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Abstract: Low and high temperatures are life-threatening stress factors, diminishing plant productiv-
ity. One of the earliest responses of plants to stress is a rapid burst of reactive oxygen species (ROS)
in chloroplasts. Widespread efforts over the past decade shed new light on the chloroplast as an
environmental sensor, translating the environmental fluctuation into varying physiological responses
by utilizing distinct retrograde (chloroplast-to-nucleus) signals. Recent studies have unveiled that
chloroplasts mediate a similar unfolded /misfolded /damaged protein response (cpUPR) as observed
in the endoplasmic reticulum and mitochondria. Although observing cpUPR is not surprising since
the chloroplast is a prime organelle producing harmful ROS, the intertwined relationship among
ROS, protein damage, and chloroplast protein quality controls (cpPQCs) with retrograde signaling
has recently been reported. This finding also gives rise to critical attention on chloroplast proteins
involved in cpPQCs, ROS detoxifiers, transcription/translation, import of precursor proteins, and
assembly /maturation, the deficiency of which compromises chloroplast protein homeostasis (pro-
teostasis). Any perturbation in the protein may require readjustment of proteostasis by transmitting
retrograde signal(s) to the nucleus, whose genome encodes most of the chloroplast proteins involved
in proteostasis. This review focuses on recent findings on cpUPR and chloroplast-targeted FILA-
MENTOUS TEMPERATURE-SENSITIVE H proteases involved in cpPQC and retrograde signaling
and their impacts on plant responses to temperature stress.

Keywords: FILAMENTOUS TEMPERATURE-SENSITIVE H; protein quality control; proteostasis;
retrograde signaling; reactive oxygen species

1. Introduction

The climate crisis, driven mainly by escalating CO, emissions (https://www.ipcc.ch
(accessed on 1 October 2021)), exacerbates global warming, accompanied by extreme
and unpredictable weather changes worldwide. This problem urges plant scientists to
unveil mechanisms underlying plant thermotolerance and water stress to produce more
sustainable crop plants toward climate changes and diminishing arable land. Accordingly,
over the past several years, we observed an increasing number of research articles related to
climate change, especially with great emphasis on thermotolerance, carbon sequestration,
and unveiling the climate-adaptive genetic loci using a set of geographically diverse natural
variants [1-4].

Exploring plant basal and acquired thermotolerance has enabled the finding of vi-
tal molecular components, which play decisive roles in heat stress (HS) responses [5,6].
The basal response is determined by an inherent aptitude of plants toward the level of
optimal growth temperature. In contrast, an acquired thermotolerance can be practically
gained against lethal HS (i.e., preacclimation by mild HS prior to lethal HS). Nonethe-
less, the shared consequence of these seemingly different HS is the accumulation of un-
folded /misfolded /damaged proteins, which to a certain level can be controlled through
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a process called unfolded protein response (UPR) [6]. Endoplasmic reticulum and mito-
chondrial UPR (erUPR and mtUPR, respectively) have been reported to play essential roles
for protein-folding homeostasis under oxidation-prone stress conditions [7-9]. Although
chloroplasts overproduce harmful reactive oxygen species (ROS) upon exposure to various
oxidative stress conditions, including heat and cold stresses, whereby Rubisco alone ac-
counts for over 60% of total foliar soluble proteins [10], the chloroplast UPR (cpUPR) has
recently been identified in mutants of Arabidopsis thaliana (Arabidopsis) and Chlamydomonas
defective in chloroplast proteostasis [11-13]. Like heat stress, cold stress also leads to
ROS accumulation in chloroplasts [14,15]. However, it is unclear whether cpUPR also
contributes to plant cold stress response(s). It is also important to note that chloroplasts can
detoxify harmful ROS through enzymatic and nonenzymatic systems [16]. However, under
long-lasting or severe stress conditions, the level of ROS exceeds the scavenging capacity
of chloroplasts, concurrently enabling activation of signaling and oxidative damage [17].

In the eukaryotic protein quality control (PQC) system, some chaperones refold
unfolded/misfolded proteins, while others facilitate their degradation through the 26S pro-
teasome in the cytosol and nucleus. The post-translational modifications (PTMs), including
ubiquitination, play a vital role in protein turnover. As endosymbionts, mitochondria
and chloroplasts also utilize nuclear-encoded chloroplast chaperones and bacterial-type
proteases for protein refolding and turnover [9,11,18]. Given that chloroplasts continually
produce ROS, which alters protein structure and functionality, the correlated response of
the nuclear genome to chloroplast PQC (cpPQC) status might be crucial for maintaining
proteostasis under various ROS-overproducing stress conditions. This notion implies
that, in addition to PTMs, mitochondrial and plastid proteostasis requires nuclear genome
coordination to express a suite of genes needed for proteostasis in the targeted subcellular
organelles.

Here, we mainly discuss topics regarding the multifaceted regulation of chloroplast
proteostasis by explicitly focusing on the FILAMENTOUS TEMPERATURE-SENSITIVE
H (FtsH) family in Arabidopsis [19], which paves the way for understanding chloroplast-
mediated plant resilience toward a changing environment.

2. Chloroplast ROS-Mediated Operational Retrograde Signaling

Chloroplast ROS, byproducts of photosynthesis, are accountable for the photodamage
of chloroplast macromolecules, such as proteins, lipids, and nucleic acids [20-24]. These
harmful ROS produced in chloroplasts include singlet oxygen ('O,), superoxide anion
(O27), hydrogen peroxide (H,0,), and hydroxyl radical (HOe) [16,25,26]. Since the various
foliar metabolisms significantly rely on chloroplasts, it is indisputable that the ROS-driven
chloroplast photodamage will negatively affect plant productivity, especially under fluc-
tuating, severe, and long-lasting stress conditions. However, independent studies have
revealed that chloroplast ROS can be beneficial for plants to adapt to distinct stress factors
by triggering various signaling pathways from the stressed chloroplasts back to the nucleus,
collectively referred to as operational retrograde signaling (ORS) [22,27,28]. For instance,
the ROS-driven oxidation of proteins and an antioxidant compound (f3-carotene) were
found to be integral for activating ORS pathways in response to external stimuli, such
as high light, cold, drought, and herbivores, thereby linking chloroplast photodamage to
signaling [23,29-31]. Like PTMs, including phosphorylation, acetylation, ubiquitination,
and SUMOylation, critical for modulating stress signaling, ROS-driven oxidative PTMs
and subsequent conformational changes and/or turnover seem to modulate retrograde
signaling to coordinate cellular stress responses.

