{: SCISPACE

formerly Typeset

@ Open access « Posted Content - DOI:10.1101/2020.12.07.414789
Ribosomes act as cryosensors in plants — Source link [4

David Guillaume-Schopfer, Katja E. Jaeger, Katja E. Jaeger, Feng Geng ...+6 more authors

Institutions: University of Cambridge, Leibniz Institute for Neurobiology, University of Milan, University of Potsdam

Published on: 07 Dec 2020 - bioRxiv (Cold Spring Harbor Laboratory)

Related papers:

« CBF-Dependent and CBF-Independent Transcriptional Regulation of Cold Stress Responses in Plants
» Gene Regulatory Networks Mediating Cold Acclimation: The CBF Pathway

« Genomics of Cold Hardiness in Woody Plants

» Regulatory gene networks involved in the cold transduction pathway

« Signalling During Cold Stress and lts Interplay with Transcriptional Regulation

Share thispaper: @ ¥ M &

View more about this paper here: https:/typeset.io/papers/ribosomes-act-as-cryosensors-in-plants-
4esiampmle


https://typeset.io/
https://www.doi.org/10.1101/2020.12.07.414789
https://typeset.io/papers/ribosomes-act-as-cryosensors-in-plants-4esiampmle
https://typeset.io/authors/david-guillaume-schopfer-c2zcuomyf7
https://typeset.io/authors/katja-e-jaeger-1nlssmy89a
https://typeset.io/authors/katja-e-jaeger-1nlssmy89a
https://typeset.io/authors/feng-geng-3brpyid4lm
https://typeset.io/institutions/university-of-cambridge-2qc4lk4s
https://typeset.io/institutions/leibniz-institute-for-neurobiology-2xthanyn
https://typeset.io/institutions/university-of-milan-1083bsd8
https://typeset.io/institutions/university-of-potsdam-mxk3cs8j
https://typeset.io/journals/biorxiv-318tydph
https://typeset.io/papers/cbf-dependent-and-cbf-independent-transcriptional-regulation-15j5g2d5m2
https://typeset.io/papers/gene-regulatory-networks-mediating-cold-acclimation-the-cbf-515jg6j6td
https://typeset.io/papers/genomics-of-cold-hardiness-in-woody-plants-15hfo3577k
https://typeset.io/papers/regulatory-gene-networks-involved-in-the-cold-transduction-29eoj3bmvs
https://typeset.io/papers/signalling-during-cold-stress-and-its-interplay-with-122w4wrhv7
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/ribosomes-act-as-cryosensors-in-plants-4esiampmle
https://twitter.com/intent/tweet?text=Ribosomes%20act%20as%20cryosensors%20in%20plants&url=https://typeset.io/papers/ribosomes-act-as-cryosensors-in-plants-4esiampmle
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/ribosomes-act-as-cryosensors-in-plants-4esiampmle
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/ribosomes-act-as-cryosensors-in-plants-4esiampmle
https://typeset.io/papers/ribosomes-act-as-cryosensors-in-plants-4esiampmle

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.07.414789; this version posted December 7, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Ribosomes act as cryosensors in plants

David Guillaume-Schépfer!, Katja E. Jaeger! 2, Feng Geng!, Fabrizio G. Doccula’, Alex Costa®,
Alex A. R. Webb* and Philip A. Wigge!- 25 *

'Sainsbury Laboratory, University of Cambridge, Cambridge, CB2 1LR, United Kingdom.

2Leibniz-Institut fiir Gemiise- und Zierpflanzenbau, Theodor-Echtermeyer-Weg 1, 14979 GroRbeeren, Germany.
3Department of Biosciences, University of Milan, 20133 Milan, Italy.
“Department of Plant Sciences, University of Cambridge, Cambridge CB2 3EA, United Kingdom.

SInstitute of Biochemistry and Biology, University of Potsdam, 14476 Potsdam, Germany.

*Correspondence to: wigge@igzev.de

Cold temperatures are a threat to temperate plants, and Arabidopsis thaliana has acquired an adaptive
gene expression network controlled by CBF transcription factors. The CBFs are sufficient to enable plants
to survive otherwise lethal subzero temperatures. Constitutive CBF expression causes delayed flowering
and stunted growth, and plants have evolved the ability to restrict CBF expression to occur only in the
cold. This allows plants to anticipate likely freezing events and selectively deploy cold tolerance. The
mechanism by which cold stress is sensed is however unknown. Here we show that protein translation
rates in plants are proportional to temperature, and reduced translation rates trigger a rise in intracellular
free calcium that activates the CAMTA transcription factors, and these directly activate cold-induced gene

expression.

Freezing stress is a major threat to
temperate plants, and Arabidopsis
thaliana has evolved an adaptive
transcriptional response activated by
the C-REPEAT BINDING
FACTORI1-3 (CBF1-3) AP2-type
transcription  factors,  enabling
survival of otherwise lethal subzero
temperatures (Jaglo-Ottosen et al.,
1998). Constitutive expression of
CBFs however greatly reduces
growth, and plants have evolved a
pathway to restrict CBF expression
to low temperatures (Jaglo-Ottosen
et al., 1998). Activation of the CBFs
by cold requires the activity of the
CALMODULIN-BINDING

TRANSCRIPTION  ACTIVATOR
(CAMTA) 1, 2, 3 and 5 genes (Kim
et al., 2013; Ohama et al., 2015).
The CAMTAs are activated by Ca?*-
sensing calmodulins (Bouché et al.,
2005), and calcium levels rise
during cold stress (Plieth et al.,
1999; Monroy et al., 1993; Knight et
al., 1996; Berberich and Kusano,

1997; Tahtiharju et al., 1997;
Yamazaki et al., 2008). The
cryosensory mechanism in this

pathway is however unknown. Here
we show that ribosome translation
rates provide the initial temperature
sensing events necessary for the

activation of the cold stress

response.

Translation rate is proportional to
temperature in plants

Protein  synthesis by
ribosomes is a key cellular process,
and the translation elongation rate is
proportional to temperature in E.
coli (Farewell and Neidhardt, 1998).
To see if translation rates in plants
are temperature-dependent, we
measured the rate of protein
synthesis using a cell-free system
coupled to a Luciferase assay. This
shows that translation efficiency
increases strongly between 4 °C and
22 °C (Fig. 1A). We confirmed this
effect by measuring protein levels
(Supp. Fig. 1A).

To determine if
temperature impacts translation
globally in the cell, we assayed
incorporation of the
aminonucleoside puromycin in de
novo synthesised peptides (EK et al.,
2009). As expected, inhibiting 80S
ribosomes sharply  decreases
translation (Fig. 1B). The results
confirm that protein synthesis rates
are proportional to temperature in
plants (Fig. 1C). Temperature does
not affect puromycin uptake (Fig.
1D, Supp. Fig. 1B), confirming the

direct  kinetic link  between
temperature and ribosome
processivity in plants.

Translation declines

rapidly in the cold, comparable to
the effect of 30 uM CHX, consistent
with the effect of temperature being
direct (Fig. 1C,E). Translation rates
begin to recover after 4 hours in the
cold, indicating that acclimation
mechanisms exist to enable some
essential protein synthesis (Fig.
1C,E).

