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Cellular proteins undergo denaturation and oxidative damage under heat stress, forming insoluble aggregates that are toxic
to cells. Plants possess versatile mechanisms to deal with insoluble protein aggregates. Denatured proteins are either
renatured to their native conformations or removed from cellular compartments; these processes are often referred to as
protein quality control. Heat shock proteins (HSPs) act as molecular chaperones that assist in the renaturation-degradation
process. However, how protein aggregates are cleared from cells in plants is largely unknown. Here, we demonstrate that
heat-induced protein aggregates are removed by a protein quality control system that includes the ZEITLUPE (ZTL) E3
ubiquitin ligase, a central circadian clock component in Arabidopsis thaliana. ZTL mediates the polyubiquitination of
aggregated proteins, which leads to proteasomal degradation and enhances the thermotolerance of plants growing at high
temperatures. The ZTL-defective ztl-105 mutant exhibited reduced thermotolerance, which was accompanied by a decline in
polyubiquitination but an increase in protein aggregate formation. ZTL and its interacting partner HSP90 were cofractionated
with insoluble aggregates under heat stress, indicating that ZTL contributes to the thermoresponsive protein quality control
machinery. Notably, the circadian clock was hypersensitive to heat in ztl-105. We propose that ZTL-mediated protein quality
control contributes to the thermal stability of the circadian clock.

INTRODUCTION

Protein misfolding occurs during both normal cellular folding
processesandunderenvironmentalandoxidativestressconditions.
The accumulation of misfolded proteins leads to the formation of
insoluble aggregates, which are toxic to protein homeostasis and
cellular integrity in eukaryotes (McClellan et al., 2005). Versatile
protein quality control mechanisms have evolved to deal with
misfolded proteins and insoluble protein aggregates by either
facilitating their refolding into native conformations or directing
their degradation via diverse ubiquitin-proteasome pathways
(Finka and Goloubinoff, 2013).

Controlled protein degradation via the ubiquitin-proteasome
pathway is initiated when molecular chaperones, such as HEAT
SHOCK PROTEIN70 (HSP70) and HSP90, fail to refold misfolded
proteins into their native state (McClellan et al., 2005; Finka and
Goloubinoff, 2013). The molecular chaperones recognize the
hydrophobic parts of misfolded proteins and recruit distinct
ubiquitin ligase enzymes to the protein aggregates, each forming
a ubiquitin-proteasome apparatus that determines which parts of
the aggregates are to be removed (McClellan et al., 2005). For

example, theC-terminal domainofC terminusofHSC70-interacting
protein (CHIP) plays an important role in eliminating cytosolic protein
aggregates by selectively ubiquitinating HSP70-associated mis-
folded proteins in animals and plants (Zhou et al., 2014; Lee et al.,
2009). In addition, the E3 ubiquitin ligase CULLIN5 triggers poly-
ubiquitination-mediated proteasomal degradation of HSP90 clients
in animal cells (Samant et al., 2014).
HSP90 is a key molecular chaperone that is abundant and

highly conserved in eukaryotes (McClellan et al., 2005; Krishna
and Gloor, 2001). This protein plays essential roles in signal trans-
duction pathways and cell cycle control by enhancing cell viability
under stressful conditions (Krishna and Gloor, 2001; Finka et al.,
2015). Arabidopsis thaliana contains seven HSP90 members lo-
calized to distinct subcellular compartments (Krishna and Gloor,
2001).Theseproteinsare functionallyassociatedwith thematuration
and stabilization processes of numerous regulatory proteins that
function in diverse signaling networks. HSP90 interacts with co-
chaperoneSGT1,stabilizing the immune-sensingnucleotidebinding
domainand leucine-rich repeatproteins (Shirasu, 2009).HSP90also
playsarole inbufferinggeneticvariationandensuringdevelopmental
stability (Sangster et al., 2008; Sangster and Queitsch, 2005).
The molecular chaperone HSP90 also participates in cellular

responses to environmental stress, and its roles in thermal adaptive
responses arewell understood. HSP90prevents cellular damage by
facilitating the refolding of misfolded proteins at high temperatures
and removingheat-inducedproteinaggregates inmetazoanspecies
and yeast (Borkovich et al., 1989; Dickey et al., 2007). Accumulating
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evidencealsosupports thenotion thatplantHSP90proteinsmediate
variousaspectsofheatstress responses (Xuetal., 2012). It isnotable
that high-temperature stress influences virtually all facets of plant
growth and development, from seed germination to flowering (Bita
and Gerats, 2013). HSP90 also affects plant environmental perfor-
mance and circadian clock function (Filichkin et al., 2015), implying
that the interactionsofHSP90withdistinctE3ubiquitin ligasesduring
plant environmental adaptation are more complicated than pre-
viously thought.

HSP90 acts as a molecular chaperone for the F-box protein
ZEITLUPE (ZTL) in Arabidopsis (Kim et al., 2011). The ZTL E3
ubiquitin ligase acts as an evening-phased clock component that
mediates proteasomal degradation of the circadian clock com-
ponents TIMING OF CAB EXPRESSION1 (TOC1) and PSEUDO-
RESPONSE REGULATOR5 (PRR5) (Más et al., 2003; Kiba et al.,
2007). The levels of ZTL protein oscillate in a circadian manner.
HSP90, in conjunction with GIGANTEA (GI), stabilizes ZTL in the
afternoon (Kim et al., 2011). ZTL is unique among the known
HSP90 clients in that the molecular chaperone stabilizes and
facilitates the correct folding of this heat-denatured client (Cha
et al., 2015). Together with the pivotal roles of HSP90 in thermal
responses, these observations raise the possibility that the ZTL-
HSP90 complex underlies the thermostable nature of the circa-
dian clock in plants.

In this study, we demonstrated that ZTL, together with its
interacting molecular chaperone HSP90, enhances thermotol-
erance during plant growth by promoting polyubiquitination of
misfolded proteins at high temperatures. Whereas ZTL-HSP90
protein complexes were dispersed in the cytoplasm at normal
temperatures, theproteincomplexeswereassociatedwith insoluble
protein aggregates in the cytoplasm at high temperatures. In-
terestingly, circadian rhythms were more rapidly dampened in the
ZTL-defective mutant compared with those in control plants under
heat stressconditions. Together,wepropose that theZTL-mediated
polyubiquitination of protein aggregates is essential for thermotol-
erance and provides the means for sustaining robust circadian
clock function under stressful high-temperature conditions.

