-encoded genes. The biogenesis and maintenance of chloroplast proteostasis are
dependent on synthesis of chloroplast-encoded proteins, import of nucleus-encoded chloroplast proteins
from the cytosol, and clearance of damaged or otherwise undesired “old” proteins. This review focuses on
the regulation of chloroplast proteostasis, its interaction with proteostasis of the cytosol, and its retrograde
control over nuclear gene expression. We also discuss significant issues and perspectives for future
studies and potential applications for improving the photosynthetic performance and stress tolerance of

crops.
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INTRODUCTION

Chloroplasts provide oxygen and food for most life forms through
photosynthesis. Moreover, the biosynthesis of many primary and
secondary metabolites, such as fatty acids, amino acids, vita-
mins, pigments, and phytohormone precursors, takes place in
chloroplasts (Neuhaus and Emes, 2000; Nelson and Ben-Shem,
2004). The chloroplast originated from a singular endosymbiotic
event when a prokaryotic photosynthetic bacterium ancestor
was engulfed by a eukaryotic cell approximately 1.5 billion
years ago (Archibald, 2009; Keeling, 2013). During coevolution
with the host cell, the genome of the endosymbionts
(cyanobacteria) has been dramatically reduced through: (1)
gene loss, whereby a large number of genes from the
endosymbionts have been lost because of their redundancy
with nucleus-encoded genes of the host cell; and (2) gene trans-
fer, whereby massive gene transfer events have occurred that
relocated essential genes to the nuclear genome for stable inher-
itance (Timmis et al., 2004; Bock and Timmis, 2008; Bock, 2017).
Hence, a protein import machinery needed to be created to
reroute the protein products of these genes back to the
chloroplasts. Indeed, many protein complexes in chloroplasts
are composed of chloroplast- and nucleus-encoded subunits,
such as protein complexes from the photosynthetic electron
transfer (PET) chain, ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco), the chloroplast 70S ribosome, and

plastid-encoded RNA polymerase (PEP, which contains many
nucleus-encoded cofactors). Thus, the proper function of chloro-
plasts relies on the harmonious expression of genes from both
chloroplast and nuclear genomes.

Coordinated gene expression, referred to as genome-coupled
expression, guarantees the successful assembly of these mosaic
complexes in correct stoichiometry (Jung and Chory, 2010). The
host eukaryotic cells invoke anterograde and retrograde signaling
to ensure harmonized gene expression between endosymbiotic
organelles and the nucleus. Anterograde signals convey
information about cell type and developmental stage to the
chloroplasts, synchronizing their function with the whole cell.
By contrast, retrograde signals are emitted by chloroplasts,
feeding back the status of the chloroplasts to the nucleus and
thus reprogramming the expression of nuclear genes for
chloroplast function (Chan et al., 2016; Hernandez-Verdeja and
Strand, 2018; Wu and Bock, 2021).

Protein homeostasis (proteostasis) is the dynamic balance
between the generation of correctly folded proteins and the
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elimination of misfolded/damaged proteins (Webster et al.,
2020). Under normal conditions, the proteostasis network
rapidly senses and amends disturbances in the proteome to
restore basal homeostasis. During stress, cells reprogram the
expression of a number of genes, including, e.g., induction of
a set of molecular chaperones and repression of general
protein translation, to bring proteostasis to a new state that is
suitable for battling against challenges (Kim et al., 2013b;
Kaushik and Cuervo, 2015). Because of its semiautonomous
nature, the regulation of chloroplast proteostasis is more
complicated. The biogenesis and maintenance of chloroplast
proteostasis involve: (1) synthesis and folding of chloroplast-
encoded proteins; (2) import of nucleus-encoded chloroplast
proteins (chloroproteins); (3) assembly of protein complexes in
their correct stoichiometry from subunits synthesized inside
the chloroplasts and imported from the cytosol; and (4) elimina-
tion of damaged or at this moment “unwanted” proteins (Sun
et al., 2020).

In recent years, chloroplasts have been suggested to be envi-
ronmental sensors, participating in plant responses to various
abiotic and biotic stresses (de Zabala et al., 2015; Kachroo
et al., 2021; Schwenkert et al., 2022). An imbalance of
chloroplast proteostasis will generate retrograde signals to
regulate the expression of development- and stress-related nu-
clear genes. Further studies on chloroplast proteostasis and its
interaction with the proteostasis of other subcellular compart-
ments will provide essential clues toward understanding the
role of chloroplasts in stress signaling and plant stress toler-
ance. This review discusses our current understanding of the
biogenesis, maintenance, and remodeling of chloroplast proteo-
stasis. We also highlight recent progress on the coregulation of
proteostasis between chloroplasts and the cytosol and on the
retrograde control of nuclear gene expression, providing per-
spectives for future studies toward a complete understanding
of these pathways.

TRANSLATIONAL CONTROL OF
CHLOROPLAST-ENCODED PROTEINS

The genome of the cyanobacterium ancestor of the chloroplast
has been dramatically trimmed by gene loss and gene transfer
during evolution. The present-day chloroplast genome typically
encodes 100-250 genes in eukaryotic algae and embyrophytes
and approximately 130 genes in seed plants, among which fewer
than 100 genes are protein-coding genes (Bock, 2007; Bock and
Timmis, 2008). According to their functions, chloroplast genes
can be sorted into three classes: (1) photosynthetic genes,
including subunits of photosystem Il (PSll), the cytochrome b6f
complex (Cyt b6f), photosystem | (PSI), ATP synthase, NAD(P)H
dehydrogenase-like (NDH) complex, and the large subunit of
Rubisco (rbcL); (2) genetic (housekeeping) genes, for example,
subunits of PEP, ribosomal proteins, rRNA and tRNA genes,
and the matK gene, which encodes a putative splicing factor;
and (3) other genes with diverse functions, including the accD
gene of the fatty acid biosynthesis pathway, clpP of Clp
protease, and hypothetical chloroplast open reading frame1
(ycf1) and ycf2, with putative functions in chloroplast protein
import. Because of the availability of genetic transformation
methods, the green alga Chlamydomonas reinhardtii
(Chlamydomonas) and the seed plant Nicotiana tabacum
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(tobacco) have been developed as model species for
investigating the functions of chloroplast genes (Bock, 2015).

Owing to the prokaryotic nature of chloroplasts, many chloroplast
genes are organized in clusters with an operon-like structure.
However, chloroplast operon-like gene clusters and their regula-
tion are largely distinct from bacterial operons. For example, un-
like bacterial operons, which normally encode genes of related
function, chloroplast genes in the same operon have more diverse
functions (Sugiura, 1995); for example, 50S ribosome protein 120
(rpl20) and 30S ribosome protein s12 (rps12) are in the same
operon with clpP, the rpoA gene is located in an operon that
contains mainly ribosomal proteins, and so on. The polycistronic
transcripts of the chloroplast undergo complicated processing
steps (splicing, editing, intercistronic processing) to give rise to
mono-, oligo-, and polycistronic RNA species (Barkan, 2011).
However, chloroplast transcripts are relatively stable compared
with those of bacteria, with half-lives ranging from hours to even
days, thus disabling fast transcriptional regulation (Mullet and
Klein, 1987; Klaff and Gruissem, 1991). It was already observed
in the 1980s that the dark-light transition enhances synthesis of
RbcL, an effect that results from translational stimulation without
obvious upregulation of rbcL mRNA levels (Berry et al., 1988).
Moreover, the stability of chloroplast transcripts seems to be
uncorrelated with the coverage of translating ribosomes (Link
et al., 2012; Zoschke et al., 2012; Moreno et al., 2017). These
studies indicated that, unlike the gene expression of its
cyanobacterium ancestor, which is largely regulated at the
transcriptional level, chloroplast gene expression is mainly
controlled post-transcriptionally, especially at the translational
level.

Compared with transcriptional regulation, translational regulation
can respond more rapidly to internal or external stimuli. It enables
fast modulation of protein abundance, leading to a quick remod-
eling of the chloroplast proteome, which seems to fit well with
the role of chloroplasts as environmental sensors. More impor-
tantly, cotranslational translocation was shown to be a common
means of protein targeting in chloroplasts, especially for thyla-
koid membrane-localized proteins (Zoschke and Barkan, 2015;
Gawronski et al., 2018). This ensures the production of proteins
directly at their functional sites, reduces the risk of misfolding
(especially of hydrophobic transmembrane helices) and
mistargeting, and saves energy from transport and chaperone
binding. Early studies showed that the ribosome-nascent chain
complex (RNC, representing translating ribosomes) was
associated with the thylakoid membrane (Yamamoto et al.,
1981). Chloroplast subfractionation coupled with polysome
analysis revealed the cotranslational targeting of the core
subunits of PSI (PsaA and PsaB), PSIlI (D1/PsbA, D2/PsbD,
CP43/PsbC, and CP47/PsbB), and Cyt b6f (PetA) to the thylakoid
membrane (Friemann and Hachtel, 1988; van Wijk et al., 1996).
However, because coupled translation can take place for genes
in unprocessed polycistronic chloroplast transcripts, one
cotranslationally inserted polypeptide is sufficient to target the
RNC to the thylakoid fraction during suborganelle fractionation,
which argues for the cotranslational insertion of gene products
from a part of polycistronic transcripts (e.g., PsaB and PsbC).
This difficulty has been overcome by the successful application
of the ribosome profiling approach combined with suborganelle
fractionation, which revealed that 19 out of the 37 intrinsic
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transmembrane domain-containing thylakoid proteins in
maize insert into the membrane cotranslationally (Zoschke
and Barkan, 2015). Thus, cotranslational insertion of these
membrane proteins effectively prevents their aggregation in the
stroma. It represents an efficient way to maintain proteostasis
at a low cost and is not only employed by chloroplasts but also
commonly used for proteins targeted to the endoplasmic
reticulum (ER) or mitochondria (Jan et al., 2014; Williams et al.,
2014).