Reducing ribosomal activity
induces early cold stress signalling

Since protein synthesis
rates are proportional to
temperature, we tested if translation
rates provide a mechanism to sense
cold stress. Strikingly, slowing
down translation using CHX is
sufficient to rapidly induce the cold-
responsive pCBF2::LUC reporter at
room temperature, resembling the
cold response (Fig. 2A,B),
consistent with previous
observations (Zarka et al., 2003;
Berberich and Kusano, 1997). The
response to CHX is specific, since
later responding cold genes such as
COR15a are not induced (Fig. 2B).

To determine if protein
translation rates control the global
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A: Luminescence from luciferase synthesised in vitro
at a range of temperatures (4 replicates). B, C, E:
Quantification of in vivo translation in Arabidopsis
seedlings (=3 replicates, 10-15 seedlings each). B:
Validation of the SUnSET assay. Seedlings were
treated with 150 pM puromycin (PUR) following 60-
minute incubations in CHX and/or kanamycin (KAN) at
30 uM or 0.1% DMSO (mock). C: Low temperatures
reduce protein synthesis in vivo. Assays were
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Figure 1: Translation rate is proportional to performed five days after transferring 22°C-grown
temperature. seedlings to the indicated temperatures. D: Low

temperatures do not inhibit PUR uptake. Intracellular
PUR was detected by immunofluorescence
microscopy in seedlings at 4°C or 22°C (7 replicates).
E: Cold and CHX cause rapid translational repression.
Seedlings were treated with 0.1% DMSO at 22°C
(mock) or 4°C or with 30 uM CHX at 22°C for 0 to 24
hours. PUR incorporation was normalised to mock
controls. For all experiments, error bars indicate
standard deviation.
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Figure 2: Cold signalling is activated by reduced
ribosome activity.

A: CHX activates the CBF2 promoter. Expression of
luciferase (LUC) driven from CBF2 or UBQ10 promoter
(pC, pU) and terminator (tC, tU) sequences in
Arabidopsis seedlings treated for 2 hours with CHX (30
MM, 22°C) or mock treatment (0.1% DMSO, 22°C)
(four pools of 4-6 selected T1 seedlings). B: CHX
induces CBF2 but not COR15a expression. CHX,
mock and cold (0.1% DMSO, 4°C) treatments were
carried out for 0 to 24 hours (3 replicates, 10-15
seedlings each). Error bars indicate standard deviation
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(A, B). C: CHX induces an early cold-responsive
cluster of genes. RNA-seq of seedlings after CHX,
mock or cold treatments for 0.25 to 6 hours. Genes
were hierarchically clustered according to their
temporal pattern of cold induction. Colours indicate
log2 fold-changes in expression relative to mock
controls and genes of interest are annotated. D:
Correlation between cold- and CHX-responsive
transcriptomes for key clusters. Pearson correlation
coefficients are indicated. E: Top three motifs enriched
in promoters upregulated by 1-hour CHX treatment.
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response to cold stress, we
compared the cold- and CHX-
responsive transcriptomes over a 6 h
time-course. Clustering of the cold-

responsive genes reveals three
major categories of response (Fig.
2C). Cluster 1 contains genes

activated by 1-2 h of cold (early-
inducible genes), including CBF1,
CBF2 and CBF3, and other
transcription  factors previously
shown to respond rapidly to cold
such as ZATI0, ZATI12, ZF and
HSFCI (Park et al., 2015). Clusters
3 and 4 are activated at 4-6 h of cold
and include CORI5a and COR47.
The majority of genes in Cluster 1
are rapidly induced by CHX
treatment, whereas this is not the
case for Clusters 3 and 4 (Fig.
2C,D). Cluster 6 contains genes that
are repressed by cold, including
many heat-inducible genes such as
HSP70, HSP101 and HSFA2, and
many of these are repressed by CHX

(Fig. 2CD). CHX therefore
activates the early cold-responsive
transcriptional programme.

Accordingly, genes induced after
one hour of CHX treatment are
enriched for promoter motifs
targeted by transcription factors
involved in cold signalling (Fig. 2E)
(Doherty et al., 2009; Kidokoro et
al., 2009; Lee and Thomashow,
2012; Kim et al., 2013; Park et al.,
2015).

Activation of cold- and CHX-
responsive genes is mediated by
CAMTASs

Cold-mediated CBF
expression is dependent on the
CAMTA family of transcription
factors (Kim et al., 2013; Kidokoro
et al., 2017), and we find that this is
also the case for CHX (Fig. 3A).
This suggests that CHX-induced
CBF expression acts via the same
pathway as cold stress. The CBF
regulon is gated by the circadian
clock, and we observe that
PSEUDO-RESPONSE
REGULATOR 5, 7 and 9 (PRRS, 7
and 9) regulate CBF2 inducibility by
CHX (Fig. 3B). CBF2 expression is

also more responsive to CHX at the
beginning of the day, as has been
described for the cold response,
consistent with the CHX pathway
acting through the same pathway as
the cold stress signalling pathway
(Supp. Fig. 2).

Since CHX and cold
induction of CBF?2 is dependent on
CAMTAs, we investigated whether

these factors activate the cold
transcriptome  directly.  Using
epitope-tagged proteins
complementing  the  camtal23

mutant (Supp. Fig. 3A,B), we
performed ChIP-seq on CAMTAI,
2 and 3 in response to either cold or
CHX treatment. Consistent with a
direct role in activating early cold-
responsive genes, the binding of
these transcription factors is rapidly
induced by both cold and CHX (Fig.
3C,D) and many of the genes in
Cluster 1 are bound (Fig. 3C,F,G).
CAMTAs also bind to the promoters
of many genes in Clusters 3, 4 and
6, suggesting that they may also
contribute to the regulation of late
cold-responsive genes, which are
strongly bound by CBF2 (Supp. Fig.
3C,D,E). We find 1141 genes where
the binding of CAMTAL, 2 or 3 at
their promoters increases during
both cold and CHX treatments (Fig.
3E).

Translational inhibition
correlates with CBF gene
induction

Since CHX has complex
effects on the cell, we investigated
whether its induction of the cold
response is a specific consequence
of its inhibition of ribosomes.
Sampling a variety of translation
inhibitors, we found a positive
correlation between the degree of
CBF2 gene induction and the extent
of translational inhibition (Fig. 4A).
Inhibitors targeting  different
components of the translational
machinery (Supp. Table 1) induce
similar effects on the cold
transcriptome, whereas terminating
peptide elongation using puromycin
has little effect (Fig. 4B).

To exclude the possibility
that these chemicals activate the
early cold response indirectly, we
generated plants expressing the
ribosomal protein  point-mutant
RPL36a™% (CYHrI, for
cycloheximide resistance 1), which
in budding yeast does not interact
with CHX (Kawai et al., 1992).
CYHrl seedlings can grow in the
presence of CHX (Fig. 40),
demonstrating conserved resistance
conferred by the RPL36a"%?
mutation in plants. As expected,
CYHrl plants are able to sustain
protein synthesis when treated with
CHX (Supp. Fig. 4), though some of
ribosome inhibition still occurs as a
result of two native RPL36a genes
encoding CHX-binding proteins.
CYHrl plants lose the ability to
strongly induce CBF2 gene
expression in response to CHX,
indicating that it is indeed the
inhibition of ribosomal activity that
transmits the cold signal (Fig. 4D).

