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Protein quality control is essential for the circadian clock in plants
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ABSTRACT

Extreme environmental conditions, such as heat and cold, often disturb cellular proteostasis, resulting in
protein denaturation and oxidative damage that threaten cell viability. Therefore, living organisms have
evolved versatile protein quality control mechanisms that clear damaged proteins from cellular
compartments. It has been shown that a repertoire of molecular chaperones, including heat shock
proteins (HSPs), works together with ubiquitin-proteasome systems in this biochemical process in animals
and yeast. However, the protein quality control systems have not been well-characterized in plants. We
have recently reported that the E3 ubiquitin ligase ZEITLUPE (ZTL), a central component of the plant
circadian clock, constitutes a protein quality control system in conjunction with HSP90, which is
responsible for clearing denatured protein aggregates at high temperatures. The ZTL-HSP90 protein
complexes are colocalized in insoluble fractions in heat-exposed plants. Notably, lack of ZTL reduces
protein polyubiquitination and disrupts the robustness of circadian rhythms under heat stress conditions,
providing a novel role of ZTL: it mediates a heat-responsive protein quality control to sustain the clock
function. We summarize the potential roles of ZTL in thermal responses and stability of the circadian clock
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in plants.

Eukaryotes have evolved a variety of protein quality control
pathways that are capable of eliminating misfolded and dena-
tured proteins to maintain proteostasis." Cellular proteins
undergo inevitable misfolding during their synthetic steps.”
The tertiary conformations of cellular proteins are also
destroyed upon exposure to sudden heat or other stressful con-
ditions.” The non-natural, denature proteins form insoluble
aggregates that cause severe defects in cellular functions.

Molecular chaperones are required for the ubiquitination-
mediated degradation of protein aggregates. Heat shock pro-
teins (HSPs), such as HSP70 and HSP90, are highly conserved
both in animals and plants and exert their roles in various cel-
lular responses under stressful conditions.'” For example, it
has been reported that HSP90 facilitates the rescue of dena-
tured proteins or removes the protein aggregates to ensure cell
fitness at high temperatures in animals and yeast.*”> The high
conservation of molecular chaperones in plants suggests that
HSP90 also plays a role in plant thermal responses.

Recently, we have demonstrated that the F-box protein ZTL,
a well-known client of HSP90 in Arabidopsis, mediates protein
turnover at high temperatures.” The ZTL-defective ztl-105
mutant exhibits a thermo-susceptible phenotype at high
temperatures in darkness. In addition, the level of heat-induced
protein polyubiquitination was reduced but that of insoluble
protein aggregates were elevated in the mutant, indicating that
ZTL, and perhaps HSP90 as well, function in removing insolu-
ble protein aggregates through the ubiquitin-proteasome path-
ways. It is known that ZTL interacts with HSP90.” We found

that the formation of ZTL and HSP90 complex was induced,
and the protein complex was detected mostly in insoluble frac-
tions rather than in soluble fractions at high temperatures.
Consistent with the functional linkage of HSP90 with ZTL, the
level of protein polyubiquitination was significantly reduced in
HSP90 RNAI plants. Interestingly, the functional relevance of
the ZTL-HSP90 module was also proven in maintaining circa-
dian rhythms at high temperatures. Under heat stress condi-
tions, circadian rhythms were rapidly decomposed in ztl-105
mutant and HSP90 RNAi plants, while Col-0 plants retained
robust circadian rhythms and periods at high temperatures.

In our previous report,” we have observed that thermotoler-
ance was reduced in the ztl-105 mutant in darkness. In contrast,
it has been found that ZTL protein stability was not changed
under identical conditions. We examined the protein stability of
ZTL under high temperature conditions in the light. The ZTL
protein level was significantly elevated at high temperatures in
the light (Fig. 1A). However, the transcript levels of heat-related
genes were similar in Col-0 and ztl-105 plants under identical
conditions (Fig. 1B). These observations indicate that ZTL is not
related with the expression of heat-responsive genes. Heat stress
response is interrelated with light quality in plants. It is known
that the interactive effects of heat and light quality influence floral
bud development in cowpea.® It has been reported that phyto-
chrome B (phyB), the red and far-red light-sensing photoreceptor
functioning in photomorphogenic growth under red light, medi-
ates heat stress response in Arabidopsis.” Accordingly, absence of
phyB increases thermal tolerance, supporting that the role of
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Figure 1. ZTL protein stability at high temperatures. (A) Expression of heat-respon-
sive genes. Eight-day-old seedlings grown on MS-agar plates were exposed to
37°C in the light. Transcript levels were examined by RT-qPCR. Biological triplicates
were averaged. Bars indicate standard error of the mean. (B) Levels of ZTL protein.
The 35S:ZTL-MYC transgenic seedlings were grown and heat-treated as described
in (A) for the indicated time durations before harvesting whole seedlings for total
protein extraction. ZTL-MYC proteins were immunologically detected using an
anti-MYC antibody. CB, Coomassie blue-stained membrane.

phyB in coordinating light and temperature signals.'” ZTL is a
blue light receptor.'" It is possible that ZTL also manipulates the
coordinated actions of light and temperature signals (Fig. 2).
There are several questions to be addressed on molecular
schemes of the ZTL-HSP90 module in heat responses. It is cur-
rently unclear how ZTL perceives heat signals. It is also unclear
whether ZTL directly or indirectly removes protein aggregates
at high temperatures. In the proposed direct route, the ZTL-
HSP90 complex directly detects the exposed hydrophobic
residues of denatured proteins and degrades them via an ubiq-
uitin-mediated pathway. An alternative route would be that
ZTL alleviates heat stress perhaps by recruiting other as-yet-
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Figure 2. Schematic model for ZTL-mediated thermal responses. The ZTL-HSP90
complex directs the degradation of protein aggregates at high temperatures in
darkness. Under this condition, ZTL protein abundance is unaltered. Upon expo-
sure to heat stress in the light, ZTL protein abundance is elevated and modulates
thermal response. It is likely that an additional factor X is involved in this process.

unidentified E3 ubiquitin ligases that directly target denature
proteins.

We found that the ZTL-HSP90 module constitutes a protein
quality control system that assure thermostable growth and cir-
cadian clock.® More works are required to identify functional
mechanisms by which the module sustains the clock function
at high temperatures. Another critical issue is as to the signaling
crosstalks between light quality and temperature signals. Con-
sidering the structural and functional traits of ZTL as photore-
ceptor and E3 ligase,*”'"""* it seems that ZTL has additional
roles in thermal responses in plants, depending on light signals.
Addressing these questions would contribute to the functional
elucidation of the signaling networks consisting of light, tem-
perature, and circadian clock.
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