3. Chloroplast FtsH-Dependent Proteostasis Functions in Photoprotection

Among those chloroplast proteases implicated in cpPQC, the ATP-dependent zinc
metalloprotease FtsH family is involved in plant resilience against heat and cold stress. Ft-
sHs are integral membrane proteases comprising an AAA (ATPase associated with various
cellular activities) and a Zn?* protease domain, universally found in eubacteria, chloro-
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plasts, and mitochondria [32-34]. Typically, FtsH proteases are barrel-shaped homo or
hetero hexamers anchored in the membrane through one or two transmembrane domains.
FtsH proteases unfold protein substrates through AAA-dependent ATP hydrolysis and
degrade them in a proteolysis chamber. The bacterial genome harbors only one single
FtsH, critical to confer high temperature-tolerant division [35], except for the cyanobac-
terial genome with four FtsH genes [36,37]. The oxygenic photosynthesis most likely
resulted in the multiplication of FtsH in cyanobacteria [38,39]. Intriguingly, a recent study
demonstrated that FtsH also regulates bacterial transcription by proteolytically modulating
the activity of an atypical membrane-bound transcription factor in the Gram-positive
pathogen Staphylococcus aureus [40]. In Escherichia coli, FtsH also participates in membrane
lipid biosynthesis by proteolytically regulating the level of LpxC, a deacetylase catalyz-
ing the first step of lipid A biosynthesis, thereby sustaining the membrane permeability
barrier [41,42]. Yeast contains three FtsH genes whose functions are implicated in thermo-
tolerance, protein import, and proteostasis [43]. In contrast to prokaryotes and yeast, there
are 12 nuclear-encoded FtsH proteases in Arabidopsis, among which nine FtsHs function in
chloroplasts and three FtsHs in mitochondria [44]. It became increasingly clear that FtsH
proteases are essential for sustaining membrane PQC, alleviating cold- and heat-induced
chloroplast damage [24,44-46].

In plants, the thylakoid membrane-anchored hetero-hexameric FtsH complex has
been widely studied due to its involvement in chloroplast biogenesis and PSII quality
control [47,48]. Four isomers, i.e., type A FtsH1 and FtsH5, as well as type B FtsH2 and
FtsH8, comprise the hetero hexamer assembled in the non-appressed regions, such as
the grana margin and stromal lamellae [49,50]. Nonetheless, given the striking foliar
phenotype (so-called leaf variegation) of var2 (ftsh2) and varl (ftsh5) mutants and higher
protein abundance among their isomers, FtsH2 and FtsH5 are considered significant
subunits of the hetero hexamer. In addition to the leaf variegation, var2 and var]l mutants
exhibit extreme sensitivity toward high-light and cold stresses because of the failure of PSII
quality control [24,48].

Chloroplasts overproduce ROS through PSII and PSI under various stress condi-
tions, such as cold, heat, and high light [16]. Among those ROS, PSII-generated 10, has
been widely accepted as a major ROS in damaging PSII core proteins, including D1. The
ROS-damaged PSII core proteins undergo proteolysis via PSII quality control in the PSII
repair cycle [47,51]. For instance, the partially disassembled PSII core complex exposes the
damaged D1 protein, enabling its proteolysis by the thylakoid membrane-bound hetero-
hexameric FtsH protease. Hence, the loss of either FtsH2 or FtsH5 would increase the
amount of 1Oz—damagecl PSII core proteins [23,24,52]. The accumulation of damaged PSII
core proteins triggers cpUPR in the var2-9 mutant harboring a missense mutation in the
AAA domain of FtsH2, impairing substrate-unfolding activity [18]. The var2-9-induced
cpUPR genes involved in cpPQC include genes encoding chaperones, proteases, and ROS
detoxifiers. A similar cpUPR was also observed in Arabidopsis and Chlamydomonas mu-
tants with reduced stromal Clp protease activity [11,12], suggesting that a defect in either
membrane proteostasis or stromal proteostasis can trigger cpUPR through a yet unknown
signaling mechanism. However, since Clp protease is known to recognize both OXYGEN-
EVOLVING ENHANCER PROTEIN 1-1 (PsbO) and polypeptides of the cytochrome bsf
complex in the electron transfer chain, perhaps clp-induced cpUPR has partly resulted from
defective membrane proteostasis [53,54]. Nevertheless, both var2-9 and clp mutants exhibit
higher expression of HEAT-STRESS TRANSCRIPTION FACTOR A-2 (HSFA2) than wild-
type plants. HSFA2 then drives the expression of various chaperones, such as heat-shock
proteins (HSPs). In particular, the increased levels of chloroplast-localized HSP70 and
ClpB3 chaperones seem to be essential for refolding the aggregated enzyme in the plastidial
methylerythritol phosphate (MEP) pathway under oxidative stress conditions [11,18,55],
suggesting that the MEP pathway tends to be deactivated in var2-9 and clp mutant plants.
Since the MEP pathway is essential for maintaining photosynthesis and directly linked to
the activation of retrograde signaling, a deactivation of the MEP pathway and/or accumu-
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lation of certain intermediates may trigger appropriate adaptive stress responses [27,56].
Indeed, one of the intermediates, methylerythritol cyclodiphosphate (MEcPP), induces a
suite of nuclear genes encoding the core erUPR proteins [57], suggesting that chloroplast
retrograde signals can modulate ER stress. However, it is unclear whether MEcPP can also
induce cpUPR.

Moreover, the defective membrane proteostasis in the var2-9 mutant increases cellu-
lar salicylic acid (SA) content via the chloroplast isochorismate (ICS) pathway without
transcriptional reprogramming of nuclear genes involved in the ICS pathway such as
ISOCHORISMATE SYNTHASE 1 (ICS1) [24]. Similar to var2-9, the var2 null mutant is
found to rapidly induce SA-responsive genes upon exposure to combined high-light and
cold stress (PSII-damaging stress conditions). Hence, it is conceivable that the defective
proteostasis and accumulation of damaged proteins, such as PSII core proteins, in both
var2-9 and var2 null mutants may simultaneously stimulate the ICS pathway. Moreover, an
uncoupled accumulation of SA to the ICS1 transcript abundance implies that the rapidly
accumulated SA through a post-translational activation of the chloroplast ICS pathway
may directly mediate retrograde signaling in var2 mutants. Examining the expression
levels of cpPQC genes in var2 mutants with depleted SA (e.g., by expressing bacterial
SA-hydrolyzing enzyme NahG) may also prove whether SA is involved in the expression
of cpPQC genes to reduce chloroplast photodamage. Notably, a high cellular SA level
modulates ER stress and UPR [58], indicating that SA and MEcPP signaling are intertwined
with the erUPR.

Like the PSII reaction center, the light-harvesting antenna complex of PSII (LHCII) also
inevitably produces ROS in the process of energy capture, damaging LHCII proteins [17,25].
While the thylakoid membrane hetero-hexameric FtsH protease removes the damaged PSII
core protein D1, the LHCII turnover mechanism is relatively unclear. Despite the uncer-
tainty, among those LHCII proteins, Lhcb1 and Lhcb3 were previously shown to undergo
FtsH6 protease-dependent proteostasis under high-light stress and during dark-induced
senescence, respectively [59]. However, whether both LHCII proteins are genuine sub-
strates of FtsH6 or FtsH6 mediates their proteolysis through other membrane proteases was
not addressed. Likewise, it is unknown if FtsH6 functions as a homo- or hetero-hexameric
complex in the thylakoid membrane. Moreover, the prevailed post-translational modifica-
tion of LHCII proteins, i.e., phosphorylation, under fluctuating light conditions was not
associated with their turnover [60]. Perhaps, the ROS-dependent oxidative modification
may stimulate their turnover through an oxidation-driven conformational change. As for
D1, the N-terminal domain of LHCII is critical for its acclimation-prone proteolysis [61].
Thus, if the ROS-dependent conformational change of LHCII triggers its proteolysis, the
structural change may occur in the N-terminal region. In contrast to the proposed func-
tion of FtsH6 toward photo-acclimative LHCII turnover, the Arabidopsis mutant lacking
FtsH6 behaves like wild-type plants under photoinhibitory conditions [37]. Under the
same experimental conditions, not ftsh6 but only varl and var2 mutants showed a drastic
decline in PSII activity, raising the question of the biological relevance of LHCII turnover
by FtsH6. Consistently with this notion, FtsH6 was found to be dispensable for LHCII
protein degradation in planta [44].