The cold signal is transmitted by
a rise in cytosolic and nuclear
calcium

Our results indicate that the
rate of translation provides a direct
readout of ambient temperature, and
we are able to mimic cold-induced
reductions in ribosomal activity by
the use of chemicals, enabling the
direct activation of early cold-
responsive genes. This raises the
question of how this signal is
propagated in the cell. In maize,
interfering with Ca*" signalling
inhibits the induction of cold-
responsive  genes by CHX
(Berberich and Kusano, 1997). We
were able to recapitulate these
findings in A. thaliana using the
Ca** signalling inhibitors
lanthanum, a competitive inhibitor
of Ca?'-permeable channels, and
BAPTA, a Ca?" chelator. These
chemicals reduce the activation of
CBF2 expression in response to cold
and CHX treatments (Fig. 4E).
Similar  reductions in  cold-
inducibility have been observed for
other genes using Ca®" signalling
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Figure 3: CAMTAs directly activate cold and CHX
responsive genes

A, B: Arabidopsis camta (A) or prr mutants (B) were
treated for 2 hours with CHX (30 puM, 22°C) or mock
treatment (0.1% DMSO, 22°C). Error bars indicate
standard deviation (3 replicates, 10-15 seedlings each). C-
G: ChlP-seq of CAMTA1, 2 and 3 in complemented
camta123 seedlings after 1 or 2 hours of CHX, mock or
cold (0.1% DMSO, 4°C) treatments. C: Cold- and CHX-
associated binding of CAMTA2 at early cold-inducible
genes CBF1, CBF2, CBF3, ZAT10 and WRKY40. D:
Genome-wide pile-ups of CAMTA1, 2 and 3 after 1-hour

log (2h CHX / 2h MOCK)

treatments, and cluster-specific pile-ups of CAMTAS. E:
More than a third of genes bound by CAMTAs at 4°C are
also bound during CHX treatments at 22°C. Numbers
indicate genes at which there is an increase in occupancy
of CAMTA1, 2 or 3 during 1 or 2 hours of treatments
relative to mock controls. F, G: Many early cold-inducible
genes are bound by CAMTAs. Log2 fold-changes in
expression of genes from Cluster 1 during 2-hour CHX or
cold treatments relative to mock treatments. Genes bound
by CAMTA1, 2 or 3 in response to both cold and CHX (F)
or during either treatment (G) are indicated in red.
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Figure 4: Ribosome-mediated cold gene activation
involves calcium signalling.

A: Translational activity correlates with CBF2 gene
expression. Seedlings were treated with inhibitors (30 puM,
22°C) or mock treatment (0.1% DMSO, 22°C) for 1 or 2
hours for translation assays and expression analyses,
respectively. B: RNA-seq of seedlings after 2 hours of
inhibitor, mock or cold (0.1% DMSO, 4°C) treatments. BLA:
blasticidin S, ANI: anisomycin, LTM: lactimidomycin, HYG:
hygromycin B, VER: verrucarin A, NAR: narciclasine, PHY:
phyllanthoside, NAG: nagilactone C, DEO: deoxynivalenol,
CRY: cryptopleurine, LYC: lycorine, HHT:
homoharringtonine, EDE: edeine A1, KAN: kanamycin, SBI:
SBI-0640756, SIL: silvestrol, FUS: fusidic acid. PUR, EDE
and FUS treatments in (B) were at 150 yM as they do not
induce CBF2 expression at 30 yM. Colours indicate log2
fold-changes in expression relative to mock controls, for
clusters from Fig. 2. C: Growth assay of wild-type and

CYHr1 seedlings in the presence of CHX or mock
treatment. D: CBF2 induction by CHX is abolished in
CYHr1 seedlings. Wild-type and CYHr1 seedlings were
treated with CHX or mock treatment for two hours. E:
Calcium signalling inhibitors block CBF2 induction by cold
and CHX. CacCly: calcium chloride, LaCls: lanthanum
chloride, Na-BAPTA: sodium BAPTA, control: media. Error
bars indicate standard deviation for 3 replicates with 10-15
seedlings each (D, E). F: CHX triggers an increase in
cytosolic and nuclear free calcium levels. G: The CHX-
induced increase in intracellular calcium is abolished in
CYHr1 seedlings. Intracellular free calcium levels were
quantified luminometrically in seedlings expressing
apoaequorin in a localised (F) or ubiquitous (G) manner,
during 2-hour CHX or mock treatments. Shading indicates
standard deviation for at least three biological replicates,
each comprising a cuvette with 3 seedlings.
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inhibitors in plants (Monroy et al.,
1993; Knight et al., 1996;
Polisensky and Braam, 1996;
Téhtiharju et al., 1997).

Targeting the Ca** reporter
aequorin to the nucleus or cytosol
(Supp. Fig. 5), we found that CHX
causes a rise in cytosolic and nuclear
free Ca*" (Fig. 4F). We obtained
similar results using the Ca?"
reporter Cameleon localised in the
cytosol (Supp. Fig. 6A, Supp.
Movie). Since the induction of early
cold-responsive genes by CHX is
attenuated in CYHrl plants, we
investigated changes in Ca*" levels
during CHX treatment in this line.
No  significant  increase  in
intracellular free Ca*" was detected
in these plants (Fig. 4G). These
results indicate that Ca®" is a signal
for activation of the early cold
response during translation
inhibition. CAMTA transcription
factors are regulated by Ca?'-
sensing calmodulins (Bouché¢ et al.,
2005) and therefore provide a direct
mechanism by which elevated
nuclear free Ca*" levels triggered by
translation inhibition can activate
early cold-responsive genes such as
the CBFs. The 70S ribosome
inhibitor kanamycin triggers a
distinct cytosolic Ca?" signature, but
it does not induce CBF expression
(Supp. Fig. 6B,C). This
demonstrates that inhibiting
cytosolic ribosomes generates a
specific Ca*" signal required for the
activation of the early cold response.

Ribosome translation rates
are also proportional to temperature
in E. coli (Farewell and Neidhardt,
1998), and inhibiting translation in
human cells also inactivates the heat
shock response (Santagata et al.,
2013), suggesting that ribosomes
may have a broad role in providing
thermosensory information. Since
ribosomes must be active within the
ambient temperature range of every
organism, they are well suited to
sense deviations from optimal
temperature.
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Plant materials and growth conditions

The camtal, camta2, camta3, camta23 and camta123 mutants were provided by Michael
Thomashow (Kim et al, 2013) and comprise the following T-DNA insertions: SALK 008187,
SALK 007027 and SALK_001152. The camtab, camta35, camta12346, camta12456 and camta123456
mutants were provided by Kazuko Yamaguchi-Shinozaki (Kidokoro et al., 2017) and include the
following T-DNA insertions: SALK 108806, SALK 139868, SALK 001152, SALK 087870,
SALK 134491 and SALK_078900. The prr679 mutant (prr5-11 prr7-11 prr9-10) was provided by Norihito
Nakamichi (Nakamichi et al., 2005) and consists of T-DNA insertions SALK_064538, SALK_030430 and
SALK_007551. The Col-0 pCaMV35S::APOAEQUORIN line was provided by Alex Webb (Xu et al.,
2007), and the Col-0 pUBQ10-NES::YC3.6 line was provided by Melanie Krebs (Krebs et al., 2012).