Chloroplast protein translation is predominantly controlled at the
initiation step. Most identified factors (such as ATP4 [required for

normal accumulation of the chloroplast ATP synthase],
PENTATRICOPEPTIDE REPEAT10 [PPR10], HIGH CHLO
ROPHYLL FLUORESCENCE107 [HCF107], HCF173, and

HCF244) that promote translation of specific chloroplast genes
act at the initiation step (Felder et al., 2001; Schult et al., 2007;
Prikryl et al., 2011; Link et al., 2012; Zoschke et al., 2012). Similar
to bacteria, the preinitiation complex, which contains the 30S
ribosome subunit, three initiation factors (IFs), and the initiator
tRNA (charged with N-formylmethionine), scans along the mRNA
until the start codon of AUG is located (GUG and UUG can also
be used as start codons in chloroplasts), triggering the binding of
the 50S subunit to complete the functional 70S ribosome (Kozak,
1999; Yamamoto et al.,, 2016). It has been shown that the
differential expression of IF3 paralogs may participate in the
translational control of chloroplast genes (Nesbit et al., 2015).
Sequence elements in the translation initiation region of the
transcripts are important for the regulation of translation initiation.
The Shine-Dalgarno (SD) sequence upstream of the start
codon plays a crucial role in translation initiation in Escherichia
coli and other bacteria (Shine and Dalgarno, 1974; Osada et al.,
1999); it interacts with the anti-SD (aSD) at the 3’ end of 16S
rRNA by base pairing and initiates translation (McCarthy and
Brimacombe, 1994; Scharff et al., 2011). Approximately two-
thirds of chloroplast genes contain an SD sequence in their 5
untranslated region. A recent study at the translatome level that
involved ribosome profiling in tobacco transplastomic lines with
disrupted aSD revealed the SD dependence of SD-containing
chloroplast genes for translation initiation (Scharff et al., 2017).
The translation of chloroplast genes is also regulated at the
elongation step as well as the initiation step. For example, the
translational elongation of psbC is reduced under heat stress in
Chlamydomonas (Trosch et al., 2022). The expression of
chloroplast elongation factors is regulated by environmental
stimuli, such as light, temperature, and developmental cues
(Akkaya and Breitenberger, 1992; Albrecht et al., 2006; Liu et al.,
2010b), suggesting their considerable contribution to translational
regulation.

Chloroplast translation is regulated by many environmental cues,
especially light illumination and temperature shifts. Light-regulated
translation actually coordinates chloroplast protein synthesis with
photosystem biogenesis. Moreover, chlorophyll biosynthesis is
light dependent, as the reduction of protochlorophyllide (Pchlide)
to chlorophyllide catalyzed by Pchlide reductase is dependent on
light (Gabruk and Mysliwa-Kurdziel, 2015; Vedalankar and
Tripathy, 2019). This enables additional coordination of light
illumination with the accumulation of chlorophyll-binding
apoproteins in PSI and PSII, as folding of these subunits and
assembly of the photosynthetic complexes rely on the
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incorporation of chlorophyll molecules (Nickelsen and Rengstl,
2013; Zabret et al., 2021), which protects the freshly synthesized
apoproteins from immediate degradation (Eichacker et al., 1996).
The translation of several chloroplast proteins was shown to be
regulated by light illumination (Kim and Mullet, 1994; Muhlbauer
and Eichacker, 1998). For example, the translation elongation
rate of rbcL and psbA is stimulated by dark-to-light
transition and is dependent on PET, as inhibition of PET by 3-
(8,4-dichlorophenyl)-1,1-dimethylurea (DCMU) represses the light
stimulation of their translation (Berry et al., 1988; Klein et al,,
1988; Edhofer et al., 1998). The light perception of plants is
independent of photosynthesis by photoreceptors located
outside of chloroplasts. Light-stimulated translation was also
observed in isolated chloroplasts, providing further evidence that
it is dependent on photosynthesis but not photoreceptor-
mediated light signaling (Muhlbauer and Eichacker, 1998).

Temperature is another major external factor that acts on transla-
tional regulation. The elongation factor EF-Tu is induced by heat
stress, conferring heat tolerance to maize (Bhadula et al., 2001).
Chloroplast protein synthesis undergoes fast and global
reorganization during heat acclimation in the green alga
Chlamydomonas and the seed plant tobacco (Trosch et al.,
2022). Recently, translational regulation of chloroplasts was
shown to play an important role in plant responses to chilling
stress (Gao et al., 2022). Mutations in chloroplast translation
initiation factor FUG1 (IF2) and ribosomal proteins reduce
chilling tolerance in Arabidopsis and tobacco (Rogalski et al.,
2008; Marino et al., 2019). Thus, through translational
regulation, chloroplasts can rapidly adjust their proteome to
achieve a new balance of proteostasis, quickly adapting to
environmental and developmental changes.

IMPORT OF NUCLEUS-ENCODED
CHLOROPLAST PROTEINS

As discussed above, the chloroplast genome typically contains
fewer than 100 protein-coding genes. However, the chloroplast
proteome has been shown to contain more than 2000 proteins by
mass spectrometry analysis (PPDB, http://ppdb.tc.cornell.edu/;
van Wijk and Baginsky, 2011). A large number of plastid genes
have been transferred to the host nucleus, and their protein
products, synthesized in the cytosol, need to be rerouted and
imported into the chloroplasts (Jarvis and Lopez-Juez, 2013; Shi
and Theg, 2013). Except for insertion of outer envelope
membrane (OEM)-localized proteins directly into the OEM
mediated by cytosolic sorting factors (AKR2 and HSP17.8; Bae
et al., 2008; Lee et al., 2017) and the largely uncharacterized
system that mediates chloroplast import of proteins that lack
cleavable targeting signals (Nada and Soll, 2004; Miras et al.,
2007), the translocons at the outer (TOC) and inner (TIC) envelope
membranes of the chloroplasts mediate the import of most
chloroproteins (Figure 1; Li and Chiu, 2010; Paila et al., 2015).

Proteins imported by the TOC-TIC machinery contain an N-termi-
nal targeting sequence, termed the chloroplast transit
peptide (cTP), which is generally necessary and sufficient
for chloroplast targeting (Lee et al., 2019). However, unlike
signal peptides for other subcellular compartments such as
the nucleus, ER, or peroxisome, which comprise a relatively
conserved sequence motif, the length of the cTP can vary from
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Figure 1. The chloroplast protein import
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' 5 ceptors and the channel-forming Toc75. The re-
IMS ceptors are GTPases, providing energy at the
early stage of import by hydrolyzing GTP. In Ara-
e I oopss fnd oer pans) 1w receptors e
multiple  isoforms. The Toc159  family
Stroma member Toc159 and the Toc34 family

member Toc33-containing TOC complex is mainly
in charge of importing highly abundant photo-
synthetic proteins. Meanwhile, Toc132/Toc120
together with Toc34 form an alternative TOC
complex that is responsible for the import of non-

photosynthetic/housekeeping proteins. However, the clients of Toc159/Toc33 and Toc132/120/Toc34 receptors may largely overlap and/or complement
one another when the activity of one receptor is reduced. The nature of the TIC complex and its associated molecular motors remains controversial. In the
model plant Arabidopsis, the newly identified 1-MD TIC complex contains the channel-forming Tic20 (Tic20-I), the chloroplast-encoded Tic214/Ycf1,
Tic100, and Tic56. The molecular motor that hydrolyzes ATP to provide energy for the passage of preproteins through the TIC complex has been
identified. It includes another chloroplast-encoded large open reading frame, Ycf2, the IEM-localized FtsHi, and NAD-malate dehydrogenase (NAD-
MDH). The previously identified chaperones (cpHSC70, HSP90C, and HSP60) that associate with the Tic110 scaffold, may act downstream at the
late stage of the cotranslocational folding process. An alternative TIC complex may exist, which comprises the Tic20 isoform, Tic20-IV, and other un-
identified components without Tic214/Ycf1, as the plastids still contain non-photosynthetic chloroproteins when plastid translation is fully blocked, which
abolishes chloroplast-encoded Tic214/Ycf1 and Ycf2. It should be noticed that Tic214/Ycf1 is absent in some monocots such as Poaceae. The cytosolic
factor AKR2 and the small HSP, HSP17.8, facilitate the targeting of OEM-localized proteins. Toc75 may participate in this process.

13 to more than 100 amino acids. Some amino acids are
overrepresented in the cTP but do not seem to be conserved
among species (Lee et al., 2006, 2018; Zybailov et al., 2008;
Holbrook et al., 2016). In Arabidopsis, the sequence motif in the
cTP has been shown to contain the information necessary for
determining the tissue-specific and developmental-stage-
specific import of different chloroproteins (Teng et al., 2012;
Chu et al., 2020), suggesting that the cTP could possess
detailed plastid-type-specific targeting information. The
sequence motif of the cTP has also been shown to direct
protein targeting to different types of chloroplasts in the same
cell in Bienertia sinuspersici, a plant species that performs C4
photosynthesis within individual chlorenchyma cells (Wimmer
et al., 2017).

Recognition of the cTP from chloroprotein precursors is mediated
by two families of OEM-integrated preprotein receptors, Toc159
and Toc34 (Wallas et al., 2003; Smith et al., 2004; Andres et al.,
2010). Precursors can bind directly to the Toc159 and Toc34
receptors, and this is the major pathway of chloroprotein
targeting to the TOC complex (Paila et al., 2015). Cytosolic
chaperones have been shown to participate in sorting of
chloroproteins to the TOC complex. HSP90, HSP90/HSP70 orga-
nizing protein (HOP), and FKBP73 interact with the cTP of some
chloroproteins and stimulate their import in vitro (Fellerer et al.,
2011). The HSP90-preprotein complex may dock at the OEM
surface through Toc64, which was hypothesized to transfer the
precursors to TOC receptors (Qbadou et al., 2007). Besides the
HSP90-Toc64 pathway, HSP70 together with 14-3-3 protein,
designated as the cytosolic guidance complex, represents
another cytosolic sorting route of the chaperone-assisted
pathway for precursor targeting (May and Soll, 2000; Lee et al.,
2013). However, knockout of Toc64 in Arabidopsis and the
moss Physcomitrium patens, or mutations to eliminate the 14-

3-3 phosphorylation site in cTP, did not result in visible import
defects (Nakrieko et al., 2004; Aronsson et al., 2007). The
Arabidopsis toc64 mutant displays only a very mild import
phenotype under specific conditions, such as osmotic or cold
stress (Sommer et al., 2013). Thus, the function of these
cytosolic chaperones in precursor targeting requires further
clarification. They may act as complementary routes that
rescue escaped preproteins to prevent their mistargeting,
especially under some stress conditions that reduce the
accuracy of precursor targeting.