RESULTS

The ztl-105 Mutant Exhibits Reduced Thermotolerance

Based on the finding that HSP90mediates the stabilization of ZTL
proteins (Kimet al., 2011;Chaet al., 2015, 2017),wehypothesized
that ZTL is involved in the heat stress response. To examine
this hypothesis, we first examined the thermosensitivity of ZTL-
defective mutant and ZTL-overexpressing plants (Supplemental
Figure 1). As ZTL protein abundance is under diurnal control (Kim
et al., 2003), plants were treated with high temperatures at
a specific time, themidpoint of the day under long days.We found
that the ztl-105 mutant exhibited significantly reduced thermo-
tolerance, while ZTL-overexpressing plants exhibited enhanced
thermotolerance comparedwithCol-0 plants (Figures 1A and 1B).
Consistent with the altered thermal responses, chlorophyll contents
were lower in theztl-105mutantbuthigher in theZTL-overexpressing
plants (Figure 1C), supporting the notion that ZTL is involved in plant
thermotolerance.

To investigatewhether thermal responses vary over the day,we
performed thermotolerance assays at different time points. At the
end of the day, the reduced thermotolerance of ztl-105 was still
evident (SupplementalFigure2). Incontrast, at theendof thenight,
there were no significant differences in thermotolerance between
Col-0 and ztl-105 plants, indicating that ZTL-mediated thermal
responses fluctuate throughout the diurnal cycle.
To verify that the reduced thermotolerance of ztl-105 is caused

by the loss-of-function mutation, the mutant was complemented
with a genomic ZTL gene, whose expression was driven by the
endogenous gene promoter. The reduced thermotolerance of ztl-
105 was successfully rescued in the complemented plants
(Supplemental Figure 3), indicating that ZTL is functionally as-
sociated with the thermoresponsive phenotype of the mutant.
The ztl-105mutant exhibits a longer circadian period thanCol-0

plants (Martin-Tryon et al., 2007). The question remained whether
the thermal response of the mutant is associated with its longer
circadian period. We examined the thermal responsiveness of
another mutant with a long circadian period, prr7-11 (Farré et al.,
2005). The basal thermotolerance of prr7-11 was not discernibly
different from that of Col-0 plants (Supplemental Figure 4), unlike
ztl-105, indicating that the reduced thermotolerancephenotypeof
ztl-105 is independent of circadian periodicity.
We next examined whether ZTL is associated with heat accli-

mation. Plants were pretreated at 37°C before exposure to higher
temperatures. Measurements of survival rates and chlorophyll
contents revealed that acquired thermotolerance was reduced in
ztl-105 but enhanced inZTL-overexpressing plants (Figures 1D to
1F and 1G to 1I, respectively), indicating that ZTL is associated
with both basal and acquired thermotolerance responses.

Polyubiquitination Is Suppressed in the ztl-105 Mutant under
Heat Stress

A large set of HSPs and heat shock factors (HSFs) mediate heat
stress response and signaling in Arabidopsis (von Koskull-Döring
et al., 2007). We investigated whether ZTL-mediated thermotol-
erance is functionally linked with known HSPs and HSFs.
Measurements of transcript level by RT-qPCR showed that the
relative transcript levels ofHSP andHSFwere similar in Col-0 and
ztl-105 plants at high temperatures (Figure 2A). The dehydration-
responsive element binding (DREB) transcription factors play
a regulatory role in drought and heat stress responses (Lata and
Prasad, 2011). Ascorbate peroxidase (APX) is an antioxidant
enzyme that functions in a broad spectrum of abiotic stress re-
sponses, including heat stress, by detoxifying hydrogen peroxide
(Panchuk et al., 2002). We found that the expression ofDREB and
APX was also unaffected by the ztl-105 mutation (Figure 2B).
These observations indicate that ZTL-mediated thermotolerance
occurs independently of knownheat stress signaling pathways, at
least at the transcriptional level.
Under heat stress, misfolded proteins that are excluded from

the refolding process undergo polyubiquitination and are sub-
sequentlydegradedthroughtheubiquitin-proteasomepathways to
maintain protein homeostasis (McClellan et al., 2005; Finka and
Goloubinoff, 2013). We found that ztl-105 is susceptible to high
temperatures. Therefore, we investigatedwhether the ZTL enzyme
mediates the heat-induced polyubiquitination process.
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Plants were exposed to 40°C, and polyubiquitinated proteins
were immunologically detected in total protein extracts. Poly-
ubiquitination was not altered in either Col-0 or ztl-105 plants at
23°C in darkness (Figure 2C). Notably, following exposure to heat
stress, the polyubiquitination level rapidly increased within one
hour in Col-0 plants (Figure 2D). However, the rate of increasewas
notably reduced in the ztl-105mutant. In addition, the differential
effects of heat stress on polyubiquitination were also observed in
light-treated plants (Figure 2E), indicating that ZTL helps increase
heat-induced polyubiquitination regardless of light conditions.
Meanwhile, the reduced polyubiquitination was recovered in the
ztl-105 complemented lines (Supplemental Figure 5), further
supporting the role of ZTL in heat-induced polyubiquitination.

Protein Aggregate Formation Increases in the ztl-105
Mutant under Heat Stress

Misfolded proteins that form under unfavorable stress conditions
are either refolded into their native conformations or deposited as
insoluble aggregates, which are subsequently removed by the
ubiquitin-proteasome pathways (McClellan et al., 2005; Finka and
Goloubinoff, 2013). As a result, a reduction in polyubiquitination
often accompanies the accumulation of insoluble aggregates.We
found that ZTL enhances protein polyubiquitination under heat
stress, suggesting that protein aggregates accumulate in ztl-105.
Total proteins were extracted from plants exposed to 40°C in

darkness and fractionated into soluble and insoluble forms. We

Figure 1. ZTL Is Functionally Associated with Thermotolerance.