Seeds were surface-sterilised using ethanol or vapour-phase sterilisation (Clough & Bent, 1998)
and stratified in respective growth media in the dark at 4°C for 72 hours. Growth cabinets were
maintained at 65% relative humidity and 170 pmol/m?/s light, unless specified otherwise, and as
specified per experiment seedlings were grown at 20°C with a 12-hour photoperiod or at 22°C with either
continuous light, a 16-hour long-day photoperiod or an 8-hour short-day photoperiod.

For ChIP-seq, A. thaliana seedlings were grown for 8 days on 1-mm-pore nylon mesh rafts
placed on half-strength MS medium (pH 5.7) with 0.8% w/v agar (P1001, Duchefa) (‘MS agar’ hereafter)
(22°C long days).

For Cameleon experiments, seedlings were grown for 6-7 days on vertical plates of MS agar
supplemented with 0.1% w/v sucrose and 0.05% w/v MES (22°C long days, with Cool White Neon lamps
at 100 ymol/m?/s).

For gene expression analyses, SUnSET assays, seedlings were grown for 7-9 days in half-
strength Murashige-Skoog liquid medium (72xMS; 0.22% w/v Murashige-Skoog mix including vitamins;
M0222, Duchefa) containing 0.05% w/v MES (2-[N-morpholino]ethanesulfonic acid; 69892, Sigma),
adjusted to pH 5.7 and supplemented with 0.1% w/v glucose after autoclaving ("/2ZMMG medium’
hereafter) (22°C long days, with the following exceptions: 22°C short days for Fig. 1C, and 22°C
continuous light for Figs. 2B, 3A, 3B, 4E). The seedlings were cultured in 12- or 6-well plates (657-160
and 665-180, Greiner Bio-One), with 1 mL or 2 mL of liquid medium per well, respectively, and sealed
with Micropore tape. For aequorin-based calcium measurements, seedlings were grown in ¥2MMG for
8 to 12 days at 20°C with a 12-hour photoperiod.

For transformations and seed harvesting, A. thaliana plants were grown on Levington F2 soll
(22°C long days). Transgenic A. thaliana T1 and T2 seeds were stratified and grown for selection on MS

agar supplemented with 50 to 100 ug/mL kanamycin.

Temperature and chemical treatments
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Inhibitors were prepared as indicated in Table 1. Edeine A1 was provided by lan Brierley
(University of Cambridge) and phyllanthoside, cryptopleurine, narciclasine, nagilactone C and silvestrol
were provided by the Developmental Therapeutics Program of the National Cancer Institute (NCI),
National Institute of Health (NIH). Chemical treatments were performed by replacing the liquid medium
with fresh 2MMG medium containing chemicals diluted to the specified concentrations. Cold shock
treatments were performed by transferring plates to 4°C pre-cooled cabinets, at 170 ymol/m?/s light and
65% relative humidity.

For ChilP-seq samples, plants on MS agar were incubated at 4°C for four hours (CBF2 ChIP-
seq) or submerged with 30 uM CHX or 0.1% v/v DMSO (mock control) in deionised water and
maintained at 22°C or 4°C for one or two hours (CAMTA ChlIP-seq).

For SUnSET assays to measure in vivo translation (Schmidt et al., 2009), following temperature
or chemical treatments, the media was supplemented with either 100 or 150 uM puromycin (in “2MMG;
temperature-adjusted) and seedlings were harvested after 20 or 30 minutes of incubation.

For growth assays of Col-0 and CYHr1 seedlings in the presence of CHX, the “2aMMG media
was removed after two days of growth and replaced with fresh media containing CHX or DMSO to final
concentrations of 3, 10 or 30 uM or 0.1% v/v, respectively, and seedlings were imaged after seven days

of growth (22°C long days).

Table 1: Inhibitors used in this study

Mechanism of Catalogue Stock

Chemical Target inhibition Supplier number solvent

Peptide bond

Anisomycin A-site (60S subunit) formation Sigma A9789 DMSO
BAPTA - Ca?* chelation Abcam ab120449 -
- P-site (60S/50S Peptide bond .
Blasticidin S subunits) formation, termination Sigma 15205 DMSO
mRNA tunnel (40S
Cryptopleurine subunit) Translocation NIH/NCI NSC 19912 DMSO
Cycloheximide E-site (60S subunit) Translocation Sigma 46401 DMSO
. . . Peptide bond .
Deoxynivalenol A-site (60S subunit) formation Sigma D0156 DMSO
. mRNA tunnel (40S/30S I lan Brierley )
Edeine A1 subunits) Initiation (Cambridge) water
Fusidic acid Elongation factors GTPase Sigma F0881 water
Decoding centre Translocation,
G418 9 aminoacyl-tRNA Sigma A1720 water

(40S/30S subunits) selection
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. Mechanism of . Catalogue Stock
Chemical Target inhibition Supplier number solvent
Homo- . . Peptide bond .
harringtonine A-site (60S subunit) formation Sigma SML1091 DMSO
Hygromycin B ( 4%%788?%5335?3) aE%Zig;ﬁthA Sigma HO773 DMSO
selection
Translocation,
Kanamycin A-site (30S subunit) aminoacyl-tRNA Fisher BP906-5 water
selection
Lactimidomycin E-site (60S subunit) Translocation Merck Millipore 506291 DMSO
Lanthanum - Ca?* channel blocker Sigma 262072 -
Lycorine A-site (60S subunit) P?g:ﬁzt%:]nd Sigma L5139 DMSO
Nagilactone C  A-site (60S subunit) Peptide bond NIH/NCI NSC 211500  DMSO
Narciclasine ~ A-site (60S subunit) Peptide bond NIH/NCI NSC 266535  DMSO
Phyllanthoside E-site (60S subunit) Translocation NIH/NCI NSC 328426 DMSO
Puromycin A_Slstﬁb(ggfs/)s 0S Triggers termination Sigma P8833 DMSO
SBI-0640756 elF4G Initiation Sigma SML1645 DMSO
Silvestrol elF4A Initiation NIH/NCI NSC 783538 DMSO
Verrucarin A A-site (60S subunit) Peptide bond Sigma V4877 DMSO

formation

Generation of transgenic lines

All vectors were constructed using Ligation-Independent Cloning, as described by Li & Evans
(1997), using a 30-second digestion with Exolll, and were transformed into A. thaliana using the floral
dip method (Clough & Bent, 1998). Primers used for cloning are given in Table 2.

CHX-resistant CYHr1 line: the RPL36aA gene was amplified from Col-0 genomic DNA with
primers 12878+12879. Mutated fragments were generated with primers 12880+12881, 12882+12883
and 12884+12885 and were joined by overlap PCR to produce the gene RPL36aAAP56Q. The binary
vector PW1211 (Philip A. Wigge, unpublished) was linearised with Eco53kl and Hindlll, and both
RPL36aAP%? and PW1211 produce pCYHr1
(PRPL36aA::RPL36aA"°?::tRPL36aA), which was subsequently transformed into Col-0 and Col-0
pCaMV35S::APOAEQUORIN. The mutated RPL36aA gene was expressed under its native promoter

were recombined to
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and terminator sequences. Two independent transgenic lines were used for experiments, named
CYHr1-a and CYHr1-b.