In Arabidopsis, the Toc159 and Toc34 receptor families both
contain multiple members. The Toc159 family contains four ho-
mologs (Toc159, Toc132, Toc120, and Toc90), and the Toc34
family contains two (Toc33 and Toc34). The null mutation of
Toc159 in the ppi2 mutant results in an albino phenotype with a
dramatic reduction in photosynthetic proteins. However, the
ppi2 mutant is viable on sucrose-containing medium, indicating
that Toc159 is preferentially in charge of importing photosyn-
thetic proteins (Bauer et al., 2000; Smith et al., 2004; Agne
et al.,, 2009). Although single mutation of Toc7132 or Toc120
does not produce visible phenotypes compared with the wild
type, the double mutant is paler or even lethal. Importantly, the
non-green plastids of roots are specifically affected in the
toc132 toc120 double mutant but not in the toc759 mutant
(Kubis et al., 2004), suggesting that Toc132 and Toc120 are
major receptors for non-photosynthetic and housekeeping
proteins. Toc159 was shown to be in the same complex
with Toc33, excluding the Toc132/120 receptors, which coexist
with Toc34 (lvanova et al., 2004). The Toc33 mutant ppit
displays a chlorotic phenotype with reduced accumulation of
photosynthetic proteins (Jarvis et al., 1998; Kubis et al., 2003),
providing further evidence for its role in the import of
photosynthetic proteins (Figure 1).
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The different substrate preferences of the TOC receptors play a
critical role in the biogenesis and regulation of chloroplast proteo-
stasis. Toc159 is highly expressed in green tissues, where the
bulk of photosynthetic chloroprotein import occurs. By contrast,
Toc132/120 begin to accumulate very early during germination,
and their expression appears to be comparable in green or etio-
lated aerial tissues and in roots, consistent with their function in
the import of non-photosynthetic/housekeeping chloroproteins
(Ilvanova et al., 2004; Inoue et al., 2010). The separation of less
abundant housekeeping proteins from highly abundant
photosynthetic proteins by distinct import machinery can
prevent the out-competition of import machinery by photosyn-
thetic proteins. In fact, Toc159 and Toc132/120 do represent
distinct import pathways, as the overexpression of Toc132
cannot rescue the albino phenotype of the ppi2 mutant, and
vice versa (lvanova et al., 2004; Kubis et al., 2004). It is worth
noting that large-scale proteomic analysis with Toc159-deficient
lines and the null allele ppi2 demonstrated that, in addition to
photosynthetic proteins, chloroproteins from various metabolic
pathways are also affected by Toc159 depletion (Bischof et al.,
2011), indicating a broad substrate import activity of Toc159
(Figure 1). However, the less accumulated chloroproteins
revealed by the proteomic approach in these Toc759-deficient
lines should be interpreted with caution as substrates of
Toc159, as they could result from the strong secondary effects
of the albino mutant phenotype. Disruption of Toc90 does not
result in visible phenotypes in Arabidopsis (Kubis et al., 2004);
however, its overexpression can partially complement the
albino phenotype of ppi2, indicating that Toc90 may play a
minor role in protein import and is redundant in Toc159
(Infanger et al., 2011).

In addition to the most abundant photosynthetic plastids (chloro-
plasts), the plastid family of organelles also includes the leuco-
plast, etioplast, chromoplast, amyloplast, elaioplast, and geron-
toplast, among others. All of these different plastid types have a
unique proteome, and thus a new proteostasis needs to be
established when plastids change form. During chloroplast
biogenesis (from proplastids or etioplasts to chloroplasts upon
illumination), large amounts of photosynthetic chloroproteins
must be imported into the plastids. Proteostasis needs to be re-
modeled when plastid form changes, for example, from chloro-
plast to chromoplast during fruit ripening or to gerontoplast dur-
ing senescence. Meanwhile, the plastids need to quickly adjust
their proteome in response to environmental stimuli. How
plastids regulate the proteins that need to be imported to reach
a new state of proteostasis during these processes remains un-
clear. However, the regulation of TOC complex abundance,
especially the abundance and/or type of import receptors, seems
to play a crucial role (Nakai, 2015; Richardson and Schnell, 2020).
The phytohormone gibberellic acid (GA) controls the abundance
of Toc159 during germination, leading to accumulation of
photosynthetic chloroproteins (Shanmugabalaji et al., 2018).
Under low GA, the DELLA protein RGA-LIKE2 (RGL2), a negative
regulator of GA signaling, targets Toc159 (possibly prior to the
OEM integration of Toc159) for degradation via the ubiquitin pro-
teasome system (UPS). The increasing GA concentration during
germination leads to degradation of RGL2 and consequently to
accumulation of Toc159, thus promoting chloroplast biogenesis
(Figure 2A). Interestingly, the control of Toc159 abundance by
GA and DELLA proteins is independent of the identified
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chloroplast-associated  protein  degradation (CHLORAD)
pathway, as mutation of the E3 ligase gene SP1 (SUPPRESSOR
OF ppi1 LOCUST) in the CHLORAD pathway has no effect on
the reduction of Toc159 when GA synthesis is inhibited (Ling
et al., 2012, 2019; Shanmugabalaji et al., 2018). In addition, the
stability of TOC components has also been shown to be
regulated by the small ubiquitin-like modifier (SUMO) system,
thus participating in the establishment of plastid proteostasis
during chloroplast biogenesis (Accossato et al., 2020; Watson
et al., 2021).

Although the regulation of plastid proteostasis at the import level
during plastid form transition has been less investigated, the
CHLORAD pathway-regulated turnover of TOC components
(such as Toc159, Toc75, and Toc33) seems to participate in the
transition of chloroplasts to chromoplasts during tomato fruit
ripening (Thomson et al., 2020; Ling et al., 2021). However, the
role of different TOC complexes in the proteome shift during
the transition from chloroplasts to chromoplasts in flowers and
fruits and, to an extent, from chloroplasts or proplastids to
other plastid forms such as amyloplasts in cereals and
elaioplasts in oilseeds, remains to be explored (Sadali et al.,
2019).

The CHLORAD pathway also plays a pivotal role in the biogenesis
and remodeling of chloroplast proteostasis under abiotic
stress conditions (Ling and Jarvis, 2015, 2016). Moreover, a
recent study indicated that the SUMO modification of various
chloroproteins is essential for their precise chloroplast
localization under heat stress. At least the Toc33-containing TOC
complex is involved in the import of SUMOylated preproteins
(Zheng et al., 2022), further indicating that import regulation
makes a large contribution to the shifting and rebalancing of
chloroplast proteostasis in response to environmental stimuli.

Preproteins are translocated across the OEM through the TOC
channel formed by Toc75, a B-barrel channel-forming protein,
and reach the intermembrane space (IMS). The polypeptide
transport-associated (POTRA) domain of Toc75, the IMS-local-
ized small TIC protein Tic22, and the DUF490 domain of Tic236
may form a chaperoning conduit that facilitates passage of the
preproteins through the IMS (by preventing their misfolding)
and their arrival at the TIC complex (Figure 1; Kasmati et al.,
2013; Paila et al., 2016; O’Neil et al., 2017; Chen et al., 2018b).
However, the nature of the TIC complex and its associated
molecular motors, which provide energy for preprotein
translocation through ATP hydrolysis, remains controversial
(Kikuchi et al., 2009, 2013; de Vries et al., 2015; Nakai, 2015,
2020; Bolter and Soll, 2017; Shingo et al., 2018; Li et al., 2020).
The early-identified typical TIC components Tic110 and Tic40
(Chou et al.,, 2003; Inaba et al., 2005; Kovacheva et al.,
2005) were excluded from the new 1-MD (megadalton) TIC com-
plex, which is composed of the channel-forming subunit
Tic20 and the newly identified Tic100, Tic56, and chloroplast-en-
coded subunit Tic214/Ycf1 (Kikuchi et al., 2013). The new import
motor of the Ycf2-FtsHi complex, other than ClpC1, cpHSC70,
and HSP90C, was later suggested by the same laboratory
(Figure 1; Shingo et al., 2018). However, it should be noticed
that some components of the 1-MD complex are not
ubiquitous in higher plants; for example, Tic214/Ycf1 is absent
in Poaceae (de Vries et al., 2015), giving rise to questions about
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Figure 2. Precursor accumulation response of chloroplasts

and mitochondria.

(A) Chloroplast precursor accumulation response (PAR®P). Impaired pro-
tein import into chloroplasts causes overaccumulation of chloroprotein
precursors in the cytosol. In the Arabidopsis Toc159 mutant ppi2, the
cytosolic HSP70 chaperone cyHSP70-4 (HSP70-4) and the E3 ubiquitin
ligase CHIP were shown to participate in the degradation of over-
accumulated chloroprotein precursors. The nucleotide exchange factor of
HSP70, BAG1, recruits the proteasome to the substrates for degradation.
Overaccumulation of chloroprotein precursors upregulates the cytosolic
chaperones cyHSP70 and cyHSP90 and components of the 26S pro-
teasome in gun1 mutants (which reduces plastid protein import capacity
when chloroplast biogenesis is blocked, e.g., upon lincomycin or nor-
flurazon treatment) to maintain cytosolic proteostasis. The chloroplast-
associated protein degradation (CHLORAD) pathway is involved in the
UPS-dependent turnover of components from the TOC complex during
development and in response to stress. In the CHLORAD pathway, TOC
subunits are ubiquitinated by the E3 ligase SP1 and extracted from the
OEM by AAA* ATPase CDC48 and Omp85 protein SP2 for proteasomal
degradation. The DELLA protein RGL2 also participates in UPS-depen-
dent TOC159 degradation at the early stage of germination when the GA
concentration is low. However, whether the CHLORAD and DELLA
pathways are involved in PAR®P for degradation of clogged precursors

Regulation of chloroplast proteostasis

the extent to which this new complex is conserved (de Vries et al.,
2015). The connection of Tic110/Tic40 with the 1-MD TIC com-
plex and the function of the Ycf2—-FtsHi motor require further clar-
ification in future studies.