(A) to (C)Reducedbasal thermotolerance in ztl-105.One-week-oldplantsgrownonMS-agarplateswereexposed to40°Cat themidpoint of theday for4.5h
in darkness and allowed to recover at 23°C for 5 d (A). Two measurements of survival rates (B) and chlorophyll contents (C), each consisting of 30 plants,
were averaged and statistically analyzed (t test, *P < 0.01). Bars indicate SE of the mean. Transgenic plants (OX-2 and OX-3) in which the ZTL-coding
sequence was overexpressed driven by the CaMV 35S promoter were included in the assays.
(D) to (F) Reduced acquired thermotolerance in ztl-105. One-week-old plants grown onMS-agar plates were preincubated at 37°C for 1 h in darkness and
subsequently at 23°C for 2 hbefore exposure to 45°C for 1.5 h in darkness. Theheat-treatedplantswere allowed to recover at 23°C for 5 d (D). Survival rates
(E) and chlorophyll contents (F) were measured as described above. NC, nonacclimation; AC, heat acclimation.
(G) to (I) Enhanced acquired thermotolerance inZTL-overexpressing plants. One-week-old plants grown onMS-agar plateswere preincubated at 37°C for
1 h in darkness and subsequently at 23°C for 2 h before exposure to 45°C for 3 h in darkness. The heat-treatedplantswere allowed to recover at 23°C for 5 d
(G). Two measurements of survival rates (H) and chlorophyll contents (I) were obtained, as described above.
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found that the levels of insoluble protein aggregateswerehigher in
the heat-treated ztl-105mutant versus Col-0 (Figure 3A), which is
certainly related to the reduced polyubiquitination in themutant at
high temperatures (Figures 2D, 2E, and 3B). In contrast, the levels
of insoluble protein aggregates decreased, but protein poly-
ubiquitination increased, inZTL-overexpressing plants compared
with the wild type (Figures 3C and 3D), indicating that ZTL is
important for clearing protein aggregates.

Themolecular chaperoneHSP90 isan interactingpartnerofZTL
(Kim et al., 2011) that mediates the polyubiquitination of cellular
proteins at high temperatures. Notably, whereas most HSP90
protein was present in the soluble fraction under normal temper-
ature conditions, it was detected in both the soluble and insoluble
fractions at high temperatures (Figure 3A). These observations

support the notion that ZTL and its interacting partner HSP90
constitute part of a heat-inducible protein quality control system,
which is able to clear insoluble protein aggregates through the
ubiquitin-proteasome pathways.
The next question was how heat stress affects the function of

ZTL in the quality control of cellular proteins. ZTL transcript levels
increased only slightly at high temperatures (Figure 3E). The protein
levelsofZTLwereunalteredbyheat stress (Figure3F). Therefore, it is
evident that heat stress does not affect ZTL function at the levels of
gene transcription and protein production and stability.
The subcellular localization of ubiquitin ligases underlies the

ubiquitin-dependent degradation of their target proteins (Huett
et al., 2012;Hecket al., 2010).We therefore examined thedynamic
association of ZTL with protein aggregates at high temperatures.

Figure 2. Heat-Induced Polyubiquitination Is Reduced in ztl-105.

(A) and (B)Quantification of the transcript levels of heat stress genes in ztl-105. Ten-day-old plants grown onMS-agar plates were exposed to 40°C at the
midpoint of the day for the indicated time durations before harvestingwhole plants for total RNA extraction. Transcript levels ofHSF andHSP (A) andDREB
and APX (B) were examined by RT-qPCR. Experiments were repeated three times, and the values were averaged (t test, P < 0.01). Bars indicate SE of the
mean. Note that there are no significant differences in the transcript levels of the tested genes.
(C) to (E) Levels of polyubiquitinated proteins in heat-treated ztl-105. Eight-day-old plants grown onMS-agar plateswere transferred toMS liquid culture at
23°C for1d, followedbyexposure toeither 23°C (C)or40°C (D) indarkness for the indicated timedurations. Theplantswerealsoexposed to40°C in the light
(E). Total proteins were extracted from whole plants, and polyubiquitinated proteins (Ub)n were detected immunologically using an antiubiquitin (Ub)
antibody.Tubulin (Tub)proteinwasalso immunologicallydetectedasa loadingcontrol. Foreach treatment,protein levels in threeblotswerequantifiedusing
ImageJ software (http://rsb.info.nih.gov/ij/) and averaged (t test, *P < 0.01). Bars indicate SD.
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Transgenic plants overproducing ZTL fused with the MYC tag
were heat-treated, and total proteins were separated into soluble
and insoluble fractions. Interestingly, both ZTL proteins and
polyubiquitinated proteins cofractionated in the insoluble fraction
at 40°C (Figure 3G), indicating that ZTL proteins are shuttled to
protein aggregates under heat stress, possibly in conjunctionwith
HSP90.

To verify the role of ZTL in clearing insoluble aggregates at
high temperatures, we employed nano-high-resolution liquid
chromatography-tandemmass spectrometry (LC-MS/MS). Heat-
induced insoluble protein bands were analyzed (Figure 4A), and
several proteins that were predominant in ztl-105 were identified
(Figure 4B). We selected HEXOKINASE1 (HXK1) as a represen-
tative protein forkineticaccumulationassaysof insolubleaggregates.
Asexpected,HXK1 levels increased in the ztl-105 insoluble fraction
at high temperatures (Figure 4C), indicating that ZTL plays a role in
clearing heat-induced protein aggregates.

ZTL interacts with HSP90 under normal conditions (Kim et al.,
2011). HSP90protein levels increase after exposure to heat stress
(Meiri andBreiman, 2009).Weobserved that both ZTL andHSP90
proteins were enriched in insoluble aggregates at high temper-
atures. We therefore examined whether the ZTL-HSP90 in-
teraction is affected under heat stress. Bimolecular fluorescence
complementation (BiFC) assays, in which truncated yellow fluo-
rescence protein fusions were transiently expressed in Arabi-
dopsis protoplasts, revealed that the ZTL-HSP90 interaction still
occurred at high temperatures (Figure 5A;Supplemental Figure 6).
Notably, coimmunoprecipitation assays showed that the ZTL-
HSP90 interaction increased after heat shock (Figure 5B), indicating
that high temperatures increase the formationofZTL-HSP90protein
complexes.
To more systematically examine the effects of high temper-

atures on the ZTL-HSP90 interaction, we performed additional
coimmunoprecipitation assays by adjusting the amounts of

Figure 3. Insoluble Protein Aggregates Accumulate in ztl-105 at High Temperatures.