CAMTA tagged lines for ChIP-seq: the CAMTA1, CAMTA2 and CAMTA3 genes were amplified
in two parts from Col-0 genomic DNA with primers 10972+11015 and 11014+10975, 10973+11017 and
11016+10976, and 10974+11019 and 11018+10977, respectively. PW1211 was linearised with Eco53klI
and EcoRV and recombined with both inserts to produce the plasmids pCAMTA1::CAMTA1::FLAG %3,
pCAMTAZ2::CAMTAZ2::FLAG%3 and pCAMTA3::CAMTAS3::FLAGx3, which were subsequently
transformed into the camta7123 triple mutant (Kim et al., 2013). All FLAG-tagged CAMTAs were
expressed under their native promoter and terminator sequences.

CBF2 tagged line for ChIP-seq: the CBF2 terminator was amplified from Col-0 genomic DNA
with primers 17400+17401 and recombined with the vector pUBQ710-CFLAG (David Guillaume-
Schoepfer & Philip A. Wigge, unpublished), linearised with Stul and Afel, to produce the plasmid
p3FLAG-tCBF2. The CBF2 gene was amplified with primers 17402+17403 and recombined with
p3FLAG-tCBF2, linearised with Pmel and BamHIl, to generate the plasmid
pCBF2::CBF2::FLAGx3::tCBF2, which was subsequently transformed into Col-0. FLAG-tagged CBF2
was expressed under its native promoter and terminator sequences.

Cold-inducible luciferase reporter lines: the LUC coding sequence was amplified from pBGWL7
(Karimi et al., 2005) with primers 13786+13787, and the CBF2 and UBQ10 promoters and terminators
were amplified from Col-0 genomic DNA with primers 13778+13779, 13784+13785, 13782+13783 and
13788+13789, respectively. Fragments were re-amplified with primers 13999+13794 or 13999+13796
(LUC), 13795+13849 (tCBF2), 13797+13850 (tUBQ10), 13848+14000 or 13848+14001 (pCBF2) and
13749+14002 or 13749+14003 (pUBQ10), to produce overlapping ends, and the LUC coding sequence
was joined to terminator regions by overlap PCR. PW1211 was linearised with Eco53kl and Hindlll and
recombined with the overlapped amplicons. The resultant vectors were linearised with Eco53kl and
BamHI and recombined with promoter regions to produce the plasmids pCBF2::LUC::tCBF2,
pCBF2::LUC::tUBQ10, pUBQ10::LUC::tUBQ10 and pUBQ10::LUC::tCBF2, which were transformed
into Col-0.

Localised aequorin reporter lines: the coding sequences of VENUS and APOAEQUORIN were
amplified from P2R-P3a_4glyVenusYFP-3AT (Yrj6 Helariutta, unpublished) and pNEWAEQ (Alex
Webb, unpublished) vectors using primers 12410+12411 and 12412+12413, respectively, and were
joined by overlap PCR. The VENUS::APOAEQUORIN amplicon was re-amplified with primers
13842+12439 and 13843+12439 to introduce the SV40 nuclear localisation sequence or the human
PK1a nuclear export sequence, respectively (Mehlmer et al., 2012). These fragments were recombined
with the vector pUBQ1710-3AT (David Guillaume-Schépfer & Philip A. Wigge, unpublished), linearised
with BamHI and Hindlll, to produce the plasmids pUBQ170::NLSsv4::VENUS::APOAEQUORIN and
pUBQ10::NESpk1a::VENUS::APOAEQUORIN, which were subsequently transformed into Col-0.
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Plasmid for in vitro transcription and translation: the coding sequence of LUC was amplified from
pBGWL7 with primers 17404+17405 and recombined with the vector pTNT (L5610, Promega),
linearised with Xhol and EcoRI. The resultant plasmid was linearised with Afel and BstZ171 and
recombined with primers 17406+17407, annealed to produce the FLAG tag, to generate the plasmid
PTNT-LUC-FLAGx3.

Gene expression analyses

For expression analyses by quantitative PCR, total RNA was isolated from A. thaliana seedlings
using phenol-chloroform extraction, as described by Box et al. (2011). Genomic DNA was eliminated by
DNase | treatment using the TURBO DNA-free kit (AM1907, Invitrogen) and purified RNA was reverse-
transcribed using the Transcriptor First-Strand cDNA Synthesis Kit (04379012001, Roche), according
to manufacturer instructions. Quantitative real-time PCR was carried out using a LightCycler 480
(Roche) with DNA SYBR Green | Master mix (04707516001, Roche). The following primers were used
for quantitative PCR, with sequences listed in Table 2: 10964+10965 (CBF2/AT4G25470), 5343+5344
(PP2A/AT1G13320), 5297+5298 (UBC21/AT5G25760), 10953+10954 (COR15a/AT2G42540) and
13615+13616 (LUC). The expression of CBF2, COR15a and LUC was normalised to the expression of
both PP2A and UBC21. Because of the similarity in sequence between CBF1, CBF2 and CBF3 genes,
the ‘CBF2’ primers used give an indication of total CBF expression. Crossing point (Cp) values were
calculated using the ‘Second Derivative Maximum Method’ in the LightCycler software, and relative gene
expression was subsequently calculated using the following formula:

27('1).,

C/;g) % (27 C/z»)

Relative geneexpression= ——
e

where A is the gene of interest and B and C are control genes used for normalisation.

For transcriptomic analyses by RNA-seq, total RNA was extracted and DNase-treated using
MagMAX-96 Total RNA Isolation Kit (AM1830, Thermo Fisher Scientific). RNA was quantified using the
Qubit fluorometer (Thermo Fisher Scientific) and RNA profiles were analysed using a TapeStation 2200
(Agilent) with RNA ScreenTapes (5067-5576, Agilent). Libraries for sequencing were prepared from 500
ng RNA using the QuantSeq 3° mRNA-Seq Library Prep Kit (Lexogen), according to manufacturer
instructions. DNA libraries were quantified using a Qubit fluorometer, and library profiles were analysed
using a TapeStation 2200 with High Sensitivity D1000 ScreenTapes (5067-5584, Agilent). Libraries were

sequenced on a NextSeq-500 (lllumina; paired-end 75bp reads), according to lllumina guidelines.

Table 2: Primers used in this study

Primer | Sequence (5’-3’) Purpose

12878 |AAGATGAGGAACAAAGAAAGAGAGTG



https://doi.org/10.1101/2020.12.07.414789
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.07.414789; this version posted December 7, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Primer | Sequence (5’-3’) Purpose