Interestingly, the TIC complex also seems to vary among different
tissues and at different developmental stages, thus participating
in regulation of the substrates to be imported. In Arabidopsis,
Tic20-I is highly expressed in green tissues and is thought to be
responsible  for importing photosynthetic and non-
photosynthetic chloroproteins in these tissues, whereas Tic20-
IV is the major form in non-green tissues such as roots
(Hirabayashi et al., 2011; Nakai, 2015). In addition, plastids can
still import chloroproteins in seedlings established in the
presence of spectinomycin (Bolter and Soll, 2017), a specific
inhibitor of chloroplast protein translation that blocks the
synthesis of plastid-encoded Tic214/Ycf1. This result indicates
that an alternative TIC complex without Tic214 may exist, which
is particularly necessary for the import of chloroproteins under
specific conditions (Figure 1; Nakai, 2015).

The turnover of TIC components has been shown to be regulated
under heat-stress conditions by IEM-localized FtsH11 protease,
which plays a putative role in the regulation of chloroplast proteo-
stasis in response to heat stress (Adam et al., 2019). GUN1, an
integrator of multiple retrograde signaling pathways, was

in the import channel and/or overaccumulated precursors in the cytosol
remains to be determined.

(B) Mitochondrial precursor accumulation response (PAR™). Multiple
pathways have been identified in yeast, which surveils mitochondrial
protein import and eliminates overaccumulated precursors in the cytosol.
mitoRQC (ribosome quality control pathway for mitochondrial poly-
peptides): Listerin1 (Ltn1) gains access to precursors that stall in the
ribosome, followed by ubiquitination, CDC48-mediated extraction, and
proteasomal degradation. Vms1 (a 60S ribosome-binding protein) rec-
ognizes those stalled precursors that fail to be ubiquitinated by Ltn1 in
close proximity to the translocase of outer membrane (TOM) complex at
the OEM and prevents them from being CAT-tailed (C-terminal alanyl/
threonyl sequences that mediate the aggregation of stalled polypeptides
after import into mitochondria) by Rgc2. These precursors are imported
into the mitochondrial matrix and either folded or degraded by the mito-
chondrial quality control system. mitoTAD (mitochondrial protein
translocation-associated degradation): the mitoTAD pathway continu-
ously monitors import under non-stress conditions to prevent clogging of
the TOM channel by precursors. UBX domain protein Ubx2 (a component
of ERAD) binds to the TOM complex to recruit CDC48 to extract the ar-
rested precursors for proteasomal degradation. mitoCPR (mitochondrial
compromised protein import response): inhibition of mitochondrial protein
import induces the expression of Cis1, which associates with the TOM
complex by interacting with Tom70. Cis1 recruits the AAA* ATPase Msp1,
which mediates the extraction and proteasomal degradation of arrested
precursor proteins. Overaccumulation of mitochondrial precursor proteins
(mPOS) in the cytosol causes an unfolded protein response activated by
mistargeting of proteins (UPRam). mPOS and UPRam upregulate the
expression of chaperones and proteasomal components through the
action of heat-shock factor 1 (Hsf1) and inhibit translation to rebalance
proteostasis. In mammals, ubiquilins bind to the transmembrane domain
(TMD) of OEM-localized proteins in the cytosol to prevent their aggrega-
tion. The C-terminal ubiquitin-associating (UBA) domain (A) interacts with
its N-terminal ubiquitin-like (UBL) domain (L) to stabilize the client-
ubiquilin complex. Over time, the UBA domain recruits an unknown E3
ligase to ubiquitinate the substrates, while the free UBL domain directs the
proteasomal degradation of the client proteins.
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Pathway

| Key factors

Brief description

| References

PAR®P

cyHSP70-CHIP

cyHSP70-4, CHIP, BAG1

cyHSP70-4 interacts with
chloroprotein precursors, E3 ubiquitin
ligase CHIP ubiquitinates the
substrates, BAG1 recruits the 26S
proteasome to the substrates

Lee et al., 2009, 2016

GUN1-mediated retrograde
signaling

GUN1, cyHSP90, cyHSP70

Depletion of GUNT reduces the
import capacity of plastids under
stress conditions and causes
overaccumulation of chloroprotein
precursors, which upregulates
cyHSP90, cyHSP70, and 26S
proteasomal subunits to rebalance
cytosolic proteostasis

Wu et al., 2019b

CHLORAD

SP1, SP2, CDC48

Turnover of TOC components by
UPS. E3 ubiquitin ligase SP1
ubiquitinates the substrates, AAA*
ATPase CDC48 together with the
Omp85 protein SP2 extracts
substrates from the OEM for
degradation by UPS. Unclear whether
the CHLORAD pathway is involved in
precursor degradation

Ling et al., 2012, 2019

GA-DELLA

RGL2

RGL2 interacts with Toc159 and
promotes its degradation through the
UPS, thus repressing chloroplast
biogenesis under low GA. Unclear
whether this pathway is involved in
precursor degradation

Shanmugabalaji et al.,
2018

PAR™

mitoRQC

Rqgc2, Ltn1, Vms1, CDC48

A ribosome quality control pathway to
prevent the import of ribosome-
stalled mitochondrial polypeptides.
Rgc2 adds CAT-tails to the C
terminus of ribosome-stalled
polypeptides, which are ubiquitinated
by E3 ligase Ltn1 and degraded by the
UPS. Vms1 antagonizes the Rqc2-
dependent CAT-tailing and allows
these proteins to be imported into
mitochondria for folding or
degradation

Izawa et al., 2017

mitoTAD

Ubx2, CDC48

A quality control pathway under non-
stress conditions that continuously
monitors mitochondrial import. Ubx2
binds to the TOM complex and
recruits CDC48, which extracts
precursors that are arrested in the
TOM channel for UPS-dependent
degradation

Martensson et al., 2019

mitoCPR

Pdr3, Cis1, Msp1, Tom70

Under import-stress conditions,
transcription factor Pdr3 induces the
upregulation of Cis1, which binds to
the TOM complex via Tom70 and
recruits Msp1 for extraction of
clogged precursors from the import
channel. The extracted precursors
are degraded by the UPS

Weidberg and Amon, 2018

Table 1. Identified pathways of PAR®® and PAR™.,

(Continued on next page)
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protein precursors modulates
ribosomal biogenesis, messenger
RNA decapping, transcript-specific
translation, protein chaperoning, and
turnover. Gis2 stimulates Cap-
independent translation. Nog2
inhibits nuclear export of the 60S
ribosomal subunit

UPRam - Overaccumulation of mitochondrial Wrobel et al., 2015
protein precursors inhibits protein
synthesis and activates proteasome
activity

mPOS Gis2, Nog2 Overaccumulation of mitochondrial Wang and Chen, 2015

Ubiquilin pathway Ubiquilins (UBQLN1, 2, and

4)

Ubiquilins bind to the transmembrane
domain of OEM-localized proteins for
their membrane targeting. Over time,
the C-terminal UBA domain of the
ubiquilin disassociates with its
N-terminal UBL domain. The UBA
domain recruits an unknown E3 ligase
for the ubiquitination of the substrate.
The freed UBL domain engages the
proteasome for substrate
degradation

Itakura et al., 2016

Table 1. Continued

shown to interact with cpHSC70-1 to participate in the regulation
of protein import and the maintenance of chloroplast proteostasis
under lincomycin or norflurazon (an inhibitor of carotenoid
synthesis, which thus blocks chloroplast biogenesis) treatment
conditions (Wu et al., 2019a, 2019b). Recently, the giant TIC
component, Tic236, together with the OEM-localized CRL pro-
tein, was shown to participate in the regulation of chloroplast
division by facilitating the import of plastid division machinery
components (FTSZ1, FTSZ2; Chen et al., 2018b; Fang et al.,
2022). These studies indicate that specific TIC components
may have specialized roles in the maintenance of plastid
proteostasis and may function at given developmental stages
or under specific environmental conditions.

CHLOROPLAST PROTEIN IMPORT
STRESS AND ITS INTERACTION WITH
THE CYTOSOLIC PROTEIN QUALITY
CONTROL SYSTEM

Various stress conditions, especially light and temperature
stresses that inhibit chloroplast function, will reduce the chloro-
plast protein import capacity and result in an aberrant accumula-
tion of chloroprotein precursors in the cytosol (Ling and Jarvis,
2015; Eisa et al., 2019). The unfolded precursors are highly
proteotoxic to the cell because their exposed hydrophobic
regions will disrupt cytosolic proteostasis, resulting in arrested
cell growth and plant development. The cytosolic HSP70
chaperone (cyHSP70-4/HSC70-4), Bcl-associated athanogene
1 (BAGH1), and the E3 ubiquitin ligase CHIP have been shown to
participate in the degradation of chloroprotein precursors in the
ppi2 mutant (Lee et al., 2009, 2016), as well as remodeling the
stoichiometry of the Clp complex in ClpP4 knockdown and
overexpression lines by CHIP-dependent ubiquitination of
ClpP3 and CIpP5 (Wei et al., 2015). The transcript level of GLK1

(@ key regulator of photosynthetic gene expression and
chloroplast biogenesis; Waters et al., 2009) remains high in the
guni mutant compared with the wild type under lincomycin or
norflurazon treatment (because of the GUN phenotype).
However, the GLK1 protein does not accumulate in either the
wild type or the gun?l mutant under these conditions. The
uncoupling of transcript level from protein accumulation of
GLK1 is also involved in UPS-dependent GLK1 protein
degradation (Tokumaru et al., 2017). These observations
indicate the crucial role of cytosolic UPS in the chloroplast
related protein degradation and precursor accumulation
response (PAR®P; Hristou et al., 2020; Thomson et al., 2020). A
recent study on GUN1 indicated that cyHSP90.1, cyHSP70-2/
cyHSP70-4, and the UPS are involved in PAR®® induced by the
reduced import capacity of the gun1 mutant (Wu et al., 2019b).
However, how the clogged precursors in the TOC machinery
are extracted from the import channel, the subcellular sites in
the cell that deal with the aberrantly accumulated precursors,
the response of nuclear gene expression to the PAR®P, and
whether there are other components of the cytosolic protein qual-
ity control (PQC) system that are involved in this process, are
poorly understood (Figure 2A and Table 1).