4. Thylakoid Membrane Ftsh6 and Hsp21 Modules Function in Thermomemory

After more than 10 years from the initial report on FtsH6 function, Sedaghatmehr
et al. [62] demonstrated that FtsH6 plays a negative role in sustaining thermomemory by
promoting HEAT-SHOCK PROTEIN 21 (HSP21) turnover in chloroplasts. It was suggested
that maintaining acquired thermotolerance relies on upholding high levels of chloroplast-
targeted HSP21 during the HS recovery phase (several days without external stimuli),
referred to as thermomemory [62]. This maintained thermomemory with retained high
levels of HSP21 confers thermotolerance to plants subsequently treated with lethal HS.
Hence, the Arabidopsis ftsh6 mutant exhibits enhanced thermomemory and thermotolerance
to lethal HS. However, whether HSP21 is a direct substrate of FtsH6 protease or whether
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FtsH6 drives HSP21 turnover by forming a hetero hexamer with other FtsH proteases
remains unknown. Alternatively, FtsH6 may facilitate HSP21 degradation through distinct
chloroplast proteases. The same research group later revealed that not only FstH6 but
also autophagy (implicated in both selective degradations of plastid proteins and plastids)
is required for HSP21 degradation in the vacuole [63]. Consistently, inactivation of both
FtsH6 and autophagy greatly improves thermomemory with an increased level of HSP21
during the HS recovery. In sharp contrast to the thermomemory-driven thermotolerance, it
was shown that the responses regarding basal and acquired heat-stress tolerance in ftsh6
mutant plants are comparable to those in wild-type control plants. Since heat stress rapidly
induces both FtsH6 and its likely substrate HSP21 [64], it is puzzling why the ftsh6 mutant
shows comparable basal and acquired thermotolerance levels relative to wild-type plants.
Perhaps, other chaperone-protease modules may function for either the basal and/or the
acquired thermotolerance. It is also unknown whether the lack of FtsH6 can continually
induce cpUPR as shown in other chloroplast protease mutants, such as var2 and clp. On
the other hand, it would be interesting to examine var2 and clp mutant plants in the context
of their thermomemory and HS responses since both mutants constitutively express the
HSF2A transcription factor accountable for HSP21 expression [11,18,65,66].

5. Chloroplast Envelope FtsH11 Mediates Thermotolerance

Another FtsH protease, FtsH11, has been linked to achieving thermotolerance in
Arabidopsis [45,46,67]. Even though Ftsh11 is exclusively located in the chloroplast envelope
membrane, moderate heat stress notably compromises photosynthetic activity (such as PSII
quantum yield) in ftsh11 mutant plants, mirroring the phenotypes of varl and var2 mutants
under high-light or cold stress. However, the heat-induced defective photosynthetic
phenotypes of ftsh11l were not observed under high-light stress conditions, where varl
and var2 mutants became susceptible owing to the failure of PSII repair [67], indicating a
heat stress-specific activity of FtsH11 in chloroplasts. It seems that the impaired FtsH11-
dependent proteostasis consequently impairs photosynthesis and promotes PSII turnover
under moderate heat stress. Despite the apparent heat-sensitive phenotype, the related
substrates of FtsH11 and how FtsH11 contributes to plant thermotolerance remain yet
poorly investigated.

FtsH11 was first identified in Arabidopsis mitochondria, forming a heterocomplex
with FtsH4, a homolog to the intermembrane (i)-AAA protease in yeast mitochondria [68].
However, the N-terminal signal sequence of FtsH11 targeted the fused GFP protein only
into chloroplasts without any visible GFP signal in mitochondria [37]. Consistently, FtsH11
was detected in the chloroplast envelope fraction subjected to the mass spectrometry (MS)
and immunoblot analyses [69,70]. Moreover, the latter study could not detect FtsH11 from
purified mitochondria [70]. Although Adam and coworkers [46] detected mitochondria
FtsH11 in isolated mitochondria from transgenic plants expressing HA-tagged FtsH11, the
signal was conceivably weaker than in chloroplasts. Hence, the localization of FtsH11 needs
to be further verified. Furthermore, the topology of FtsH11 in chloroplasts is yet unknown.
Whether the ATPase and proteolytic domains face the stroma, the intermembrane space, or
the cytosol needs to be confirmed to understand the mode of action of FtsH11 under HS.

Yeast mitochondrial i-AAA protease YME1, an Arabidopsis FtsH11 homolog, is an-
chored in the inner membrane with the AAA and proteolytic domains protruding into the
intermembrane space (IMS) [71]. YME1 forms a homo hexamer comprising an ATPase
ring to extract target substrates from the membrane and a proteolytic chamber to degrade
unfolded substrates into small peptides (around 6-20 amino-acid residues) [9,72]. Multiple
lines of evidence suggest that YME1 functions for nuclear-encoded mitochondrial protein
import and inner membrane proteostasis. YMEI retrogradely translocates polynucleotide
phosphorylase (PNPase) from the inner membrane import channel into the IMS [73]. The
AAA-dependent chaperone activity rather than protease function seems to play a domi-
nant role in translocating PNPase into the IMS. This finding implies that YMEI is required
for mitochondrial protein import as the noncanonical import machinery, in addition to
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its known function in mitochondrial membrane protein turnover. If chloroplast FtsH11
shares a similar topology to yeast YME1, IMS proteostasis and/or IMS protein import can
be potentially linked to the thermo-sensitive phenotype of ftsh11. By contrast, stromal
proteins or peripheral thylakoid proteins facing the stroma can be prime targets of FtsH11
if the AAA and protease domains face the stroma. Recently, Adam et al. [46] suggested
the chloroplast inner envelope membrane (IEM) TIC40 translocon protein as a potential
substrate of FtsH11 because of its significant accumulation following HS. TIC40 is part of
the motor complex associated with the import channel TIC110, stimulating the release of
bound transit peptides from TIC110 and an ATP hydrolysis by another chaperone (HSP93)
in the motor complex [74,75]. Additionally, affinity purification coupled with MS analysis
demonstrated that FtsH11 interacts with CPN60 chaperonin involved in completing pro-
tein import and protein assembly in the stroma [46]. However, these results cannot fully
determine the topology of FtsH11 since the level of CPN60 proteins was examined neither
under nor after heat stress.