12879 |TTCTCAAAGCTTTGACATGTAAAGA

12880 GACCATGATTACGAATTCGAGCTCAAGATGAGGAACAAAGAAAGAGAGTG

12881 CTGACCACCATAACCAGACTGCTTTCGATCGTATCGACGCTTTCCTTGAGCAGC

12882 CAGTCTGGTTATGGTGGTCAGACTAAGCAAGTCTTCCACAAAAAGGTAACATTG Cloning CYHr1 line

12883 |CTTACCTTTCTTATCTCCTCCGATCTCGAAATGCTTGCAC

12884 |TCGGAGGAGATAAGAAAGGTAAGGGAACATCTCTGTTTITAAGTTG

12885 |ACGACGGCCAGTGCCAAGCTTTTCTCAAAGCTTTGACATGTAAAGA

10972 GACCATGATTACGAATTCGAGGTATCTTCTTTCTTC AAACGTAGTTT

10973 GACCATGATTACGAATTCGAGGGGAAACAAGAAGGAAATAAAAA

10974 GACCATGATTACGAATTCGAGTGACCAGAAGAAAGAAAAAGAGA

10975 |TCGTCGTCCTTATAATCGGATATAGGAGAAATAGACATCATCAATGTG

10976 |TCGTCGTCCTTATAATCGGATATTTCAAATGCAAGAGACATGAAAG

10977 |TCGTCGTCCTTATAATCGGATATACTGGTCCACAAAGATGAGGA Cloning FLAG-
tagged CAMTA
11014 GCAGGGGATAGTCAACAAGCAAG lines

11015 [CTTGCTTGTTGACTATCCCCTGC

11016 CCCAAATGGACTCAGACAGACTC

11017 |GAGTCTGTCTGAGTCCATTTGGG

11018 |ATGTTGGACAAATACTCTCAGAAGCAC

11019 GTGCTTCTGAGAGTATTTGTCCAACAT

17400 |GACGATGACAAGTGAGAGCTTCAGGAATTCGA ATTTCCA TGGTATTAT

17401 GCAATTAAAGTAGGCCCACACAGAGCTACGTAAGAACTTGCGATGATGGA G Cloning FLAG-

tagged CBF2 line

17402 CCGCCAATATATCCTGTCAAACACTGATAGTTTAGAAATATGGGTCCCACAAGAGA

17403 |CTTACTAACACTTGCAAGCTTCTCTCTGGATCCATAGCTCCATAAGGACACGTCAT

13749 GACCATGATTACGAATTCGAGATTTATGGATACACAGTCTAGCTCAACAG

13778 |AGAAATATGGGTCCCACAAG

13779 | TGATCAGAAGAGTACTCTGTTTCAAG

13782 AATTCGAT ATTTCCA GG

13783 |TACGTAAGAACTTGCGATGATG

13784 |ATTTATGGATACACAGTCTAGCTCAA

Cloning cold-
13785 CTGTTAATCAGAAAAACTCAGATTAATCG inducible luciferase
lines

13786 |ATGGAAGACGCCAAAAACATAAAG

13787 | TTACAATTTGGACTTTCCGC

13788 |ATCTCGTCTCTGTTATGCTTAAGAAG

13789 GTGTCATATAGGTCTCATAACCTTTATAAAT

13794 TCCAAATTGTAAAATTCGAT ATTT

13795 AAATAAAAATCGAA ACAATTTGGA
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Primer | Sequence (5’-3’) Purpose

13796 GTCCAAATTGTAAATCTCGTCTCT

13797 |AGAGACGAGATTTACAATTTGGAC

13848 CAGCTATGACCATGATTACGAATTCGAGAGAAATATGGGTCCCACAAG

13849 |ACGACGGCCAGTGCCAAGCTTACGTAAGAACTTGCGATGATG

13850 |ACGACGGCCAGTGCCAAGCTGTGTCATATAGGTCTCATAACCTTTATAAAT

13999 |CAGCTATGACCATGATTACGAATTCGAGCTCGGATCCATGGAAGACGCCAAAAAC

14000 GAAAAGGCAGAAAATGAGTTCATGGATCTGATCAGAAGAGTACTCTGTTTCAAG

14001 CTTTATGT GGCGTCTTCCATGGATCTGATCAGAAGAGTACTCTGTTTCAAG

14002 GAAAAGGCAGAAAATGAGTTCATGGATCCTGTTAATCAGAAAAACTCAGATTAATC

14003 |CTTTATGT GGCGTCTTCCATGGATCCTGTTAATCAGAAAAACTCAGATTAATC

12410 (GG CAGTATAATGTTACATGCGTACACGCGTATGGTGAGCAAGGGCGAGGA

12411 TGAGTATTGTTCGCTGGTCATAATAGCTCCTCCAGAAGCTCCCAAAGCTCCCTTGT

12412 GCATGGACGAGCTGTACAAGGGAGCTTTGGGAGCTTCTGGAGGAGCTATTATGAC | Cloning localised
aequorin reporter
12413 GAAATAGCTCCA GAGCTTTGTCAATGATA lines

12439 |ACGAAAGCTGGGAGGCCTGAAGCTTCAGGGGACAGCTCCACCGTA

13842 CGATTAATCTGAG CTGATTAACAGGGATCATGTTGCAACCTAAGAAGAAGA

17404 AAGCTACTTGTTCTTTTTGCACTCGAATGGAAGACGCCAAAAACATAAAG

17405 CGACTCTAGAGGTACCACGCGTGTATACAGCGCTAGCCTTACTAACACTAGCCA Cloning pTNT-

LUC-FLAGx3

17406 GCTAGTGTTAGTAAGGCTGATTATAAAGATGACGATGACAAGGATTATAAAGATG

17407 CTAGAGGTACCACGCGTGAATTTCACTTGTCATCGTCATCTTTATAATCCTTGTCA

5297 TCCTCTTAACTGCGACTCAGG

5298 GCGAGGCGTGTATACATTTG

5343 GCGGTTGTGGAGAACATGATACG

5344 GAACCAAACACAATTCGTTGCTG

10953 CAGTGAAACCGCAGATACATTGG

Quantitative PCR
10954 [TCCTCCACATACGCCGCAG

10964 |TGGATGAAGAGGCGATGTTGGG

10965 |GGCGACGGTAAAAGCATCCCT

13615 |GGATTCTAAAACGGATTACCAGGG

13616 CCACACCCTTAGGTAACCCAGTAGAT

Chromatin immunoprecipitation

The seedling were grown for 10 days and treated as indicated. 3 g plant material for each
treatment was fixed under vacuum for 20 min in 1xPBS (10 mM PQO43-, 137 mM NaCl, and 2.7
mM KCI) containing 1% Formaldehyde (F8775 SIGMA). The reaction was quenched by adding
glycine to a final concentration of 62 mM. Chromatin immunoprecipitation (ChIP) was performed
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as described (Jaeger et al), with the exception that 100 pl of ANTI-FLAG® M2 Affinity
Gel ( A2220 Sigma) were used for Immunoprecipitation seedlings. Sequencing libraries were
prepared using TruSeq ChlIP Sample Preparation Kit (lllumina IP-202-1024) and
prepared according to manufacturer instructions. DNA libraries were quantified using a Qubit
fluorometer, and library profiles were analysed using a TapeStation 2200 with High Sensitivity D1000
ScreenTapes (5067-5584, Agilent). Libraries were sequenced on a NextSeg-500 (lllumina; single end,

75bp reads), according to lllumina guidelines.

Bioinformatic methods

RNA-seq samples were analysed with a commercial pipeline (QuantSeq FWD; Bluebee).

From the processed count files, CPM values (counts per million reads mapped) were calculated
for each annotated gene and used as the abundance measure.

For ChlP-seq reads, adaptor contamination and low-quality trailing sequences were removed
using Trimmomatic (Bolger et al., 2014). Trimmed reads were mapped to the TAIR10 transcriptome
using Bowtie2 (Langmead & Salzberg, 2012). Any read that mapped to more than one genomic location
was discarded and optical duplicates were removed using Picard
(http://github.com/broadinstitute/picard). Genomic binding profiles were quantified in RPKM (reads per
kilobase per million mapped reads) using a bin-size of 10 bp. Peaks were identified with Model-based
Analysis of ChlP-seq (MACS2) (Zhang et al., 2008) with argument "--keep-dup 1 -p 0.1", and peaks
were filtered for fold-change > 4 (Fig. 3) or > 6 (Supp. Fig. 3E). Any gene containing a peak summit
within 3 kb of its start codon was classified as a bound target. For ChlP-seq pile-ups, RPKM profiles
were extracted for each peak around the MACS2-reported summit position and per-position averages
and standard deviations were calculated across target peaks. The ChlP-seq data was visualised with
the Integrated Genome Viewer (IGV), and for IGV snapshots the same y-axis scales were used for all
tracks (Fig. 3C and Supp. Fig. 3D).