(A) and (B)Levels of protein aggregates in ztl-105. Eight-day-old plants grownonMS-agar plateswere transferred toMS liquid culture at 23°C for 1 d. At the
midpoint of the day, the plants were exposed to 40°C in darkness for 2 h before preparing soluble and insoluble fractions. In (A), protein blots were stained
with Coomassie blue (uppermost panel), and HSP90 and Tub were immunologically detected (lower panels). Black and white arrowheads indicate HSP90
and Tub, respectively. Relative levels of accumulated aggregates at high temperatureswere quantified using ImageJ software (right panel). Protein levels in
three blots were averaged (t test, *P < 0.01). Bars indicate SD. In (B), polyubiquitinated proteins [(Ub)n] in insoluble fraction were immunologically detected.
Protein levels in three blots were quantified as described in (A).
(C) and (D) Levels of protein aggregates inZTL-overexpressing OX-2 plants. In (C), protein sample preparation, protein blots, andCoomassie blue staining
were performed as described in (A). Polyubiquitinated proteins (Ub)n in insoluble fraction were immunologically detected (D).
(E)and (F)Effectsofhigh temperaturesonZTL transcript abundanceandZTLproteinstability. Ten-day-oldplantsgrownonMS-agarplateswereexposed to
40°C. Transcript levels were examined byRT-qPCR (E). Biological triplicateswere averaged (t test, *P < 0.01). Bars indicate SE of themean. The35Spro:ZTL-
MYC transgenic plants were heat-treated and then ZTL-MYC proteins were immunologically detected (F). CB, Coomassie blue-stained membrane.
(G)Enrichment of ZTLproteins in insoluble fraction. The35Spro:ZTL-MYC transgenic plantswere heat-treated asdescribed in (A), andprotein fractionswere
prepared for the immunological detection of ZTL and (Ub)n.
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interacting proteins. Since HSP90 protein levels increased by
approximately 4-fold under heat stress (Supplemental Figure 7A),
the heat-treated samples were diluted four times so that the
level of HSP90 proteins was equal to that in mock samples
(Supplemental Figure 7B). The assays revealed thatwhile the level
of ZTL proteins was diluted in the heat-treated samples, the ZTL-
HSP90 interaction occurred at a similar level in mock and heat-
treated samples. Together, these observations indicate that the
increased interaction between ZTL and HSP90 at high temper-
atures isdirectednotonly by increasedHSP90protein abundance
but also in part by the increased formation of ZTL-HSP90 protein
complexes.

We further investigated the link between HSP90 with ZTL in
heat-induced polyubiquitination using HSP90 RNAi plants, in
which cytosolic HSP90 proteins aremarkedly depleted (Kim et al.,
2011). Heat-induced polyubiquitination was markedly reduced in
the HSP90 RNAi plants (Figure 5C), further supporting the func-
tional linkage between ZTL andHSP90 in thermoinducible protein
quality control.

The Circadian Clock Is Hypersensitive to High Temperatures
in ztl-105

Our data indicate that ZTL is involved a protein quality control
system that functions at high temperatures. ZTL is thought to be

involved in the temperature compensation of the circadian clock
at warm temperatures (27°C) (Edwards et al., 2005), raising the
possibility that the ZTL-mediated thermal response is functionally
associated with clock function.
Analyses of the rhythmic expression patterns of genes

encoding CHLOROPHYLL A/B BINDING PROTEIN2 (CAB2),
CATALASE3 (CAT3), andcarotenoidandCOLD,CIRCADIANRNA
BINDING2 (CCR2) showed that at 23°C, ztl-105 exhibited longer
periods compared with Col-0 plants (Supplemental Figure 8), as
reported previously (Martin-Tryon et al., 2007). We investigated
circadian rhythms in the ztl-105 mutant after exposure to high
temperatures. At 28°C, a temperature that does not induce a heat
stress response, the rhythmic expression patterns of CAB2 re-
mained unaffected but had reduced amplitudes in both Col-0 and
ztl-105 plants (Figure 6A). As acquired thermotolerance is com-
promised in ztl-105 (Figure 1D), we also tested rhythmicity in
seedlings moved from 23°C to 35°C. The step-up in temperature
caused a dramatic shift in the phase of CAB2 and CAT3 in Col-0
plantsbetweendays1and2 (Figure6B;Supplemental Figures8 to
10). The period between days 1 and 2 was almost 32 h, whereas
the period between days 2 and 3 was close to 24 h in Col-0

Figure 4. Nano-High-Resolution LC-MS/MS Spectrometry Analysis of
Protein Aggregates at High Temperatures.

(A)Levelsof protein aggregates at high temperatures. Eight-day-oldplants
grown on MS-agar plates were transferred to MS liquid culture at 23°C for
1d, followedbyexposure to40°C indarkness for2hprior to thepreparation
of insoluble fraction. The protein gels were stained with Coomassie blue.
(B) List of proteins identified by nano-LC-MS/MS. Proteins were extracted
from selected protein bands (labeled 1–3 in [A]). The extracted proteins
were subjected to nano-high-resolution LC-MS/MS. Some of the proteins
that were predominant in the protein aggregates of ztl-105 samples, in-
cluding HXK1, are listed.
(C) Increased HXK1 protein levels in insoluble aggregates from ztl-105.
Soluble and insoluble protein fractions were prepared from heat-treated
plants, as described above. HXK1 protein levels were examined immu-
nologically using an anti-HXK1 antibody.

Figure 5. HSP90 Is Associated with Heat-Induced Polyubiquitination by
Interacting with ZTL.