6. Protein Import-Associated Proteostasis Is Allied with Retrograde Signaling

The ubiquitin-proteasome system (UPS) degrades mitochondrial outer membrane
(MOM) proteins [9]. The cytosolic AAA ATPase CDC48 is known to retrogradely extract
ubiquitinated MOM proteins for UPS-mediated turnover, a process called the mitochondria-
associated degradation (MAD) pathway. This process is similar to ERAD (ER-associated
protein degradation) system in ER protein quality control [76]. Later, an MAD-independent
pathway for MOM protein turnover was unveiled in yeast. Two YME1 adaptor proteins,
Mgr3 and Mgr1, interact with MOM substrates through their IMS domains and directly
recruit them to the YME1 complex to promote their degradation in IMS [77]. These MOM
proteins include translocase of the outer mitochondrial membrane 22 (Tom22) and the
outer membrane protein 45 (Om45) [78]. YMEI also interacts with substrates through
its AAA and protease domains [79]. These findings demonstrate that MOM proteins
undergo turnover in both locations, i.e., cytosol and IMS. MAD depends on eukaryotic UPS,
whereas the MOM protein turnover in IMS requires YME1 originated from endosymbiotic
a-proteobacteria.

Like mitochondrial MAD, chloroplast outer envelope membrane (OEM) proteins
undergo proteolysis via a process named CHLORAD (chloroplast-associated protein degra-
dation) [80-82]. In the process, the OEM-localized E3 ubiquitin ligase, named SP1 (suppres-
sor of ppil), ubiquitinates OEM translocon (TOC) proteins, promoting their degradation
via the process coordinated by SP2 (OMP85-type beta-barrel), cytosolic CDC48, and the
265 proteasome. SP2 functions in the retrotranslocation of target proteins (from OEM to
cytosol) using energy provided by the AAA ATPase CDC48, largely resembling the process
of mitochondrial MAD [9]. Remarkably, under oxidative stress conditions, TOC proteins
undergo a CHLORAD-mediated turnover to reduce chloroplast ROS levels, thereby com-
promising the import of photosynthesis-associated proteins [83]. These findings suggest
that CHLORAD can constantly modulate the steady-state levels of chloroplast translocons
under changing environmental conditions. However, the underlying mechanism via which
the CHLORAD system is activated or deactivated remains to be elucidated. Alternatively,
cytosolic or chloroplastic stress may lead to conformational changes in TOC proteins,
enabling CHLORAD-mediated their turnover.

GUN1 (genomes uncoupled 1), a master integrator of biogenic retrograde signaling
primarily implicated in chloroplast biogenesis, plays a critical role in chloroplast proteosta-
sis through the interaction with transcription, RNA-editing, protein translation machinery
components and import-aiding stromal chaperone proteins [11,27,84,85]. The import defect
appears to result in the accumulation of nonimported chloroplast proteins in the cytosol.
Then, cytosolic chaperone proteins, such as HP90 and HSP70, modulate the expression of
nuclear genes (such as PAANGs) through yet unknown nuclear components, connecting
chloroplast and cytosolic proteostasis for the activation of retrograde signaling [84]. At
present, it is unclear whether CHLORAD-mediated TOC turnover participates in GUN1-
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mediated retrograde signaling. However, as shown in Wu et al. [84], it is plausible that
TOC turnover leads to the accumulation of the nuclear-encoded chloroplast proteins in the
cytosol, which may also trigger retrograde signaling through cytosolic HSP90 and HSP70
in a GUN1-independent manner.

7. Concluding Remarks

With climate change, temperature stress has become a more and more important
matter for plant scientists. The short- and long-term heatwaves are challenging to endure
for plants because of their sessile nature. Therefore, elucidating the underlying mechanisms
of plant thermotolerance and thermomemory may provide a pivotal molecular toolbox
for engineering HS-resilient crop plants. Indeed, many key components for priming plant
thermotolerance have been revealed over several decades of research. However, although
HS leads to chloroplast ROS burst and chloroplasts can act as environmental sensors,
the role of chloroplast signaling in plant thermotolerance remains largely unexplored,
especially for protein damage, quality control, and signaling. In this regard, this review
mainly discussed the integral membrane FtsH proteases that play a pivotal role in cpPQC
under temperature-related stress conditions. While thylakoid membrane-bound FtsH6 and
FtsH1-FtsH2-FtsH5-FtsH8 protease complexes function in thermomemory and cold stress,
respectively, the envelope membrane FtsH11 protease primarily contributes to thermotoler-
ance. However, despite the apparent phenotypes of cognate mutants under related stress,
many uncertainties remain to be elucidated, which include (i) FtsH6 topology and its asso-
ciated protease(s), (ii) the role of FtsH1-FtsH2-FtsH5-FtsH8 protease complex under basal,
acquired, and thermomemory-associated HS conditions, (iii) the precise location of FtsH11
in the chloroplast envelope and its topology, and (iv) the role of FtsH11 in protein import
and cpPQC. A challenge for the future will be to resolve how cpPQC-linked retrograde
signaling pathways are integrated into plant thermotolerance and thermomemory to confer
robust physiological responses toward HS.

Author Contributions: C.K. wrote the manuscript with significant contributions from S.L. All authors
read and agreed to the published version of the manuscript.

Funding: This work was supported by the Strategic Priority Research Program from the Chinese
Academy of Sciences (grant XDB27040102) and the National Natural Science Foundation of China
(grant 31871397 to C.K.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: We thank the anonymous reviewers for their valuable comments and critiques
of the manuscript. We apologize to those authors whose findings related to chloroplast proteostasis
and signaling are not mentioned in this review due to restricted space.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Fournier-Level, A.; Korte, A.; Cooper, M.D.; Nordborg, M.; Schmitt, J.; Wilczek, A.M. A map of local adaptation in Arabidopsis
thaliana. Science 2011, 334, 86-89. [CrossRef]

2. Hancock, A.M.; Brachi, B.; Faure, N.; Horton, M.W.; Jarymowycz, L.B.; Sperone, EG.; Toomajian, C.; Roux, F.; Bergelson, J.
Adaptation to climate across the Arabidopsis thaliana genome. Science 2011, 334, 83-86. [CrossRef]

3.  Guo, M,; Zhang, X;; Liu, J.; Hou, L.; Liu, H.; Zhao, X. OsProDH negatively regulates thermotolerance in rice by modulating
proline metabolism and reactive oxygen species scavenging. Rice (N. Y.) 2020, 13, 61. [CrossRef]

4. Bokszczanin, K.L.; Solanaceae Pollen Thermotolerance Initial Training Network Consortium; Fragkostefanakis, S. Perspectives on
deciphering mechanisms underlying plant heat stress response and thermotolerance. Front. Plant Sci. 2013, 4, 315. [CrossRef]

5. Hu, S; Ding, Y,; Zhu, C. Sensitivity and responses of chloroplasts to heat stress in plants. Front. Plant Sci. 2020, 11, 375. [CrossRef]