Gene lists for Venn diagrams, top 1000 high-confidence (based on FC) ChIP genes

Raw and processed RNA-seq and ChlIP-seq data are available online (NCBI Geo Ominibus
accession GSEXXXXXX and GSEXXXXXX). Code for reproducing the analysis is available at
https://www.github.com/shouldsee/camta-figures.

Analyses of promoter motif enrichment were carried out using Homer2 (Heinz et al., 2010) with
promoter sequences retrieved from TAIR (TAIR10 Loci Upstream Seq -1000bp;

https://www.arabidopsis.org/tools/bulk/sequences/).

In vitro transcription and translation


https://doi.org/10.1101/2020.12.07.414789
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.07.414789; this version posted December 7, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

pTNT-LUC-FLAGx*3, described above, was linearised with BamHI and uncapped transcripts
were synthesised in vitro for 6 hours at 37°C using bacteriophage T7 RNA polymerase (EP0112, Thermo
Fisher Scientific) in a 50 uL reaction supplemented with 20 U SUPERase-In RNase inhibitor (AM2694,
Thermo Fisher Scientific), 4 mM NTPs and 5 mM DTT. DNA was removed in a 30-minute digestion with
DNAse | at 37°C and RNA was subsequently purified using 1:1 phenol-chloroform (pH 4.3) and ethanol-
precipitated.

In vitro translation was performed for one hour at the temperatures indicated (0°C to 35°C), using
wheat germ extracts (L4380, Promega) in 40 uL reactions supplemented with all amino acids, 70 mM
potassium acetate, 0.4 ug denatured RNA, 16 U SUPERase-In RNase inhibitor (AM2694, Thermo
Fisher Scientific) and 1x complete EDTA-free protease inhibitors (11873580001, Roche). Reactions
were stopped by adding CHX and EDTA to final concentrations of 100 uM and 300 uM, respectively,
and placing the tubes on ice. To measure the activity of recombinant luciferase, sodium-D-luciferin and
ATP were added to the reactions to final concentrations of 100 uM and 50 uM, respectively, and
luminescence was quantified at room temperature using a TriStar LB-942 plate reader (Berthold). To
measure the protein yield, reactions were mixed with SDS loading buffer (60 mM Tris-HCI pH 6.8, 10%
v/v glycerine, 2% w/v SDS, 100 mM DTT, 0.015% w/v bromophenol blue; final concentrations) and

FLAG-labelled proteins were analysed as described below.

Western blotting

Frozen seedlings were pulverised in 2 mL tubes containing a single tungsten carbide bead
(69997, Qiagen) using the Tissue Lyser Il (Qiagen). Proteins were extracted using the urea-SDS method
outlined by Clontech (2009), with 150 pL cracking buffer per 10 to 20 pulverised seedlings. Protein
extracts were separated by SDS-polyacrylamide gel electrophoresis, transferred onto PVDF
membranes and probed with horseradish peroxidase (HRP)-conjugated anti-FLAG (A8592, Sigma;
1:3000), anti-puromycin (MABE343, Sigma; 1:1000), anti-actin (A0480, Sigma; 1:3000) or anti-RPS14
(AS12-2111, Agrisera; 1:3000) primary antibodies and DyLight 800-conjugated anti-mouse 1gG (AS12-
2426, Agrisera) or DyLight 650-conjugated anti-rabbit IgG (AS12-2327, Agrisera) secondary antibodies.
Washes were carried out in 1x TBST buffer (20 mM Tris-HCI, 150 mM NaCl, 0.1% v/v Tween-20) and
blocking and incubations were carried out with 5% w/v BSA or skimmed milk in 1x TBST buffer.
Chemiluminescence was quantified using Pierce ECL Western Blotting Substrate (32106, Thermo
Scientific) over a period of five minutes, and 600 nm, 700 nm or 800 nm fluorescence emission detection
was measured for 30 seconds, using a dual-mode camera (Odyssey Fc, Li-Cor) coupled with an imaging
suite (Image Studio v.2.1.10, Li-Cor). The intensity of protein bands was measured using ImagedJ (NIH).

For SUNSET assays (Schmidt et al., 2009), the level of in vivo translation was determined by
measuring the amount of puromycin-labelled proteins, normalised to actin levels, and is given as a

percentage of maximal puromycin incorporation. For time-course experiments, puromycin incorporation
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in CHX- and cold-treated seedlings were additionally normalised to that in mock controls for each time

point.

Fluorescence microscopy

Confocal images were obtained using a Leica SP8 laser-scanning confocal microscope with
20x%/0.75 or 63 /1.2 objectives (Leica Microsystems, Wetzlar, Germany). The fluorescent protein Venus
(modified yellow fluorescent protein, YFP) was excited using a white light laser at 514 nm, with detection
restricted to 520-550 nm.

Samples for immunofluorescence microscopy were prepared as described by Pasternak et al.
(2015), with the following modifications. Seven-days-old seedlings were fixed for two hours in 2%
formaldehyde solution and, following tissue clearing with methanol, were digested for 8 minutes at 37°C
in digestion solution (4 ng/uL cellulase R-10 [C8001, Duchefa], 4 ng/uL macerozyme R-10 [M8002,
Duchefa], 6 ng/pL pectinase [17389, Sigma-Aldrich], 2 ng/uL pectolyase Y-23 [P8004, Duchefa] in 1x
PBST buffer [137 mM NaCl, 2.7 mM KCI, 8 mM Na;HPO4, 1.5 mM KHzPO4, 0.01% v/v Tween-20, pH
4.7]). Following membrane permeabilisation, seedlings were incubated with gentle mixing firstly in
blocking solution (5% BSA in 1x PBST buffer) for 2 hours at room temperature and then in 1:500
antibody solutions (anti-puromycin [MABE343, Sigma] primary antibody, and DyLight 650-conjugated
anti-mouse IgG [AS12-2302, Agrisera] secondary antibody, both in blocking solution) overnight at 4°C,
with three washes with 1x PBST buffer after each antibody incubation. DyLight 650 was excited using
a white laser at 633 nm, with detection restricted to 668-678 nm. Images were analysed with ImageJ
(NIH).

For wide-field Ca®* imaging analyses in A. thaliana root tip cells, an inverted fluorescence Nikon
microscope (Ti-E) with a 20x N.A. 0.75 was used. Excitation light was produced by a fluorescent lamp
(Prior Lumen 200 PRO, Prior Scientific) set to 20% with 440 nm (436/20 nm) excitation for the Cameleon
(YC3.6) sensor. Images were collected with a Hamamatsu Dual CCD camera (ORCA-D2). The FRET
CFP/YFP optical block A11400-03 (emission 1, 483/32 nm for CFP; emission 2, 542/27 nm for FRET)
was used with a dichroic 510-nm mirror (Hamamatsu) for simultaneous CFP and cpVenus acquisitions.
Camera binning was set to 2 x 2 with exposure times of 200 ms. Images where acquired every 5 s.
Filters and dichroic mirrors were purchased from Chroma Technology. NIS-ElementsTM (Nikon) was

used as a platform to control the microscope, illuminator and camera. Images were analysed using FIJI.