However, cellular responses to mitochondrial precursor accumu-
lation (PAR™) have been intensively studied in yeast (Boos et al.,
2020) and may provide informative clues for future studies of the
PAR? in plants. These global adaptive responses include: (1)
upregulation of the cytosolic PQC system (chaperones and
UPS) to clear proteotoxic precursors (Wrobel et al., 2015; Boos
et al., 2019); (2) inhibition of cellular translation to reduce import
loads of the mitochondria (Wang and Chen, 2015; Boos et al.,
2019); and (3) extraction of the clogged precursors from the
import channel to release import capacity, thus enabling
mitochondrial function (Izawa et al., 2017; Weidberg and Amon,
2018; Martensson et al., 2019). Interestingly, in addition to the
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cytosolic clearance pathway, mitochondrial precursors were also
shown to be relocated to the nucleus and ER for degradation
(Laborenz et al., 2021; Shakya et al., 2021). These studies
demonstrate that the host cell makes use of a sophisticated
mechanism to prevent the accumulation of mitochondrial
precursors and safeguard cytosolic proteostasis (Figure 2B
and Table 1). Whether plant cells have a conserved network
for response to aberrantly accumulated precursors of
evolutionarily related chloroplasts will need to be resolved in
future studies.

The function of the CHLORAD pathway in the turnover of TOC
components (such as Toc159, Toc75, and Toc33) is well docu-
mented. The OEM-localized SP2 and the cytosolic AAA+ (ATPase
associated with diverse cellular activities) chaperone CDC48 of
the CHLORAD pathway cooperate to retrotranslocate TOC com-
ponents from the OEM, thus enabling their ubiquitin-dependent
proteasomal degradation (Ling et al., 2019). However, whether
the CHLORAD pathway also participates in the extraction of
clogged precursors from the TOC channel is still unknown. The
CDC48-mediated retrotranslocation of proteins from the ER
and their subsequent UPS-dependent degradation have also
been identified and extensively studied in the ER-associated
degradation (ERAD) pathway (Meusser et al., 2005; Liu and
Howell, 2016), suggesting a conserved mechanism of protein
retrotranslocation from the chloroplasts, mitochondria (where
the extraction of clogged preproteins is also dependent on
CDC48; Figure 2B), and ER. Surprisingly, the intra-chloroplast
proteins RbcL and AtpB have recently been demonstrated to
be retrotranslocated from the chloroplast by CDCA48, then ubiqui-
tinated and degraded through the cytosolic UPS (Li et al., 2022a).
However, much less is known about this mechanism; in
particular, how intra-chloroplast proteins pass the IEM to reach
the retrotranslocation channel on the OEM is not clear.

It was observed in yeast that mitochondrial protein import stress
triggers mitophagy to eliminate mitochondria that undergo
dysfunctional protein import (Killackey et al., 2022). The U-box
4 (PUB4) E3 ubiquitin ligase was demonstrated to mediate
the clearance of '0O,-damaged chloroplasts by chlorophagy
(Woodson et al., 2015). However, whether chloroplast protein
import stress results in chlorophagy-mediated chloroplast degra-
dation is still unknown. Interestingly, it has recently been
observed that mild elevation of chloroprotein precursors in the
cytosol caused by attenuation of cytosolic UPS increases the
accumulation of functional photosynthetic complexes, resulting
in enhanced photosynthetic performance (Grimmer et al,
2020). This finding indicates that precursors may have signaling
functions: cells may monitor the precursor level and use it as a
signal for proper coordination between endosymbionts and
host cells.

ELIMINATION OF CHLOROPLAST
PROTEINS

Protein abundance is determined by the rates of protein synthesis
and degradation. The maintenance of functional organelles
requires the effective sweeping of damaged or otherwise
“unwanted” proteins during developmental or environmental
transitions. The proteolytic machineries play vital roles in plastid

Plant Communications

proteome biogenesis, maintenance, and remodeling. More than
20 proteases of prokaryotic origin have been identified in chloro-
plasts through various bioinformatic, genetic, biochemical,
and proteomic approaches (Kato and Sakamoto, 2010; van
Wijk, 2015). These proteolytic machineries include the ATP-
dependent Clp, FtsH, and Lon proteases, ATP-independent
Deg endopeptidase, and peptidases that function in transit pep-
tide cleavage and further degradation of peptide fragments,
including cleaved transit peptides and degradation products
from other proteases (Figure 3 and Table 2; Nishimura et al.,
2016, 2017).

Clp is an ATP-dependent Ser-type protease complex that func-
tions mainly in the turnover of stromal proteins (Olinares et al.,
2011; Nishimura and van Wijk, 2015). It is composed of a
chaperone complex and a proteolytic core complex. The
chaperone complex includes ClpC1 (also known as HSP93V),
ClpC2 (HSP93IIl), and ClpD. They presumably assemble into ho-
mohexamers and are responsible for substrate docking, unfold-
ing, and translocation to the core complex (Montandon et al.,
2019; Rei Liao et al., 2022). The protein abundance of ClpC1 is
much higher than that of ClpC2 and ClpD (Zybailov et al., 2008;
Sjogren et al., 2014), and knockout of ClpC1 results in a pale-
green phenotype. By contrast, clpc2 and clpd mutants are
indistinguishable from the wild type, indicating that CIpC1 is the
major isomer of the Clp chaperone (Park and Rodermel, 2004;
Sjogren et al., 2004; Nishimura et al., 2013). However, the
expression of ClpD (ERD1) has been shown to be induced by
various abiotic stress conditions and senescence, suggesting
more specific roles for ClpD in response to environmental
stimuli or during specific developmental stages (Nakashima
et al.,, 1997; Zheng et al., 2002). The small Clp adaptor protein
ClpS1, together with ClpF, has been demonstrated to participate
in the recognition of a set of substrate proteins (Nishimura et al.,
2013, 2015).

The proteolytic core of Clp comprises two asymmetric rings. The
R ring is composed of catalytically inactive CIpR1, R2, R3, R4,
and the plastid-encoded proteolytically active ClpP1, whereas
the P ring includes the catalytically active subunits ClpP3, P4,
P5, and P6 (Kim et al., 2009). The small subunits ClpT1 and T2
participate in the assembly and stabilization of the core
complex (Sjogren and Clarke, 2011; Kim et al., 2015). Extensive
studies have been carried out to identify the Clp substrates.
These experimentally verified substrates include, for example,
key enzymes of the tetrapyrrole (glutamyl-tRNA reductase) and
carotenoid (phytoene synthase) biosynthesis pathways (Apitz
et al., 2016; Welsch et al., 2018), the rate-limiting enzyme of the
methylerythritol 4-phosphate (MEP) pathway (deoxyxylulose 5-
phosphate synthase [DXS]; Pulido et al., 2016), and the central
integrator of the plastid retrograde signaling pathway, GUN1
(Wu et al., 2018). To survey the Clp substrates at the proteome-
wide level, comparative proteomic studies of various Clp subunit
mutants (clpr2, clpr4, clpp3, clps1, clpf, clpc1, and the clpc1
clps1 double mutant; Kim et al., 2009; Zybailov et al., 2009; Kim
et al., 2013a; Nishimura et al., 2013; Nishimura et al., 2015) and
in vivo substrate trapping of ClpC1 (Montandon et al., 2019; Rei
Liao et al., 2022) were performed, revealing a broad range of
putative Clp substrates and a vital role for Clp protease in the
regulation of stromal proteostasis (Nishimura and van Wik,
2015). However, the overaccumulated proteins (putative
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Figure 3. Proteolytic machineries in chloroplasts of land plants.

The Clp protease complex is the major protease in the stroma. The adaptor subunit ClpS1 interacts with chloroplast-specific subunit CIpF, participating in
substrate recognition. The substrates of Clp protease include: (1) proteins with internal or N-degrons; (2) misfolded and/or aggregated proteins; and (3)
unprocessed proteins. Moreover, a portion of Clp proteases closely associate with the TIC complex through the interaction of ClpC1 with Tic110, where
they function as a checkpoint for newly imported proteins. Thylakoid membrane-localized FtsH metalloprotease (FtsH1, 2, 5, 8) plays a central role in D1
turnover during the PSII repair cycle and is crucial for thylakoid biogenesis. IEM-anchored FtsH (FtsH7, 9, 11, 12) may participate in the turnover of IEM
proteins and protein import. The Deg endopeptidases localize either at the stromal side (Deg2, 7) or the lumenal side (Deg1, 5, 8) of thylakoids and
participate in D1 degradation by cleaving the inter-loops that connect the five transmembrane helices of D1. The C terminus of newly synthesized D1
proteins must be processed by the C-terminal processing enzyme (CtpA) in the lumen. Other chloroplast proteases include the thylakoid-localized Lon4,
EGY1/2 (ethylene-dependent gravitropism-deficient and yellow-green 1/2), SppA, the stroma-localized NANA, CGEP (chloroplast glutamyl peptidase),
CND41 (41-kDa chloroplast nucleoid DNA-binding protein), and the IEM-localized Rhomboid (Table 2). The short peptide fragments from protease
degradation products and cleaved TPs are further processed by peptidases and recycled. These peptidases include TPP (Plsp1) in the thylakoid
lumen, SPP, PreP, and OPP in the stroma, and Plsp1 in the IMS. TP, transit peptide; TTS, thylakoid targeting sequence; TPP, thylakoidal processing
peptidase (Plsp1); SPP, stromal processing peptidase; PreP, presequence peptidase; OOP, organellar oligopeptidase; HL, high light.

substrates) observed in clp mutants could also be secondary which are localized in chloroplasts. FtsH1, 2, 5, 6, and 8 are
effects, consequences of the strong chlorotic or even albino anchored into the thylakoid membrane by their N-terminal single
phenotype of the mutants, and they must thus be further transmembrane domains. The C-terminal region that protrudes
verified by other approaches (Figure 3 and Table 2). into the stroma contains the ATPase and proteolytic domains