(A) BiFC investigating ZTL-HSP90 interactions. BiFC was employed to
examine ZTL-HSP90 interactions in Arabidopsis protoplasts under mock
(23°C) and heat treatment (1 h at 35°C) conditions.
(B) Coimmunoprecipitation. The 35Spro:ZTL-MYC transgenic plants were
exposed to 40°C in darkness for 2 h. Immunoprecipitation (IP) was per-
formed using magnetic beads, and the precipitates were used for the
immunological detection of MYC-ZTL and HSP90. Input represents 5% of
the IP reaction.
(C) Reduction in heat-induced polyubiquitination in HSP90 RNAi plants.
Plants were grown and exposed to 40°C, as described in Figure 2D.
Polyubiquitinated proteins were detected immunologically. Protein levels
in three blots were quantified and averaged (t test, *P < 0.01). Bars indicate
SE of the mean.
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(Supplemental Figure8C). This indicates that the shift to thehigher
temperature reset the phase of the clock, as observed in Neu-
rospora crassa (Rensing et al., 1987). The rhythmic oscillations of
transcript level in the ztl-105mutant showed a similar phase shift,
as well as a much reduced amplitude (Figure 6B). These ob-
servations indicate that ZTL is required for robust circadian clock
function under heat stress but is not related to temperature
compensation of the clock. The rhythmic expressionofCAB2was
not detected in Col-0 or ztl-105 plants at 42°C, when nonviability
was observed (Figure 6C).

We found that HSP90 interacts with ZTL in modulating protein
polyubiquitination at high temperatures (Figures 5A to 5C). Cir-
cadian rhythms were disturbed in ztl-105 under identical con-
ditions (Figure6B).We therefore suspected thatcircadian rhythms
wouldbealtered inplantswith reducedHSP90activity.Consistent
with the known roles of cytosolic HSP90 proteins in circadian
clock function (Kim et al., 2011), circadian rhythms were largely
disturbed in HSP90 RNAi plants at high temperatures (Figure 6D;
Supplemental Figure 10), as observed in the ztl-105 mutant. The
rhythmic oscillations of transcript abundance of TOC1 and CAT3
alsodisappeared in theHSP90RNAiplantsat35°C (Supplemental
Figure 11).

We next investigated the link between the accumulation of
protein aggregates and clock thermosensitivity by including
MG132, a potent proteasome inhibitor (Lee and Goldberg, 1998),
in the assays examining the circadian rhythmic expression of
CAB2. At 23°C, the rhythmic expression of CAB2 was evident in
both Col-0 and ztl-105 plants in the presence of MG132 (Figures 6E
and6F;SupplementalFigure12).At35°C, thecircadianrhythmswere
still evident at ZT24-48 but disappeared in the presence of MG132
(Figure 6E). In contrast, the rhythmic expression pattern was not
observed in ztl-105, even in the absence of MG132 (Figure 6F),
demonstrating that ZTLplays a role in the thermostability of the clock
by modulating the accumulation of protein aggregates.
ZTL modulates the protein stability of TOC1 and PRR5 through

ubiquitin-mediated degradation pathways (Más et al., 2003; Kiba
et al., 2007). We therefore investigated whether ZTL-mediated
control of TOC1 and PRR5 protein stability is related to the dis-
rupted circadian rhythms in the ztl-105 mutant at high temper-
atures. While the protein levels of TOC1 and PRR5 were rapidly
reduced during the dark period at 23°C (Figure 7A), such re-
ductions were not observed at 35°C (Figure 7B), similar to the
protein accumulation patterns in ZTL-defective mutants (Más
etal., 2003;Kibaetal., 2007). Inaddition, TOC1andPRR5proteins

Figure 6. ZTL-Mediated Protein Quality Control Contributes to the Thermostability of the Clock.

Transcript levels were examined by RT-qPCR. Three measurements were repeated, and the values were averaged. Bars indicate SE of the mean.
(A) to (C)Disruptionofcircadian rhythms in ztl-105athigh temperatures.Seven-day-oldplantsgrownonMS-agarplatesat23°Cwere incubatedat28°C (A),
35°C (B), or 42°C (C) in the light. ZT, zeitgeber time.
(D)Disruption of circadian rhythms in HSP90 RNAi plants. Plant growth, heat treatments, and transcript level analysis were performed as described above.
(E) and (F) Effects of MG132 on circadian rhythms. Six-day-old plants grown on MS-agar plates at 23°C were transferred to MS liquid culture for 1 d. The
plantswere then transferred toMS liquid culture supplementedwith 50mMMG132and incubatedat either 23°Cor 35°C in the light.Circadian rhythmswere
examined in Col-0 (E) and ztl-105 plants (F).
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remained in the soluble fraction (Figure 7C), while ZTL proteins were
fractionated into the insoluble fraction (Figure3G).Theseobservations
indicatethatTOC1andPRR5arenotdirectly involved inZTL-mediated
stabilization of the clock function at high temperatures.

Altogether, we propose that the ZTL/HSP90-mediated protein
quality control system confers sustainability of plant growth and,
possibly, robust clock function under heat stress conditions
(Figure 8). Upon exposure to stressful high temperature con-
ditions,ZTLenhances thepolyubiquitinationofmisfoldedproteins
to direct them toward the ubiquitin-proteasome pathways, thus
eliminating the accumulation of protein aggregates that are toxic
to cellular components. Our model provides a distinct molecular
linkbetweenproteinqualitycontrolandthermotoleranceresponses
in plants.

DISCUSSION

ZTL and HSP90 Mediate a Thermoresponsive Protein
Quality Control Mechanism

Protein misfolding is a common cellular event that occurs con-
tinuously as living organisms age or encounter environmental
extremes, such as high temperatures and oxidative stress.

Versatileproteinqualitycontrol systemshaveevolved tocopewith
misfolded proteins and their insoluble aggregates by either fa-
cilitating refolding reactions or clearing insoluble aggregates
(McClellan et al., 2005; Finka and Goloubinoff, 2013).
In plants, distinct ubiquitin-proteasome systems are re-

sponsible for the degradation of irreversibly aggregated pro-
teins; the accompanyingE3ubiquitin ligase enzymeshavebeen
functionally characterized. The ubiquitin ligase CHIP poly-
ubiquitinates misfolded proteins that are targeted for degra-
dation to eliminate proteotoxicity under environmental stress
conditions (Zhou et al., 2014; Lee et al., 2009; Samant et al.,
2014). Meanwhile, the autophagy receptor NEXT TO BRCA1
GENE1 (NBR1) mediates the autophagosomal degradation of
ubiquitinated protein aggregates (Zhou et al., 2013). CHIP and
NBR1 mediate two distinct but mutually complementary anti-
proteotoxic pathways that function in abiotic stress responses
in plants (Zhou et al., 2014).
Molecular chaperones are a group of proteins that not only

facilitate proper folding of newly synthesized polypeptides but
also mediate controlled degradation of misfolded proteins and
their aggregates by forming chaperone-E3 ubiquitin ligase
complexes (McClellan et al., 2005; Finka and Goloubinoff, 2013).
Many molecular chaperones identified thus far are HSPs, which
are produced in response to elevated temperatures in plants

Figure 7. Diurnal Rhythmic Accumulation of PRR5 and TOC1 Is Disrupted at High Temperatures.