6. Li, Z.; Howell, S.H. Heat stress responses and thermotolerance in maize. Int. J. Mol. Sci. 2021, 22, 948. [CrossRef]

7. Haynes, C.M,; Petrova, K.; Benedetti, C.; Yang, Y.; Ron, D. ClpP mediates activation of a mitochondrial unfolded protein response

in C. elegans. Dev. Cell 2007, 13, 467-480. [CrossRef]


http://doi.org/10.1126/science.1209271
http://doi.org/10.1126/science.1209244
http://doi.org/10.1186/s12284-020-00422-3
http://doi.org/10.3389/fpls.2013.00315
http://doi.org/10.3389/fpls.2020.00375
http://doi.org/10.3390/ijms22020948
http://doi.org/10.1016/j.devcel.2007.07.016

Int. J. Mol. Sci. 2021, 22, 12106 80f10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

Poveda-Huertes, D.; Matic, S.; Marada, A.; Habernig, L.; Licheva, M.; Myketin, L.; Gilsbach, R.; Tosal-Castano, S.; Papinski, D.;
Mulica, P; et al. An early mtUPR: Redistribution of the nuclear transcription factor Rox1 to mitochondria protects against
intramitochondrial proteotoxic aggregates. Mol. Cell 2020, 77, 180-188. [CrossRef]

Baker, M.].; Tatsuta, T.; Langer, T. Quality control of mitochondrial proteostasis. Cold Spring Harb. Perspect. Biol. 2011, 3, a007559.
[CrossRef]

Feller, U.; Anders, I.; Mae, T. Rubiscolytics: Fate of rubisco after its enzymatic function in a cell is terminated. J. Exp. Bot. 2008, 59,
1615-1624. [CrossRef]

Llamas, E.; Pulido, P.; Rodriguez-Concepcion, M. Interference with plastome gene expression and Clp protease activity in
arabidopsis triggers a chloroplast unfolded protein response to restore protein homeostasis. PLoS Genet. 2017, 13, €1007022.
[CrossRef]

Ramundo, S.; Casero, D.; Muhlhaus, T.;, Hemme, D.; Sommer, E; Crevecoeur, M.; Rahire, M.; Schroda, M.; Rusch, J.;
Goodenough, U.; et al. Conditional depletion of the Chlamydomonas Chloroplast ClpP Protease activates nuclear genes involved
in autophagy and plastid protein quality control. Plant Cell 2014, 26, 2201-2222. [CrossRef]

Perlaza, K.; Toutkoushian, H.; Boone, M.; Lam, M.; Iwai, M.; Jonikas, M.C.; Walter, P.; Ramundo, S. The Mars1 kinase confers
photoprotection through signaling in the chloroplast unfolded protein response. eLife 2019, 8, e49577. [CrossRef]

van Buer, J.; Prescher, A.; Baier, M. Cold-priming of chloroplast ROS signalling is developmentally regulated and is locally
controlled at the thylakoid membrane. Sci. Rep. 2019, 9, 3022. [CrossRef]

Majumdar, A.; Kar, R.K. Chloroplast avoidance movement: A novel paradigm of ROS signalling. Photosynth. Res. 2020, 144,
109-121. [CrossRef]

Apel, K.; Hirt, H. Reactive oxygen species: Metabolism, oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 2004, 55,
373-399. [CrossRef]

Dogra, V.; Rochaix, J.D.; Kim, C. Singlet oxygen-triggered chloroplast-to-nucleus retrograde signalling pathways: An emerging
perspective. Plant Cell Environ. 2018, 41, 1727-1738. [CrossRef]

Dogra, V.; Duan, J.; Lee, K.P.; Kim, C. Impaired PSII proteostasis triggers a UPR-like response in the var2 mutant of Arabidopsis.
J. Exp. Bot. 2019, 70, 3075-3088. [CrossRef]

Mishra, L.S.; Funk, C. The FtsHi enzymes of Arabidopsis thaliana: Pseudo-proteases with an Important function. Int. J. Mol. Sci.
2021, 22, 5917. [CrossRef]

Wang, L.; Leister, D.; Guan, L.; Zheng, Y.; Schneider, K.; Lehmann, M.; Apel, K.; Kleine, T. The Arabidopsis SAFEGUARD1
suppresses singlet oxygen-induced stress responses by protecting grana margins. Proc. Natl. Acad. Sci. USA 2020, 117, 6918-6927.
[CrossRef]

Li, B.; Fang, J.; Singh, RM.; Zi, H.; Lv, S.; Liu, R.; Dogra, V.; Kim, C. Fatty Acid Desaturase5 Is required to induce autoimmune
responses in gigantic chloroplast mutants of arabidopsis. Plant Cell 2020, 32, 3240-3255. [CrossRef]

D’Alessandro, S.; Beaugelin, I.; Havaux, M. Tanned or sunburned: How excessive light triggers plant cell death. Mol. Plant 2020,
13, 1545-1555. [CrossRef]

Dogra, V.; Li, M,; Singh, S.; Li, M.; Kim, C. Oxidative post-translational modification of EXECUTERT1 is required for singlet oxygen
sensing in plastids. Nat. Commun. 2019, 10, 2834. [CrossRef] [PubMed]

Duan, J.; Lee, K.P; Dogra, V.; Zhang, S.; Liu, K.; Caceres-Moreno, C.; Lv, S.; Xing, W.; Kato, Y.; Sakamoto, W.; et al. Impaired PSII
proteostasis promotes retrograde signaling via salicylic acid. Plant Physiol. 2019, 180, 2182-2197. [CrossRef]

Kim, C.; Apel, K. Singlet oxygen-mediated signaling in plants: Moving from flu to wild type reveals an increasing complexity.
Photosynth. Res. 2013, 116, 455-464. [CrossRef]

Asada, K. Production and scavenging of reactive oxygen species in chloroplasts and their functions. Plant Physiol. 2006, 141,
391-396. [CrossRef]

Jiang, J.; Dehesh, K. Plastidial retrograde modulation of light and hormonal signaling: An odyssey. New Phytol. 2021, 230, 931-937.
[CrossRef]

Suzuki, N.; Koussevitzky, S.; Mittler, R.; Miller, G. ROS and redox signalling in the response of plants to abiotic stress. Plant Cell
Environ. 2012, 35, 259-270. [CrossRef] [PubMed]

Kim, C. ROS-driven oxidative modification: Its impact on chloroplasts-nucleus communication. Front. Plant Sci. 2019, 10, 1729.
[CrossRef]

Havaux, M. beta-Cyclocitral and derivatives: Emerging molecular signals serving multiple biological functions. Plant Physiol.
Biochem. 2020, 155, 35-41. [CrossRef]

Chan, K.X,; Phua, S.Y.; Crisp, P; McQuinn, R.; Pogson, B.]. Learning the languages of the chloroplast: Retrograde signaling and
beyond. Annu. Rev. Plant Biol. 2016, 67, 25-53. [CrossRef]

Patel, S.; Latterich, M. The AAA team: Related ATPases with diverse functions. Trends Cell Biol. 1998, 8, 65-71. [CrossRef]
Kedzierska, S. Structure, function and mechanisms of action of ATPases from the AAA superfamily of proteins. Postepy Biochem.
2006, 52, 330-338. [PubMed]