(Kato and Sakamoto, 2018). The thylakoid-localized FtsH forms
Interestingly, ClpC has been shown to dually localize in the a heterohexameric complex composed of type A (FtsH1 and
stroma and associated to IEM (~30% of total ClpC associated FtsH5) and type B (FtsH2 and FtsH8) subunits with a mole ratio
to IEM; Sjogren et al., 2014). The IEM-associated ClpC, through of 2:4 in Arabidopsis and 3:3 in cyanobacteria (Boehm et al.,
interaction with Tic110 and presumably Tic40, tethers the Clp 2012; Moldavski et al., 2012). This hexametric FtsH complex
core complex in close proximity to the import channel, which plays a central role in the degradation of unassembled
was believed to function as a checkpoint for newly imported pro- photosynthetic proteins and the so-called PSII repair cycle to
teins (Flores-Pérez et al., 2016). This quality control mechanism renew the photodamaged PSII reaction center protein D1, a pro-
ensures fast inspection and elimination of damaged, misfolded, cess that has been extensively studied in the last decades
or currently unneeded proteins immediately upon their release (Lindahl et al., 2000; Bailey et al., 2002; Sakamoto et al., 2003;
from the TIC complex. Consistent with this hypothesis, Zaltsman et al., 2005a, 2005b; reviewed in Jarvi et al., 2015;
mutation of the Clp core subunit also results in reduced import Theis and Schroda, 2016). In this process, the photodamaged

capacity (Sjogren et al., 2014). PSIl migrates to the thylakoid grana margins, partially
disassembled (release of CP43 and oxygen evolving complex).
In the thylakoid membrane, FtsH and Deg are the major prote- The damaged D1 protein is then pulled out from the membrane

ases that play critical roles in the biogenesis of thylakoid mem- and degraded by FtsH. The Deg endopeptidases facilitate D1
branes and the PQC of thylakoid membrane proteins. FtsH is degradation by cleaving the inter-loops connecting the five trans-
an ATP-dependent zinc metalloprotease complex. There are 12 membrane helices of the D1 protein, either at the lumenal side
FtsH-encoding genes in the model plant Arabidopsis, nine of (Deg1, 5, 8) or the stromal side (Deg2, 7) of the thylakoid

10 Plant Communications 4, 100424, January 9 2023 © 2022 The Author(s).
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Name | AGI Features Localization Mutant phenotype | References
ATP-dependent proteases
Clp
ClpP1 | ATCGO00670 | Clp complex core (R ring), Stroma Essential, homoplasmic Shikanai et al., 2001;
chloroplast-encoded knockout not available Kuroda and Maliga, 2003
ClpP3 | AT1G66670 | Clp complex core (P ring), Stroma Arrest at the cotyledon stage | Kim et al., 2013a
essential for early in autotrophic conditions
development
ClpP4 | AT5G45390 | Clp complex core (P ring), Stroma Embryo lethal Zheng et al., 2006;
essential for embryogenesis Kim et al., 2013a
ClpP5 | AT1G02560 | Clp complex core (P ring), Stroma Embryo lethal Kim et al., 2009
essential for embryogenesis
ClpP6 | AT1G11750 | Clp complex core (P ring), Stroma Knockdown lines show pale- | Sjogren et al., 2006
chloroplast biogenesis green leaves at early
developmental stages
CIpR1 | AT1G49970 | Clp complex core (R ring), Stroma Knockdown and point Koussevitzky et al.,
essential for early mutation lines show pale- 2007a; Kim et al., 2009
development green and retarded growth
phenotype
ClpR2 | AT1G12410 | Clp complex core (R ring), Stroma Arrest at the cotyledon stage | Kim et al., 2009
essential for early in autotrophic conditions and
development death after several weeks
CIpR3 | AT1G09130 | Clp complex core (R ring) Stroma Substitution of ClpR1 Kim et al., 2009
ClpR4 | AT4G17040 | Clp complex core (R ring), Stroma Arrest at the cotyledon stage | Kim et al., 2009
essential for early in autotrophic conditions and
development death after several weeks
ClpT1 AT4G25370 | Assembly and stabilization - No visible phenotypes (single | Sjogren and Clarke, 2011;
ClpT2 | AT4G12060 of Clp complex mutant), delayed . Kim et al., 2015
development and virescent
leaves (double mutant)
ClpC1 | AT5G50920 | Molecular chaperone, Stroma Virescent leaves and retarded | Sjogren et al., 2004
leaf development growth
ClpC2 | AT3G48870 | Molecular chaperone Stroma Indistinguishable from the Park and Rodermel, 2004;
wild type Nishimura et al., 2013
ClpD AT5G51070 | Molecular chaperone Stroma Indistinguishable from the Nakashima et al., 1997;
wild type, induced by abiotic | Zheng et al., 2002;
stresses Nishimura et al., 2013
ClpS AT1G68660 | Adaptor subunit, substrate Stroma Indistinguishable from the Nishimura et al., 2013
recognition and delivery wild type; reduced
accumulation of chlorophyll a
and b under short-day
conditions
ClpF AT2G03390 | Binding to ClpS, substrate Stroma Indistinguishable from the Nishimura et al., 2015
recognition and delivery wild type
FtsH
FtsH1 AT1G50250 | Forming the thylakoid FtsH Thylakoid Indistinguishable from the Sakamoto et al., 2003
hexamer (type A), functioning | membrane wild type
in PSII repair
FtsH2 AT2G30950 | VAR2, forming the thylakoid Thylakoid Variegated leaves and Sakamoto et al., 2003;
FtsH hexamer (type B), membrane sensitivity to photoinhibition Kato et al., 2012;
functioning in PSII repair and Jarvi et al., 2016
PSI assembly
FtsH5 | AT5G42270 | VAR1, forming the thylakoid | Thylakoid Variegated leaves and Sakamoto et al., 2002,
FtsH hexamer (type A), membrane sensitivity to photoinhibition 2003; Jarvi et al., 2016

Table 2. Proteases and peptidases in chloroplasts.
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proteins, drought tolerance

dual-localized
to mitochondria

Name | AGI Features Localization Mutant phenotype References
functioning in PSII repair and
PSI assembly
FtsH8 | AT1G06430 | Forming the thylakoid FtsH Thylakoid Indistinguishable from the Sakamoto et al., 2003
hexamer (type B), functioning | membrane wild type
in PSII repair
FtsH6 | AT5G15250 | Degradation of LHCB1and Thylakoid Indistinguishable from the Sakamoto et al., 2003;
LHCBS in darkness or high membrane wild type, sensitive to heat Zelisko et al., 2005;
light treatment, stress Sedaghatmehr
thermomemory et al., 2016
FtsH7 | AT3G47060 |- IEM Indistinguishable from the Wagner et al., 2011
wild type
FtsH9 | AT5G58870 | - IEM Indistinguishable from the Wagner et al., 2011
wild type
FtsH11 | AT5G53170 | TIC protein turnover, IEM Virescent leaves and retarded | Chen et al., 2006, 2018a;
thermotolerance growth, sensitive to heat Adam et al., 2019
stress
FtsH12 | AT1G79560 | Protein import, early IEM Embryo lethal Wagner et al., 2011;
chloroplast development Schreier et al., 2018;
Shingo et al., 2018;
Mielke et al., 2021
Lon
Lon1 AT5G26860 | Removal of damaged Chloroplast and | Shorter root and stem, smaller | Rigas et al., 2009; Daras
proteins, organelle biogenesis | mitochondria leaves, and retarded growth | et al., 2014
Lon4 AT3G05790 | Removal of damaged Thylakoid, Sensitivity to drought stress | Ostersetzer et al., 2007; Li

et al., 2010

ATP-independent proteases

no visible phenotypes for
prep2 mutant, virescent

Deg

Deg1 AT3G27925 | Cleaving the lumen Lumenal side of | Early flowering; fewer, thinner, | Kapri-Pardes et al., 2007;
transmembrane loop of D1, thylakoid and pale-green leaves; Kley et al., 2011
PSII repair membrane sensitivity to photoinhibition

Deg2 AT2G47940 | Degradation of LHCBS6, Stromal side of | Indistinguishable from the Huesgen et al., 2006;
chaperone-like activity, thylakoid wild type Lucinski et al., 2011a;
possibly cleaving the stroma | membrane Sun et al.,, 2012
transmembrane loop of D1

Deg5 AT4G18370 | Degradation of PsbF and Lumenal side of | Slightly reduced growth rate | Sun et al., 2007; Lucinski
synergistic function in the thylakoid etal., 2011b
degradation of D1 (cleaving membrane
the lumenal transmembrane
loop of D1) with Deg8

Deg7 AT3G03380 | PSII (D1, D2, CP43, and CP47) | Stromal side of | Indistinguishable from the Sun et al., 2010
repair, possibly cleaving the | thylakoid wild type
stromal transmembrane loop | membrane
of D1

Deg8 AT5G39830 | Synergistic function in the Lumenal side of | Slightly reduced growth rate | Sun et al., 2007
degradation of D1 (cleaving thylakoid
the lumenal transmembrane | membrane
loop of D1) with Deg5

Peptidases

SPP AT5G42390 | TP cleavage of newly Stroma Embryo lethal Trosch and Jarvis, 2011
imported proteins

PreP1 AT3G19170 | Degradation of peptides with | Stroma Very weak chlorotic Nilsson Cederholm et al.,