(A) and (B)Accumulation patternsofPRR5andTOC1proteins. ThePRR5pro:PRR5-GFP andTOC1pro:TOC1-YFP transgenic plants in theCol-0background
were describedpreviously (Máset al., 2003; Kiba et al., 2007). TheplantsweregrownonMS-agar plates at 23°C for 9 dandeither kept at 23°Cor transferred
to 35°C for 1 d ([A] and [B], respectively). Whole plants were harvested at the indicated ZT points for total protein extraction. PRR5-GFP and TOC1-YFP
proteinswere immunologically detected using polyclonal anti-GFP antibody produced in rabbit (catalog no. ab6556; Abcam). CB,Coomassie blue-stained
membrane.
(C) Subcellular localization of PRR5 and TOC1. The heat-treated transgenic plants described in (A)were used for the preparation of soluble and insoluble
fractions. Cell fractionation was performed as described in Figure 3A in the presence of 50 mM MG132. PRR5-GFP and TOC1-YFP proteins were im-
munodetected as described above. Parts of CB (membranes) are displayed at the bottom as a loading control.
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(Zhouetal., 2014;KrishnaandGloor, 2001;Xuetal., 2012;Bitaand
Gerats, 2013). Among plant HSPs, HSP90 has been the most
extensively studied for its roles in plant responses to environ-
mental stresses, including defense mechanisms (Xu et al., 2012),
phenotypicplasticity (Sangster andQueitsch,2005), andbuffering
of genetic variations (Sangster et al., 2008). In particular, high
temperatures trigger HSP90 production, which plays a role in the
assembly and maintenance of the 26S proteasome (Imai et al.,
2003), suggesting HSP90 plays versatile roles in shaping protein
turnover under stressful environments.

HSP90 plays a central role in maintaining animal circadian
systems (Schneider et al., 2014). In plants, awell-knownsubstrate
of HSP90 is the F-box-containing ZTL ubiquitin ligase, which
functions in thecircadian clock (Kimet al., 2011).HSP90stabilizes
ZTL, andHSP90-mediatedmaturation of ZTL is essential for clock
function (Kim et al., 2011). The HSP90-mediated stabilization of
ZTLalsocontributes to the rhythmic accumulationof tetrapyrroles
in chloroplasts,which in turn regulates theoscillatedexpressionof
genes encoding C-REPEAT BINDING FACTOR transcription
factors (Norénetal., 2016). Theseobservationssupportapotential
role for the ZTL-HSP90 module in the intersection between the
circadian clock and plastid signaling pathways.

In this study, we demonstrated that ZTL and HSP90 constitute
part of the ubiquitin-proteasome-dependent protein quality
controlmechanism,which enhances the thermotolerance of plant
growth and maintains thermostability of circadian clock function.
In the ZTL-defective ztl-105 mutant, protein polyubiquitination
was reduced, but insoluble protein aggregates accumulated. We
also found thatZTLandHSP90werecofractionatedwith insoluble
aggregates under heat stress, indicating that the ZTL-HSP90-
mediated protein quality control system plays a major role in the
degradation of irreversibly misfolded proteins that accumulate
under heat stress. While the ZTL-HSP90 pathway thermostabilizes
theclock function, it isnot involved in the temperaturecompensation
of the clock.

The CHIP-defective mutants are thermosusceptible, and in-
soluble protein aggregates accumulate in thesemutants (Samant
et al., 2014). Notably, polyubiquitination levels are also higher in
the mutants than wild type, which is in contrast to the reduced
polyubiquitination in ztl-105 (this work) and in yeast mutants

lacking various ubiquitin ligase enzymes (Fang et al., 2011; Yoo
et al., 2015). This distinction suggests that the CHIP-mediated
quality control mechanism is somewhat distinct from those me-
diated by other E3 enzymes to maintain protein homeostasis.

ZTL Sustains the Thermostability of the Circadian Clock

It is currently unclear how the ZTL/HSP90 system confers en-
hanced high-temperature tolerance to the clock function. One
possibility is that clock components or those mediating clock
input and output signals are misfolded upon exposure to high
temperatures, forming insoluble aggregates that disrupt protein
homeostasis of the clock function.Under this scenario, ZTLwould
provide a finely tuned protein turnovermechanism targeting heat-
induced aggregates of the clock components. Alternatively, the
accumulation of denatured or damaged cellular proteins could
provoke cytotoxicity, resulting in an overall dysfunction of cellular
activities, including the clock function. We found that thermo-
tolerance is reduced and circadian rhythms are disturbed in
ztl-105 at high temperatures, supporting the latter possibility.
Previous and current data support the notion that ZTL modu-

lates the clock function under both normal and stressful con-
ditions. The ZTL enzyme degrades TOC1 and PRR5 in a circadian
rhythmic pattern (Máset al., 2003;Kiba et al., 2007).We found that
HSP90andZTLaccumulate in insoluble protein aggregates under
heat stress. One plausible explanation is that ZTL plays dual roles
in maintaining the clock function. Under normal temperature
conditions, it directs the dark-dependent degradation of TOC1
andPRR5via theubiquitin-proteasomepathway (Máset al., 2003;
Kiba et al., 2007). On the other hand, when plants are exposed to
high temperatures, ZTL and HSPs constitute part of the protea-
somal protein quality control machinery that eliminates insoluble
protein aggregates that inevitably form under this stressful con-
dition. TOC1 and PRR5 remained soluble at high temperatures
andwerenot targetedby theZTL-HSP90module, suggesting that
ZTL mediates clock thermostability by targeting cellular proteins
other than TOC1 and PRR5. The ZTL-mediated protein quality
control system may also function under other stress conditions,
suchasoxidativestressandhighsalinity,whichprofoundly influence
clock function (Marcolino-Gomes et al., 2014; Tamaru et al., 2013).
More work is required to elucidate the molecular mechanism

that underlies the functions of ZTL andHSP90 in the heat-responsive
protein quality control system. Based on their roles in plant ther-
motolerance and clock thermostability, the ZTL-HSP90 pathway
would require additional cochaperones, such as HSP70 or GI. GI
forms a ternary complex with HSP90 and ZTL, which functions in
thematuration process of ZTL tomaintain the clock function under
normal temperature conditions (Cha et al., 2017). It is likely that GI
also contributes to the thermotolerance response and clock
thermostability by facilitating ZTL folding.