Ogura, T.; Wilkinson, A.J. AAA+ superfamily ATPases: Common structure—diverse function. Genes Cells 2001, 6, 575-597.
[CrossRef] [PubMed]

Santos, D.; De Almeida, D.F. Isolation and characterization of a new temperature-sensitive cell division mutant of Escherichia coli
K-12. J. Bacteriol. 1975, 124, 1502-1507. [CrossRef] [PubMed]


http://doi.org/10.1016/j.molcel.2019.09.026
http://doi.org/10.1101/cshperspect.a007559
http://doi.org/10.1093/jxb/erm242
http://doi.org/10.1371/journal.pgen.1007022
http://doi.org/10.1105/tpc.114.124842
http://doi.org/10.7554/eLife.49577
http://doi.org/10.1038/s41598-019-39838-3
http://doi.org/10.1007/s11120-020-00736-9
http://doi.org/10.1146/annurev.arplant.55.031903.141701
http://doi.org/10.1111/pce.13332
http://doi.org/10.1093/jxb/erz151
http://doi.org/10.3390/ijms22115917
http://doi.org/10.1073/pnas.1918640117
http://doi.org/10.1105/tpc.20.00016
http://doi.org/10.1016/j.molp.2020.09.023
http://doi.org/10.1038/s41467-019-10760-6
http://www.ncbi.nlm.nih.gov/pubmed/31249292
http://doi.org/10.1104/pp.19.00483
http://doi.org/10.1007/s11120-013-9876-4
http://doi.org/10.1104/pp.106.082040
http://doi.org/10.1111/nph.17192
http://doi.org/10.1111/j.1365-3040.2011.02336.x
http://www.ncbi.nlm.nih.gov/pubmed/21486305
http://doi.org/10.3389/fpls.2019.01729
http://doi.org/10.1016/j.plaphy.2020.07.032
http://doi.org/10.1146/annurev-arplant-043015-111854
http://doi.org/10.1016/S0962-8924(97)01212-9
http://www.ncbi.nlm.nih.gov/pubmed/17201069
http://doi.org/10.1046/j.1365-2443.2001.00447.x
http://www.ncbi.nlm.nih.gov/pubmed/11473577
http://doi.org/10.1128/jb.124.3.1502-1507.1975
http://www.ncbi.nlm.nih.gov/pubmed/1104589

Int. J. Mol. Sci. 2021, 22, 12106 9 of 10

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Wang, F.; Qi, Y.; Malnoe, A.; Choquet, Y.; Wollman, F.A.; de Vitry, C. The high light response and redox control of Thylakoid FtsH
protease in chlamydomonas reinhardtii. Mol. Plant 2017, 10, 99-114. [CrossRef]

Sakamoto, W.; Zaltsman, A.; Adam, Z.; Takahashi, Y. Coordinated regulation and complex formation of yellow variegated1 and
yellow variegated?2, chloroplastic FtsH metalloproteases involved in the repair cycle of photosystem II in Arabidopsis thylakoid
membranes. Plant Cell 2003, 15, 2843-2855. [CrossRef]

Bec Kova, M.; Yu, J.; Krynicka, V.; Kozlo, A.; Shao, S.; Konik, P.; Komenda, J.; Murray, ].W.; Nixon, P.J. Structure of Psb29/Thf1
and its association with the FtsH protease complex involved in photosystem II repair in cyanobacteria. Philos. Trans. R. Soc. Lond.
B Biol. Sci. 2017, 372, 1730.

Mann, N.H.; Novac, N.; Mullineaux, C.W.; Newman, J.; Bailey, S.; Robinson, C. Involvement of an FtsH homologue in the
assembly of functional photosystem I in the cyanobacterium Synechocystis sp. PCC 6803. FEBS Lett. 2000, 479, 72-77. [CrossRef]
Yeo, W.S.; Anokwute, C.; Marcadis, P.; Levitan, M.; Ahmed, M.; Bae, Y.; Kim, K.; Kostrominova, T.; Liu, Q.; Bae, T. A membrane-
bound transcription factor is proteolytically regulated by the AAA+ protease FtsH in Staphylococcus aureus. J. Bacteriol. 2020,
202, €00019-20. [CrossRef]

Fuhrer, F; Langklotz, S.; Narberhaus, F. The C-terminal end of LpxC is required for degradation by the FtsH protease. Mol.
Microbiol. 2006, 59, 1025-1036. [CrossRef] [PubMed]

Nguyen, D.; Kelly, K.; Qiu, N.; Misra, R. YejM Controls LpxC Levels by regulating protease activity of the FtsH/YciM complex of
Escherichia coli. ]. Bacteriol. 2020, 202, €00303-20. [CrossRef]

Schnall, R.; Mannhaupt, G.; Stucka, R.; Tauer, R.; Ehnle, S.; Schwarzlose, C.; Vetter, I.; Feldmann, H. Identification of a set of yeast
genes coding for a novel family of putative ATPases with high similarity to constituents of the 26S protease complex. Yeast 1994,
10, 1141-1155. [CrossRef] [PubMed]

Wagner, R.; Aigner, H.; Pruzinska, A.; Jankanpaa, H.J.; Jansson, S.; Funk, C. Fitness analyses of Arabidopsis thaliana mutants
depleted of FtsH metalloproteases and characterization of three FtsH6 deletion mutants exposed to high light stress, senescence
and chilling. New Phytol. 2011, 191, 449-458. [CrossRef]

Chen, J.; Burke, ].].; Velten, J.; Xin, Z. FtsH11 protease plays a critical role in Arabidopsis thermotolerance. Plant J. 2006, 48, 73-84.
[CrossRef]

Adam, Z.; Aviv-Sharon, E.; Keren-Paz, A.; Naveh, L.; Rozenberg, M.; Savidor, A.; Chen, ]J. The chloroplast envelope protease
FTSH11—Interaction with CPN60 and identification of potential substrates. Front. Plant Sci. 2019, 10, 428. [CrossRef] [PubMed]
Kato, Y.; Sakamoto, W. FtsH Protease in the thylakoid membrane: Physiological functions and the regulation of protease activity.
Front. Plant Sci. 2018, 9, 855. [CrossRef]

Liu, X.; Yu, F; Rodermel, S. Arabidopsis chloroplast FtsH, var2 and suppressors of var2 leaf variegation: A review. J. Integr. Plant
Biol. 2010, 52, 750-761. [CrossRef]

Rodrigues, R.A ; Silva-Filho, M.C.; Cline, K. FtsH2 and FtsH5: Two homologous subunits use different integration mechanisms
leading to the same thylakoid multimeric complex. Plant J. 2011, 65, 600-609. [CrossRef]

Wang, L.; Kim, C.; Xu, X; Piskurewicz, U.; Dogra, V.; Singh, S.; Mahler, H.; Apel, K. Singlet oxygen- and EXECUTER1-mediated
signaling is initiated in grana margins and depends on the protease FtsH2. Proc. Natl. Acad. Sci. USA 2016, 113, E3792-3800.
[CrossRef]

Nixon, PJ.; Michoux, F; Yu, J.; Boehm, M.; Komenda, J. Recent advances in understanding the assembly and repair of photosystem
II. Ann. Bot-London 2010, 106, 1-16. [CrossRef]