PreP2 | AT1G49630 length of 10-65 amino acids phenotype for prep1 mutant, | 2009

Table 2. Continued
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Name | AGI Features Localization Mutant phenotype References
leaves with reduced thylakoid
grana stacks for prep1 prep2
double mutant
OOP AT5G65620 | Degradation of peptides with | Stroma Indistinguishable from the Kmiec et al., 2013;
length of 8-23 amino acids wild type, may be involved in | Moreau et al., 2013
salicylic acid signaling
Plsp1/ | AT3G24590 | Degradation of TT in the Thylakoid Albino and death before Inoue et al., 2005;
TPP lumen and maturation of membrane development of complete true | Shipman and Inoue,
TOC75 and envelope leaves 2009; Shipman-
Roston et al., 2010
Others
CtpA AT4G17740 | C-terminal processing of D1 | Lumen Essential for autotrophic Che et al., 2013
growth and chloroplast
development
EGY1 AT5G35220 | Metalloprotease activity, Thylakoid Pigmentation deficiency Chen et al., 2005
chloroplast development membrane
EGY2 AT5G05740 | Metalloprotease activity, Thylakoid Shorter hypocotyls and larger | Chen et al., 2012;
hypocotyl elongation, membrane rosette leaves at flowering Adamiec et al., 2018
regulation of chloroplast gene time
expression
SppA AT1G73990 | High light acclimation Thylakoid Indistinguishable from the Wetzel et al., 2009
membrane wild type, sensitive to high
light stress
NANA | AT3G12700 | Aspartyl protease, regulates | Chloroplast Shorter hypocotyl and roots at | Paparelli et al., 2012
carbohydrate metabolism, seedling stages, dwarf
starch accumulation phenotypes in soil
CND41 | AT5G10770 | Aspartyl protease, DNA Stroma Tobacco antisense lines show | Nakano et al., 1997;
binding, degradation of delayed-senescence Kato et al., 2004
Rubisco holoproteins during phenotype in nitrogen-
leaf senescence depleted conditions
CGEP | AT2G47390 | Glutamyl peptidase, may be | Stroma Indistinguishable from the Bhuiyan et al., 2020
involved in starch metabolism wild type, genetically interacts
with Clp mutants

Table 2. Continued

membrane (Kapri-Pardes et al., 2007; Kato et al., 2012; Butenko
et al., 2018). In addition to D1 repair, thylakoid FtsH also
participates in the turnover of various photosynthetic proteins
(Ostersetzer and Adam, 1997; Malnoe et al., 2014; Bujaldon
et al., 2017) and is involved in the biogenesis of PSI (Figure 3
and Table 2; Jarvi et al., 2016).

The loss of function of FtsH2 (VAR2), the most abundant FtsH
isomer, and FtsH5 (VART), the second most abundant FtsH
isomer, results in a strong and weak leaf-variegation phenotype,
respectively, even under normal light conditions, indicating
their vital role in thylakoid biogenesis (Takechi et al., 2000;
Sakamoto et al., 2002). Interestingly, an intensive suppressor
screening of var1/var2 mutants identified many components of
the chloroplast translation machineries (Miura et al., 2007; Yu
et al., 2008; Liu et al., 2010a, 2010b). Although the precise
mechanism of the suppression remains elusive, a “threshold”
model has been suggested in which these mutations rebalance
chloroplast proteostasis in the var mutants by reducing the
loads of the proteome. The other thylakoid-localized isomer,
FtsH6, is not involved in the PSII repair cycle. It was shown to
participate in thermomemory in Arabidopsis by negatively regu-

lating the abundance of HSP21 (Sedaghatmehr et al., 2016;
Chen et al., 2017), indicating the diverse roles of FtsH in plants
during environmental challenges.

Another set of FtsH proteases is localized in the IEM, including
FtsH7, 9, 11, 12, and five proteolytically inactivated FstHs
(FtsHi1-5). FtsH11 may participate in the regulation of TIC protein
turnover and plays a role in plant thermotolerance (Chen et al.,
2006; Adam et al., 2019). Interestingly, as discussed above,
FtsH12 and four FtsHi proteins (FtsHi1, 2, 4, 5), together with
NAD-malate dehydrogenase and the chloroplast-encoded Ycf2,
form a 2-MD complex that serves as an import motor involved
in the ATP-dependent translocation of preproteins through the
TIC channel (Schreier et al., 2018; Shingo et al., 2018). FtsHif,
also known as ARC1 (ACCUMULATION AND REPLICATION OF
CHLOROPLAST1), was identified early through its role in chloro-
plast division (Kadirjan-Kalbach et al., 2012; Mishra and Funk,
2021). The connection of its functions in protein import and
chloroplast division is still not clear. Interestingly, a recent study
showed that Tic236, a large TIC component constantly linking
the TIC and TOC complex, also plays a role in chloroplast
division (Chen et al., 2018b; Fang et al., 2022), providing a hint
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for the connection of these two processes. The depletion of
FtsHi5 results in hypersensitivity to decreased ambient
temperature (Li et al., 2021), which has also been observed in
many mutants with disrupted chloroplast proteostasis (fug1,
prps17, prpl11, and var2; Marino et al., 2019), indicating a close
link between chloroplast proteostasis and temperature stress.

The aberrant accumulation of peptides generated by precursor
processing and protein degradation can affect chloroplast func-
tion, and such peptides must be further degraded and recycled.
Transit peptides are cleaved by stromal processing peptidase
(SPP) and by thylakoidal processing peptidase (TPP) for cleavage
of the second peptide that directs the targeting of thylakoid lumen
proteins (Chaal et al., 1998; Richter and Lamppa, 1998). The
resulting transit peptide fragments and protein degradation
products (short peptides) from Clp, FtsH, and other proteases
are further degraded by SPP, presequence peptidase (PreP,
degrading peptides with a length of 10-65 amino acids), and/or
organellar oligopeptidase (OOP, degrading peptides with a
length of 8-23 amino acids) to avoid their proteotoxic effects on
chloroplast proteostasis (Figure 3 and Table 2; Richter and
Lamppa, 1999; Stahl et al., 2005; Kmiec et al., 2013; Kmiec
et al., 2014).

The lifetimes of different proteins can vary from hours to days or
even months. Radiolabeling was widely used in early studies to
estimate protein turnover rate by following the decreased kinetics
of isotope pulse-labeled proteins in the chasing phase.
These studies provided insights mainly into the protein lifetimes
of enzymes involved in primary metabolism, with a strong
focus on photosynthetic machineries (Kemp and Sutton, 1971;
Trewavas, 1972). Development of approaches that combined
isotope labeling with mass spectrometry analysis enabled a
comprehensive view of protein turnover at the proteome level
(Nelson et al., 2014a, 2014b; Ishihara et al., 2015; Li et al,,
2017). Contrary to conventional knowledge, highly abundant
proteins, e.g., subunits of Rubisco, have been shown to turn
over very slowly. This could be explained by the fact that
protein synthesis and degradation are highly energy-consuming
processes. It has been estimated that the synthesis of new
proteins can account for 38% of total respiratory ATP, half of
these ATP are used for the synthesis of Rubisco (Li et al.,
2017). It would be energy-saving to maintain these highly
abundant proteins with long lifetimes.

The regulation of protein lifetime (stability) in chloroplasts is not
yet fully understood. However, the first N-terminal amino acid (af-
ter excision of the starting Met for chloroplast-encoded proteins
or cleavage of the TP for nucleus-encoded proteins) is an impor-
tant determinant of protein stability, referred to as N-end rules, in
both prokaryotes and eukaryotes (Mogk et al., 2007; Varshavsky,
2011). For tobacco plastid proteins, it has been shown that N-
terminal Glu, Met, and Val residues result in high accumulation
of plastid genome-expressed GFP protein, whereas N-terminal
His and Cys-GFP are very unstable (Apel et al., 2010). The
adaptor subunit of Clp protease, CIpS, appears to participate in
substrate recognition by binding directly to the N-terminal
destabilizing residues (N-degron) for substrate delivery in E. coli
(Roman-Hernandez et al., 2009; Schmidt et al., 2009). A
homolog of CIpS (ClpS1) has been identified in Arabidopsis
(Nishimura et al., 2013). ClpS1 interacts with the chloroplast-spe-
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cific subunit ClpF, forming a binary adaptor complex that directly
binds to Clp substrates for their degradation (Figure 3; Nishimura
et al.,, 2015). However, analysis of the degradation rate of
Arabidopsis proteins by isotope labeling and mass
spectrometry shows that the degradation rate seems to be
uncorrelated with the rules of N-terminal stable/unstable amino
acids; it is instead determined by their intrinsic properties (Li
et al., 2017), adding more complexities to our understanding of
the regulation of chloroplast proteostasis. Moreover, protein
degradation rate is strongly regulated by environmental stimuli,
enabling fast remodeling of the proteome for new growth
conditions (Li et al., 2022b).

CHLOROPLAST CHAPERONES AND THE
UNFOLDED PROTEIN RESPONSE

Newly synthesized or imported proteins must be efficiently folded
for their functionality, at the same time preventing the proteotox-
icity of unfolded proteins to the cell. Chaperones play a central
role in protein folding/refolding processes and the delivery of pro-
teins that cannot be correctly folded to proteases for degradation
(Kim et al., 2013b; Balchin et al., 2016). Several chloroplast
chaperones have been demonstrated to play roles in protein
import in association with Tic110, including HSP93/ClpC,
HSP90C, cpHSC70, and the chaperonin CPN60 (Flores-Perez
and Jarvis, 2013). The Tic110-Tic40 complex has been
excluded from the 1-MD TIC complex; however, Tic110 with its
associated chaperones may act at the later stage of the import
process that is closely linked to post-import folding. HSP93/
ClpC, as discussed above, has dual roles in Clp-mediated protein
degradation and the PQC of protein import (Flores-Pérez et al.,
2016). Early studies identified cpHSC70 and HSP90C as
import motors. Although the new Ycf2-FtsHi motor has been
suggested, a role for cpHSC70 and HSP90C in protein import
cannot be excluded, as loss of function of cpHSC70-1, the major
form of cpHSC70, and pharmacological inhibition of HSP90C ac-
tivity by radicicol produce strong import defects (Shi and Theg,
2010; Su and Li, 2010; Inoue et al., 2013). Their role in protein
import may be as post-import chaperones that bind to prepro-
teins to prevent their misfolding/aggregation and participate in
the follow-up folding process. In fact, other than a
TIC-associated chaperone, cpHSC70 plays a critical role in the
maintenance of stromal proteostasis by participating in the
folding/refolding process of stromal proteins. In Arabidopsis,
cpHSC70 has been shown to work together with HSP100 chap-
erone ClpB3 and CIpC1 to determine the refolding/reactivation
(through ClpB3) or degradation (through Clp protease) of DXS,
the rate-limiting enzyme of the MEP pathway (Pulido et al., 2016).