METHODS

Plant Materials and Growth Conditions

AllArabidopsis thaliana linesused in this studywere in theColumbia (Col-0)
background. Sterilized seeds were stratified at 4°C in darkness for 3 d and
allowed to germinate on 0.53Murashige andSkoog-agar plates (hereafter
referred to asMS-agar plates) at 23°C under long days (LDs; 16 h light and

Figure 8. Working Model for the ZTL-Mediated Thermostabilization of
Growth and Circadian Clock Function.

Under heat stress conditions, ZTL forms a complex with HSP90 that elimi-
nates insoluble protein aggregates via polyubiquitination-mediated protein
degradation.Meanwhile,HSP90 facilitates the refoldingofmisfoldedproteins
to maintain protein homeostasis. Since protein aggregates are toxic to cell
viabilityandthecircadianclock, theseproteinqualitycontrolprocessesconfer
plants with increased resistance to high temperature stress.
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8hdark).White light illumination (120mmolphotonsm22 s21)wasprovided
by fluorescent FLR40D/A tubes (Osram).

The T-DNA insertional knockout mutants prr7-11 and ztl-105 were
described previously (Yamamoto et al., 2003; Martin-Tryon et al., 2007).
The MYC-coding sequence was fused in-frame to the 39 end of the ZTL-
coding sequence, and the gene fusion was subcloned into the binary
pBA002 vector under the control of either the CaMV 35S promoter or the
endogenous ZTL promoter, consisting of an ?1.8-kb sequence region
upstreamof the translational start site (Baudry et al., 2010). The expression
constructswere transformed intoCol-0 or ztl-105plants (Clough andBent,
1998), resulting in 35Spro:ZTL-MYC or ZTLpro:ZTL-MYC ztl-105, respectively.
The ZTL-coding sequence was also subcloned into the binary pB2GW7
vector under the control of the CaMV 35S promoter, and the expression
construct was transformed into Col-0 plants. The ZTL-overexpressing plants
were used in thermotolerance assays.

Transcript Level Measurement

Total RNA samples were extracted from 10-d-old seedlings grown on
MS-agar plates and pretreated with RNase-free DNase to eliminate ge-
nomic DNA contamination before RT-qPCR. RT-qPCR was performed in
96-well blocks with an Applied Biosystems 7500 real-time PCR system
using SYBR Green I master mix in a volume of 20 mL. PCR primers were
designed using Primer Express Software installed in the system; the pri-
mers are listed in Supplemental Table 1. Individual PCR reactions were set
up as follows: 10min at 95°C, followedby 35 to 40 cycles of 15 s at 95°C for
denaturation and 1 min at 60°C for annealing and polymerization and an
additional round of 1 min at 65°C at the end of the thermal cycles for the
completion of PCR. The eIF4A gene (At3g13920) was included in the re-
actions as an internal control to normalize the variations in the amounts of
cDNA used (Gutierrez et al., 2008).

AllRT-qPCRwasperformedusing three independentsamplesprepared
from different plants grown under identical conditions. The comparative
DDCT method was employed to evaluate relative quantities of individual
amplified products in the samples. The threshold cycle CT was automatically
determined for each reaction using default parameters. The specificity of
RT-qPCR was determined by melt curve analysis of the amplified products
using the standard method installed in the system.

Thermotolerance Assay

The assayswere performed essentially as described previously (Yoo et al.,
2006), but with some modifications. Seven-day-old seedlings grown on
MS-agar plates were exposed to 40°C for 4.5 h in darkness and allowed to
recover at 23°C for 5 d under LDs. Survival of heat-treated seedlings was
decided based on the presence of newly developing leaves. For the heat
acclimation assays, seedlings were exposed to 37°C for 1 h and incubated
at 23°C for 2 h before exposure to 45°C for 1.5 h in darkness. The heat-
treated seedlings were then allowed to recover at 23°C for 5 d under LDs.

Chlorophyll Contents Measurements

Measurements of chlorophyll contents were performed as described
previously (Lee et al., 2012). Briefly, plant materials were ground in liquid
nitrogen, and chlorophylls were extracted with N,N-dimethylformamide.
The extract was incubated at 4°C for 1 h in complete darkness. Chlorophyll
contents were assayed bymeasuring absorbance at 652, 665, and 750 nm
using a diode array spectrophotometer (WPA Biowave).

Detection of Polyubiquitinated Proteins

Eight-day-old seedlings grown on MS-agar plates were transferred to MS
liquid culture for 1 d under LDs before exposure to 40°C. Plant materials

were ground in liquid nitrogen, and total proteins were eluted with 23
SDS-PAGE loading buffer (100 mM Tris-Cl, pH 6.8, 4% SDS, 0.2%
bromophenol blue, 20% glycerol, and 200 mM DTT) and boiled for
10 min. The boiled extract was clarified by centrifugation at 23°C for
10min at 12,000g. Fifteenmicroliters of the supernatantwassubjected to
6% SDS-PAGE and transferred onto a PVDF membrane (catalog no.
IPVH00010; Millipore). Polyubiquitinated proteins were detected im-
munologically using a monoclonal antiubiquitin antibody produced in
mouse (catalog no. sc-8017; Santa Cruz Biotechnology; diluted to
1:1000). For the secondary antibody, a goat anti-mouse IgG-horseradish
peroxidase (HRP) (catalog no. sc-2005; Santa Cruz Biotechnology; di-
luted to 1:5000) was used. After incubation with the secondary antibody,
HRP-conjugatedproteinswerevisualizedusing theWestSaveUpsystem
(catalog no. LF-QC0101; Abfrontier). The relative intensities of poly-
ubiquitinated proteins were quantified using ImageJ software (https://
imagej.nih.gov/ij/).