Dreaden, T.M.; Chen, ]J.; Rexroth, S.; Barry, B.A. N-formylkynurenine as a marker of high light stress in photosynthesis. J. Biol.
Chem. 2011, 286, 22632-22641. [CrossRef]

Majeran, W.; Wollman, F.A.; Vallon, O. Evidence for a role of ClpP in the degradation of the chloroplast cytochrome b(6)f complex.
Plant Cell 2000, 12, 137-150. [CrossRef] [PubMed]

Halperin, T.; Ostersetzer, O.; Adam, Z. ATP-dependent association between subunits of Clp protease in pea chloroplasts. Planta
2001, 213, 614-619. [CrossRef]

Pulido, P,; Llamas, E.; Llorente, B.; Ventura, S.; Wright, L.P.; Rodriguez-Concepcion, M. Specific Hsp100 chaperones determine the
fate of the first enzyme of the plastidial isoprenoid pathway for either refolding or degradation by the stromal clp protease in
arabidopsis. PLoS Genet. 2016, 12, e1005824. [CrossRef] [PubMed]

Xiao, Y.; Savchenko, T.; Baidoo, E.E.; Chehab, W.E.; Hayden, D.M.; Tolstikov, V.; Corwin, J.A.; Kliebenstein, D.J.; Keasling, ].D.;
Dehesh, K. Retrograde signaling by the plastidial metabolite MEcPP regulates expression of nuclear stress-response genes. Cell
2012, 149, 1525-1535. [CrossRef]

Walley, J.; Xiao, Y.; Wang, ].Z.; Baidoo, E.E.; Keasling, ].D.; Shen, Z.; Briggs, S.P.; Dehesh, K. Plastid-produced interorgannellar
stress signal MEcPP potentiates induction of the unfolded protein response in endoplasmic reticulum. Proc. Natl. Acad. Sci. USA
2015, 112, 6212-6217. [CrossRef] [PubMed]

Poor, P,; Czekus, Z.; Tari, I.; Ordog, A. The multifaceted roles of plant hormone salicylic acid in endoplasmic reticulum stress and
unfolded protein response. Int. J. Mol. Sci. 2019, 20, 5842. [CrossRef]

Zelisko, A.; Garcia-Lorenzo, M.; Jackowski, G.; Jansson, S.; Funk, C. AtFtsH6 is involved in the degradation of the light-harvesting
complex II during high-light acclimation and senescence. Proc. Natl. Acad. Sci. USA 2005, 102, 13699-13704. [CrossRef]

Yang, D.H.; Webster, J.; Adam, Z.; Lindahl, M.; Andersson, B. Induction of acclimative proteolysis of the light-harvesting
chlorophyll a/b protein of photosystem II in response to elevated light intensities. Plant Physiol. 1998, 118, 827-834. [CrossRef]


http://doi.org/10.1016/j.molp.2016.09.012
http://doi.org/10.1105/tpc.017319
http://doi.org/10.1016/S0014-5793(00)01871-8
http://doi.org/10.1128/JB.00019-20
http://doi.org/10.1111/j.1365-2958.2005.04994.x
http://www.ncbi.nlm.nih.gov/pubmed/16420369
http://doi.org/10.1128/JB.00303-20
http://doi.org/10.1002/yea.320100903
http://www.ncbi.nlm.nih.gov/pubmed/7754704
http://doi.org/10.1111/j.1469-8137.2011.03684.x
http://doi.org/10.1111/j.1365-313X.2006.02855.x
http://doi.org/10.3389/fpls.2019.00428
http://www.ncbi.nlm.nih.gov/pubmed/31024594
http://doi.org/10.3389/fpls.2018.00855
http://doi.org/10.1111/j.1744-7909.2010.00980.x
http://doi.org/10.1111/j.1365-313X.2010.04448.x
http://doi.org/10.1073/pnas.1603562113
http://doi.org/10.1093/aob/mcq059
http://doi.org/10.1074/jbc.M110.212928
http://doi.org/10.2307/3871035
http://www.ncbi.nlm.nih.gov/pubmed/10634913
http://doi.org/10.1007/s004250100527
http://doi.org/10.1371/journal.pgen.1005824
http://www.ncbi.nlm.nih.gov/pubmed/26815787
http://doi.org/10.1016/j.cell.2012.04.038
http://doi.org/10.1073/pnas.1504828112
http://www.ncbi.nlm.nih.gov/pubmed/25922532
http://doi.org/10.3390/ijms20235842
http://doi.org/10.1073/pnas.0503472102
http://doi.org/10.1104/pp.118.3.827

Int. J. Mol. Sci. 2021, 22, 12106 10 of 10

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Yang, D.H.; Paulsen, H.; Andersson, B. The N-terminal domain of the light-harvesting chlorophyll a/b-binding protein complex
(LHCII) is essential for its acclimative proteolysis. FEBS Lett. 2000, 466, 385-388. [CrossRef]

Sedaghatmehr, M.; Mueller-Roeber, B.; Balazadeh, S. The plastid metalloprotease FtsH6 and small heat shock protein HSP21
jointly regulate thermomemory in Arabidopsis. Nat. Commun. 2016, 7, 12439. [CrossRef]

Sedaghatmehr, M.; Thirumalaikumar, V.P.; Kamranfar, I.; Schulz, K.; Mueller-Roeber, B.; Sampathkumar, A.; Balazadeh, S.
Autophagy complements metalloprotease FtsH6 in degrading plastid heat shock protein HSP21 during heat stress recovery. J.
Exp. Bot. 2021. [CrossRef]

Nishizawa, A.; Yabuta, Y.; Yoshida, E.; Maruta, T.; Yoshimura, K.; Shigeoka, S. Arabidopsis heat shock transcription factor A2 as a
key regulator in response to several types of environmental stress. Plant ]. 2006, 48, 535-547. [CrossRef] [PubMed]

Nishad, A.; Nandi, A.K. Recent advances in plant thermomemory. Plant Cell Rep. 2021, 40, 19-27. [CrossRef]

Bernfur, K.; Rutsdottir, G.; Emanuelsson, C. The chloroplast-localized small heat shock protein Hsp21 associates with the
thylakoid membranes in heat-stressed plants. Protein Sci. 2017, 26, 1773-1784. [CrossRef] [PubMed]

Chen, J.; Burke, J.J.; Xin, Z. Chlorophyll fluorescence analysis revealed essential roles of FtsH11 protease in regulation of the
adaptive responses of photosynthetic systems to high temperature. BMC Plant Biol. 2018, 18, 11. [CrossRef]

Urantowka, A.; Knorpp, C.; Olczak, T.; Kolodziejczak, M.; Janska, H. Plant mitochondria contain at least two i-AAA-like
complexes. Plant Mol. Biol. 2005, 59, 239-252. [CrossRef]

Knopf, R.R; Feder, A.; Mayer, K; Lin, A.; Rozenberg, M.; Schaller, A.; Adam, Z. Rhomboid proteins in the chloroplast envelope
affect the level of allene oxide synthase in Arabidopsis thaliana. Plant J. 2012, 72, 559-571. [CrossRef] [PubMed]