In addition to the HSP70 and HSP100 families, group | chapero-
nin CPN60s and their co-chaperonin CPN10/20 form another
major machinery that assists in chloroplast protein folding
(Vitlin Gruber et al., 2013; Zhao and Liu, 2017). A well-studied
protein substrate of CPN60 chaperonins is RbcL. Indeed,
chloroplast chaperonin was initially identified as a Rubisco-bind-
ing protein (Hemmingsen and Ellis, 1986; Hemmingsen et al.,
1988). Recently, CPN60 has been shown to participate in the
thylakoid membrane integration of Plsp1 (thylakoid-processing
peptidase) by capturing Plsp1 and releasing it to the SEC
translocon on the thylakoid membrane (Klasek et al., 2020),
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suggesting that CPN60s also function in intra-chloroplast protein
targeting. Moreover, CPN60s also participate in chloroplast pro-
tein import and chloroplast division (Kessler and Blobel, 1996;
Suzuki et al., 2009), indicating the multiple functions of these
chaperonins.

When misfolded proteins accumulate and exceed the buffering
capacity of PQC, an unfolded protein response (UPR) will be
induced to upregulate genes encoding PQC components and
rebalance proteostasis. The UPRs in the ER (UPR®) and mito-
chondria (UPR™) have been well studied in mammals and
plants (Howell, 2013; Anderson and Haynes, 2020). Inhibition
of chloroplast translation by lincomycin (which induces a
rapid accumulation of aggregated proteins in chloroplasts),
conditional depletion of Clp protease, and mutation of FtsH2
has been shown to trigger a UPR-like response in chloroplasts
(UPR®P; Ramundo and Rochaix, 2014; Ramundo et al., 2014;
Llamas et al., 2017; Dogra et al., 2019a). As in the UPR®*" and
UPR™, a group of nucleus-encoded proteins involved in chloro-
plast PQC are induced in response to UPR®P, including ClpB3,
cpHSC70, HSP21, and reactive oxygen species (ROS) detoxifiers
(in the var2 mutant), and this appears to be mediated by the heat-
shock factor HSFA2 (Llamas et al., 2017; Dogra et al., 2019a). A
similar UPR®® was observed in Chlamydomonas. Interestingly, a
cytosolic protein kinase named Mars1 (for mutant affected in
chloroplast-to-nucleus retrograde signaling) has been identified
and shown to participate in the retrograde signaling pathway of
the UPR®P to mediate HSP induction (Kessler and Longoni,
2019; Perlaza et al., 2019). However, the cytosolic components
that relay UPR®P signaling in higher plants remain elusive.

RETROGRADE SIGNALING RELATED TO
CHLOROPLAST PROTEOSTASIS

Chloroplasts have evolved critical roles in sensing physiological
and environmental cues to tune nuclear gene expression by retro-
grade signaling (Chan et al., 2016; Schwenkert et al., 2022). In the
1970s, it had already been noticed that cytosolic synthesis of
chloroproteins was inhibited by defective chloroplast gene
expression in the “albostrains” barley mutant (Bradbeer et al.,
1979). Since then, multiple retrograde signaling pathways have
been identified that relay the status of the chloroplast to the
nucleus to control the expression of nuclear genes and, hence,
the sets of chloroproteins to be imported into chloroplasts.
These retrograde signals include tetrapyrrole intermediates
and signals from plastid gene expression (known as biogenetic
control), ROS and redox signals from PET, and other
chloroplast metabolites (termed operational control; de Souza
et al., 2017; Hernandez-Verdeja and Strand, 2018; Li and Kim,
2022).

The imbalance of chloroplast proteostasis was shown to trigger
a nuclear response to upregulate components of chloroplast
PQC, indicating the existence of proteostasis-related chloroplast
retrograde signaling. Mutation of FtsH2 (var2 mutant) disturbs
thylakoid proteostasis and induces a UPR-like response that up-
regulates the expression of chloroplast chaperones, proteases,
and ROS detoxifiers (Dogra et al., 2019a). FtsH2 was shown to
be involved in the turnover of EXECUTOR1 (EX1) and EX2 pro-
teins (putative singlet oxygen ['0,] sensors) at the granal margins,
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thus participating in the 'O, retrograde signaling pathway that is
functionally linked to PSII repair (Wang et al., 2016; Dogra et al.,
2019b, 2022). The stress hormone salicylic acid (SA) seems to
take part in FtsH2-related retrograde signaling, as SA-responsive
genes were largely upregulated in the var2 mutant. Meanwhile,
the inactivation of ENHANCED DISEASE SUSCEPTIBILITY1
(EDS1, a vital immune component that positively regulates
SA synthesis and signaling; Cui et al, 2017) in the flu
mutant (conditional fluorescent [flu] mutant that generates
'0, in chloroplasts upon a dark-to-light shift; Meskauskiene
et al., 2001) compromises 'O,-triggered stress responses
(Ochsenbein et al., 2006; Duan et al., 2019). However, a direct
link between SA and plastid ROS retrograde signaling needs to
be established in future studies.

GUN1 was initially identified as a central integrator of multiple
retrograde signaling pathways, as its mutation uncoupled nuclear
gene expression under conditions that altered different retro-
grade signaling pathways (Koussevitzky et al., 2007b). Recent
studies suggested that GUN1 plays a critical role in the
maintenance of chloroplast proteostasis. Inactivation of GUN1
only weakly delays seedling greening at early germination
stages, with no obvious phenotypes in mature plants in which
chloroplast biogenesis is completed. However, introduction of
the gun1 allele into single mutants with reduced chloroplast
proteostasis capacity, including mutants of plastid translation
initiation factor (fug; Marino et al., 2019), a ribosomal protein
(orpl11; Tadini et al., 2016), proteases (var? and var2; Tadini
et al.,, 2020), and subunits of the protein import apparatus
(clpc1 and cphsc70-1; Wu et al., 2019b), severely aggravates
their mutant phenotype. Hence, GUN1 emerges as a putative
harmonizer of chloroplast proteostasis (Wu and Bock, 2021).
GUN1 seems to regulate chloroplast proteostasis by controlling
the import of housekeeping proteins under conditions that
alter retrograde signaling (Wu et al., 2019a, 2019b). Depletion
of GUNT1 results in aberrant accumulation of chloroprotein
precursors in the cytosol, induction of cyHSP90 and cyHSP70
chaperones, and, hence, expression of the GUN phenotype, as
the expression of photosynthesis-associated nuclear genes
(PhANGS) is positively correlated with HSP90 activity (Wu et al.,
2019b). It is worth mentioning that although PhANG transcripts
are accumulated in the gun1 mutant, their protein products are
not. This post-transcriptional regulation involves both transla-
tional repression and UPS-dependent degradation of these pro-
teins (Tokumaru et al., 2017; Wu et al., 2019a).

However, it should be noticed that the GUN phenotype of gun1 is
based on a comparison of PhANG expression between gun1 and
the wild type under the same conditions that block chloroplast
biogenesis (treated with lincomycin or norflurazon), but not be-
tween gun1 and the untreated wild type in which normal chloro-
plast biogenesis proceeds. Indeed, PhANG expression in guni
is only higher than that of the lincomycin/norflurazon-treated
wild type; it is still much lower than that of the untreated wild
type or gun1 mutants. Thus, this model cannot be used to explain
the reduced expression of PhANGs in ppi2, tic100°“®8, or any
other virescent mutants (with import defects) in comparison
with the healthy wild type (Kakizaki et al., 2009; Loudya et al.,
2022). The reduced protein import in the ppi2 or tic100°4%®
mutant represses the biogenesis of chloroplasts, thus triggering
downregulation of PhANG expression, further indicating that
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chloroplasts with disturbed proteostasis emit a retrograde signal
to tune nuclear gene expression for rebalancing proteostasis.
However, the nature of this retrograde signal and the mechanism
by which it regulates nuclear gene expression remain elusive.

CONCLUDING REMARKS

The biogenesis, maintenance, and remodeling of chloroplast pro-
teostasis require orchestration of the synthesis, import, assem-
bly, and turnover of proteins expressed from both chloroplast
and nuclear genomes. Significant progress has been made in
the last decades in understanding the regulation of chloroplast
proteostasis. However, our knowledge of these regulatory pro-
cesses, their underlying mechanisms, and the factors involved
is still limited. For example, the influence of different environ-
mental factors on chloroplast translation and the trans-factors
involved in these regulations need to be identified. Chloroplast
translation seems to strongly interact with protein synthesis in
the cytosol. Likewise, import defects will result in aberrant accu-
mulation of chloroprotein precursors in the cytosol, which
strongly affects cytosolic proteostasis and triggers PAR®P. How-
ever, the cellular network of PAR®P remains largely elusive. Future
studies will gradually reveal how plant cells coordinate protein
synthesis with the maintenance of proteostasis between the chlo-
roplast and cytosol, and also with proteostasis in other
subcellular compartments such as the mitochondria and ER.

Thousands of chloroproteins need to be imported into plastids
during their biogenesis and/or transition into different types of
plastids. TOC receptors must decode the information embedded
in the cTP, as the cTP seems to contain detailed developmental-
stage-specific and tissue-specific targeting signals. Different
TOC complexes have been shown to prefer the import of different
sets of proteins, i.e., photosynthetic proteins for Toc159/Toc33
and housekeeping proteins for Toc132/Toc120/Toc34. Identifi-
cation of new factors involved in the specificity of substrate selec-
tion will provide new insights into the spatiotemporal regulation of
chloroplast protein import. In addition, most of our knowledge of
protein import has been obtained from model species such as
Arabidopsis and pea. Future studies may focus more effort on
crop plants such as the important monocot crops rice, wheat,
and maize and on regulation during plastid type transitions, as
in tomato fruits.

Chloroplasts with imbalanced proteostasis will emit signals to
modulate nuclear gene expression, especially by upregulating the
genes that encode chloroplast PQC components. However, this
retrograde signaling pathway is still poorly understood. Moreover,
the chloroplast signals, such as '0, and methylerythritol cyclodi-
phosphate (MEcPP), seem to have a close connection with other
organelles, for example, modulating the UPR®" (Walley et al.,
2015). Understanding the cooperation mechanism between
chloroplast proteostasis and the proteostasis of other subcellular
compartments will be essential for future improvement of stress
tolerance in crops.
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