Fractionation of Soluble and Insoluble Proteins

Protein fractionation was performed as described previously (Coll et al.,
2014). Plant materials were ground in liquid nitrogen and suspended in
buffer B containing apyrase (catalog no. A6535; Sigma-Aldrich) and/or
MG132. Theprotein extractwas passed throughacell strainerwith apore
sizes of 70 mm (Fisher Scientific), and the solution was centrifuged se-
quentially at 2000g at 10 min, followed by centrifugation at 3000g for
10 min at 4°C. The supernatant was centrifuged again at 16,000g at 4°C
for 90 min. The supernatant and the pellet correspond to the soluble and
insoluble fractions, respectively. The pellet was washed three times with
fresh buffer B supplemented with 2% Nonidet P-40, each by centrifu-
gation at 16,000g for 30min. Thepelletwas resuspended in freshbuffer B
and sonicated using an ultrasonic cleaner (SaeHan ultrasonic). The
solutions were mixed with 53 SDS-PAGE loading buffer and boiled
for 10 min.

Thesampleswere analyzedon6%and10%SDS-PAGEgels. The6%
gel was either Coomassie blue-stained or subjected to immunoblotting
analysis using an antiubiquitin antibody (Santa Cruz Biotechnology). A
modified version of Coomassie blue staining was employed to detect
the fractionated proteins with improved sensitivity (Wang et al., 2007).
The 10% gel was blotted onto PVDF membrane, and HSP90.1, tubulin,
and ZTL-MYC proteins were detected immunologically using a poly-
clonal anti-HSP90.1 antibody produced in rabbit (catalog no. AS08 346;
Agrisera; diluted to 1:1000), a monoclonal anti-tubulin antibody pro-
duced in mouse (catalog no. T9026; Sigma-Aldrich; diluted to 1:500),
and a monoclonal anti-MYC antibody produced in mouse (catalog no.
05-724; Millipore; diluted to 1:1000), respectively. For the secondary
antibodies, a goat anti-mouse IgG-HRP (Santa Cruz Biotechnology)
and a goat anti-rabbit IgG-HRP (catalog no. sc-2030; Santa Cruz
Biotechnology; diluted to 1:5000) antibody were used.

Mass spectrometry of insoluble proteins was performed at the Na-
tional Instrumentation Center for Environmental Management, Seoul
National University, using a nano-high-resolution LC-MS/MS spec-
trometer (Thermo Scientific). Among the identified proteins, HXK1
proteins were immunologically detected using a polyclonal anti-
HXK1 antibody produced in rabbit (catalog no. AS12 2601; Agrisera;
diluted to 1:1000).

Protein Stability Assay

To examine the stability of ZTL proteins at high temperatures, 35Spro:ZTL-
MYC transgenic plants were grown onMS-agar plates for 10 d under LDs.
After incubation at 40°C in darkness, whole plants were harvested for total
protein extraction. ZTL proteins were detected immunologically using an
anti-MYC antibody (Millipore).
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BiFC Assay

The assays were conducted as described previously (Seo et al., 2012).
Full-size ZTL- and HSP90.1-coding sequences were fused in-frame to
the 39 end of a gene sequence encoding the N-terminal half of enhanced
YFP in the pSATN-nEYFP-C1 vector (E3081) or to the 39 end of a gene
sequence encoding the C-terminal half of enhanced YFP in the pSATN-
cEYFP-C1 vector (E3082). The expression constructs were cotransformed
into Arabidopsis mesophyll protoplasts by the PEG-calcium transfection
method (Yoo et al., 2007). Transformed protoplasts were incubated for 16 h
under constant light, and reconstitution of YFP fluorescence was monitored
by fluorescence microscopy under a Zeiss LSM510 confocal microscope
(Carl Zeiss)with the following filter setup: 514nm for excitation, 535 to590nm
for YFP, and 690 to 730 nm for autofluorescence.

Coimmunoprecipitation Assays

Plants were grown on MS-agar plates for 9 d at 23°C. After incubation at
40°C in darkness for 2 h, whole plants were harvested for total protein
extraction. Plant materials were ground in liquid nitrogen, and proteins
were extracted in coimmunoprecipitation buffer (50 mM Tris-Cl, pH 7.4,
500 mM NaCl, 10% glycerol, 5 mM EDTA, 1% Triton X-100, and 1%
Nonidet P-40) containing protease inhibitor cocktail tablets (catalog no.
11836153001; Sigma-Aldrich). Five percent of the extracts was used as
the input control. The protein extracts were incubated with 20 mL
polyclonal anti-c-Myc agarose affinity gel antibody produced in rabbit
(catalog no. A7470; Sigma-Aldrich) for 1 h at 4°C. The beads were then
washed five times with fresh coimmunoprecipitation buffer. To elute the
proteins, 40 mL of 23 SDS loading buffer was added to the beads,
followed by boiling for 10 min. Twenty percent of the eluted proteins
were used as IP control. Anti-MYC (Millipore) and an anti-HSP90.1
(Agrisera) antibodies were used for the detection of ZTL-MYC and
HSP90.1, respectively.

Circadian Rhythm Measurements

One-week-old plants grown on MS-agar plates under LDs were shifted
from 23°C to 23°C, 28°C, 35°C, or 42°C for up to 3 d under constant light
conditions at ZT0.Whole plantmaterials were harvested at the appropriate
ZTpoints for totalRNAextraction.Gene transcript levelswere examinedby
RT-qPCR. The period and relative amplitude error of rhythmicity were
calculated using BioDare2 software (https://biodare2.ed.ac.uk/welcome).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative databases under the following accession numbers: eIF4A
(At3g13920),DREB2A (At5g05410),DREB2B (At3g11020),APX1 (At1g07890),
APX2 (At3g09640), HSFA1a (At4g17750), HSFA1b (At5g16820), HSFA1d
(At1g32330), HSFA2 (At2g26150), HSP60 (At3g23990), HSP70 (At3g12580),
HSP90 (At5g52640), HSP101 (At1g74310), TOC1 (At5g61380), PRR5
(At5g24470), PRR7 (At5g02810), CAT3 (At1g20620), CCR2 (At1g06820),
and ZTL (At5g57360).
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