Wagner, R.; von Sydow, L.; Aigner, H.; Netotea, S.; Brugiere, S.; Sjogren, L.; Ferro, M.; Clarke, A.; Funk, C. Deletion of FtsH11
protease has impact on chloroplast structure and function in Arabidopsis thaliana when grown under continuous light. Plant Cell
Environ. 2016, 39, 2530-2544. [CrossRef]

Baker, T.A.; Sauer, R.T. ATP-dependent proteases of bacteria: Recognition logic and operating principles. Trends Biochem. Sci.
2006, 31, 647-653. [CrossRef] [PubMed]

Gerdes, F; Tatsuta, T.; Langer, T. Mitochondrial AAA proteases—towards a molecular understanding of membrane-bound
proteolytic machines. Bba-Bioenergetics 2012, 1823, 49-55. [CrossRef] [PubMed]

Rainey, R.N.; Glavin, J.D.; Chen, HW.; French, S.W.; Teitell, M.A.; Koehler, C. M. A new function in translocation for the
mitochondrial i-AAA protease Ymel: Import of polynucleotide phosphorylase into the intermembrane space. Mol. Cell Biol. 2006,
26, 8488-8497. [CrossRef]

Chou, M.L.; Fitzpatrick, L.M.; Tu, S.L.; Budziszewski, G.; Potter-Lewis, S.; Akita, M.; Levin, J.Z.; Keegstra, K.; Li, H.M. Tic40,
a membrane-anchored co-chaperone homolog in the chloroplast protein translocon. EMBO J. 2003, 22, 2970-2980. [CrossRef]
[PubMed]

Kovacheva, S.; Bedard, J.; Patel, R.; Dudley, P,; Twell, D.; Rios, G.; Koncz, C.; Jarvis, P. In vivo studies on the roles of Tic110, Tic40
and Hsp93 during chloroplast protein import. Plant J. 2005, 41, 412-428. [CrossRef]

Stolz, A.; Hilt, W.; Buchberger, A.; Wolf, D.H. Cdc48: A power machine in protein degradation. Trends Biochem. Sci. 2011, 36,
515-523. [CrossRef]

Dunn, C.D.; Tamura, Y.; Sesaki, H.; Jensen, R.E. Mgr3p and Mgrlp are adaptors for the mitochondrial i-AAA protease complex.
Mol. Biol. Cell 2008, 19, 5387-5397. [CrossRef]

Wu, X; Li, L.; Jiang, H. Mitochondrial inner-membrane protease Ymel degrades outer-membrane proteins Tom22 and Om45. .
Cell Biol. 2018, 217, 139-149. [CrossRef]

Graef, M,; Seewald, G.; Langer, T. Substrate recognition by AAA+ ATPases: Distinct substrate binding modes in ATP-dependent
protease Ymel of the mitochondrial intermembrane space. Mol. Cell Biol. 2007, 27, 2476-2485. [CrossRef]

Shanmugabalaji, V.; Kessler, E. CHLORAD: Eradicating translocon components from the outer membrane of the chloroplast. Mol.
Plant 2019, 12, 467-469. [CrossRef] [PubMed]

Ling, Q.; Broad, W.; Trosch, R.; Topel, M.; Demiral Sert, T.; Lymperopoulos, P.; Baldwin, A.; Jarvis, R.P. Ubiquitin-dependent
chloroplast-associated protein degradation in plants. Science 2019, 363, 836. [CrossRef] [PubMed]

Ling, Q.; Huang, W.; Baldwin, A.; Jarvis, P. Chloroplast biogenesis is regulated by direct action of the ubiquitin-proteasome
system. Science 2012, 338, 655-659. [CrossRef] [PubMed]

Ling, Q.; Jarvis, P. Regulation of chloroplast protein import by the ubiquitin e3 ligase sp1 is important for stress tolerance in
plants. Curr. Biol. 2015, 25, 2527-2534. [CrossRef]

Wu, G.Z.; Meyer, E.H.; Richter, A.S.; Schuster, M.; Ling, Q.; Schottler, M.A.; Walther, D.; Zoschke, R.; Grimm, B.; Jarvis, R.P; et al.
Control of retrograde signalling by protein import and cytosolic folding stress. Nat. Plants 2019, 5, 525-538. [CrossRef]

Zhao, X.; Huang, J.; Chory, J]. GUNI1 interacts with MOREF?2 to regulate plastid RNA editing during retrograde signaling. Proc.
Natl. Acad. Sci. USA 2019, 116, 10162-10167. [CrossRef] [PubMed]


http://doi.org/10.1016/S0014-5793(00)01107-8
http://doi.org/10.1038/ncomms12439
http://doi.org/10.1093/jxb/erab304
http://doi.org/10.1111/j.1365-313X.2006.02889.x
http://www.ncbi.nlm.nih.gov/pubmed/17059409
http://doi.org/10.1007/s00299-020-02604-1
http://doi.org/10.1002/pro.3213
http://www.ncbi.nlm.nih.gov/pubmed/28608391
http://doi.org/10.1186/s12870-018-1228-2
http://doi.org/10.1007/s11103-005-8766-3
http://doi.org/10.1111/j.1365-313X.2012.05090.x
http://www.ncbi.nlm.nih.gov/pubmed/22738221
http://doi.org/10.1111/pce.12808
http://doi.org/10.1016/j.tibs.2006.10.006
http://www.ncbi.nlm.nih.gov/pubmed/17074491
http://doi.org/10.1016/j.bbamcr.2011.09.015
http://www.ncbi.nlm.nih.gov/pubmed/22001671
http://doi.org/10.1128/MCB.01006-06
http://doi.org/10.1093/emboj/cdg281
http://www.ncbi.nlm.nih.gov/pubmed/12805212
http://doi.org/10.1111/j.1365-313X.2004.02307.x
http://doi.org/10.1016/j.tibs.2011.06.001
http://doi.org/10.1091/mbc.e08-01-0103
http://doi.org/10.1083/jcb.201702125
http://doi.org/10.1128/MCB.01721-06
http://doi.org/10.1016/j.molp.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30890496
http://doi.org/10.1126/science.aav4467
http://www.ncbi.nlm.nih.gov/pubmed/30792274
http://doi.org/10.1126/science.1225053
http://www.ncbi.nlm.nih.gov/pubmed/23118188
http://doi.org/10.1016/j.cub.2015.08.015
http://doi.org/10.1038/s41477-019-0415-y
http://doi.org/10.1073/pnas.1820426116
http://www.ncbi.nlm.nih.gov/pubmed/30988197

	Introduction 
	Chloroplast ROS-Mediated Operational Retrograde Signaling 
	Chloroplast FtsH-Dependent Proteostasis Functions in Photoprotection 
	Thylakoid Membrane Ftsh6 and Hsp21 Modules Function in Thermomemory 
	Chloroplast Envelope FtsH11 Mediates Thermotolerance 
	Protein Import-Associated Proteostasis Is Allied with Retrograde Signaling 
	Concluding Remarks 
	References