Measurements of intracellular free calcium

For aequorin-based measurements, three seedlings grown in 2MMG medium for eight to twelve
days were transferred to 500 pL freshly-prepared 2 uM coelenterazine solution (303-500, Nanolight
Technology; in deionised water with 0.5% v/v methanol) in luminometer cuvettes (diameter 12 mm,

height 51 mm; Sarstedt). Following reconstitution of aequorin in the dark at 20°C for at least 10 hours,
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the coelenterazine was replaced with 500 yL 30 uM CHX, 30 uM kanamycin or 0.1% v/v DMSO (mock
control) in deionised water at 20°C. The cuvette was immediately placed in a photon-counting
luminometer (9899A photomultiplier tube; cooled to -20°C with a FACT50 housing [Electron Tubes]) and
photon counts were measured every second. To estimate total aequorin in the samples, 1 mL of
discharge solution (1 M CaClz, 10% v/v ethanol, final concentrations) was injected into the cuvette
through a light-tight port in the luminometer using a 1 mL syringe and 75 mm needle. Measurements
were continued until photon counts/sec had reached <10% of the discharge peak. Nuclear and cytosolic
free calcium levels were measured using pUBQ710::NLSsv40::VENUS::APOAEQUORIN and
pUBQ10::NESpk1a::VENUS::APOAEQUORIN (described above), respectively. Col-0
pCaMV35S::APOAEQUORIN and CYHr1 pCaMV35S::APOAEQUORIN were used for non-localised
measurements of intracellular free calcium ions (cytosolic and nuclear). Calcium concentrations were
estimated according to Fricker et al. (1999) using the following formula:

[Ca*] (nM) =10 - ( 0.332588 ( - log k) + 5.5593 ) * 10°

where k = photon count / total photon count over course of experiment.

For Cameleon-based measurements, seedlings grown on MS agar for seven days were gently
transferred to dedicated chambers and overlaid with cotton wool soaked in imaging solution (5 mM KClI,
10 mM MES, 10 mM CaCl,, adjusted to pH 5.8 with Tris). The root was continuously perfused with
imaging solution, whereas the shoot was not submerged. The treatment was carried out by adding CHX
to the imaging solution at a final concentration of 30 uM at the indicated time. Fluorescence intensity
was determined over a region of interest (ROI), corresponding to the root tip meristematic zone (Behera
et al., 2018). cpVenus and CFP emissions in the analysed ROI were used for the ratio (R) calculation
(cpVenus/CFP), which was normalised to the initial ratio (Ro) and plotted versus time (AR/Ro).

Background subtraction was performed independently for both channels before calculating the ratio.
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A: Low temperatures reduce ?)Vrag b%%ug?/er;ﬁ'les?g l’)lvc\'/\}zlgrg B%Fg}ﬁnja/ll“ of C-terminally FLAG-tagged
luciferase synthesised in vitro using wheat germ extract for 1 hour at 0°C to 35°C. FLAG-labelled
protein levels were normalised to RPS14 levels and are given as a percentage of the maximum yield.
All translation reactions contained equal amounts of mMRNA. Error bars indicate the standard
deviation for 4 replicate reactions. B: Low temperatures do not prevent the cellular uptake of
puromycin. Arabidopsis thaliana Col-0 seedlings were grown in liquid culture in long days at 22°C
for 7 days and, following a 2-hour pre-incubation at either 4°C or 22°C, were treated with 150 yM
puromycin or 0.1% DMSO (mock) for 30 minutes at these respective temperatures and subsequently
fixed with formaldehyde. Intracellular puromycin was detected by immunofluorescence microscopy

for 7 biological replicates with the same laser settings and representative images are shown.
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Supplementary Figure 2: CBF2 induction by CHX treatments
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A. thaliana Col-0 seedlings wear\g”ga%v%dfﬁ %chu?J _QSI_tNuDré%rrngnégvg 3F855C with a long-day (16-hour)

or short-day (8-hour) photoperiod and harvested after 2-hour treatments at 22°C with 30 yM CHX or
0.1% DMSO (mock) at the indicated intervals. CBF2 expression was determined by quantitative
PCR and normalised to transcript levels of PP2A and UBC21. Error bars represent standard
deviation for 3 biological replicates, with 10-15 seedlings per replicate. Grey boxes represent
treatments performed in the dark.
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Supplementary Figure 3: ChIP-seq of FLAG-tagged lines
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A: Complementation of the cam 2995 Titant with 2 'OCIT{gPﬁ%imgll”T:eﬂi?G-tagged CAMTA1, 2 or 3
(PCAMTA1::CAMTA1::FLAGx3, pCAMTA2::CAMTA2::FLAGx*3, or pPCAMTA3::CAMTAS3::FLAG %
3). Images of homozygous A. thaliana plants after 3 or 5 weeks of growth at 22°C in long days. B:
Protein expression of FLAG-tagged CAMTA1, 2 and 3, and of actin as a loading control, in
homozygous complemented camta123 A. thaliana seedlings grown for 7 days in liquid medium at
22°C in long days. C: Protein expression of FLAG-tagged CBF2, and of actin as a loading control,
in homozygous Col-0 seedlings grown for 7 days in liquid medium at 22°C in long days and either
transferred to 4°C for 4 hours or maintained at 22°C. D: Cold-associated binding of CBF2 at cold-
inducible genes COR15a (AT2G42540), COR47 (AT1G20440), ERD10 (AT1G20450), RD29a
(AT5G52310), CBF2 (AT4G25470) and CBF3 (AT4G25480), 4 hours after transfer from 22°C to 4°C.
No binding is detected at control genes PP2A (AT1G13320), UBC21 (AT5G25760) and HSP70
(AT3G12580), which are not induced at low temperatures. E: Target genes of CAMTAs and CBF2
detected by ChlP-seq. Blue tick marks indicate genes at which a 6-fold increase in occupancy is
observed for CAMTAs during 1-hour treatments with 30 yM CHX at 22°C or 0.1% DMSO at 4°C
relative to treatments with 0.1% DMSO at 22°C (mock control) or for CBF2 relative to the whole-
genome average during a 4-hour incubation at 4°C. Red-green shading indicates log2 fold-changes
in gene expression after 2 hours with the above CHX or cold treatments relative to mock controls,

for clusters of genes from Figure 2.
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presence of CHX.

Col-0 and CYHr1 seedlings (line CYHr1-a) were grown in long days at 22°C for 7 days and treated

with 30 yM CHX or 0.1% DMSO (mock) at 22°C for 1 or 2 hours, followed by a 30-minute treatment

with 150 uM puromycin. The amount of puromycin-labelled proteins was normalised to actin levels

and is given for CHX-treated samples relative to mock controls for each time-point. Error bars

indicate the standard deviation for 3 biological replicates, with 10 to 15 seedlings per replicate.
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Confocal images of the fluorescent protein Venus (mogn‘Te yeﬂow fluorescent protein, YFP) in A.

thaliana Col-0 pUBQ10::NLSsv40::VENUS::APOAEQUORIN (NLS) and

pUBQ10::NESpk1a::VENUS::APOAEQUORIN (NES) roots and cotyledons. Seedlings were grown

on agar in long days at 22°C for 7 days before imaging. BF: bright field; chl: chlorophyll

autofluorescence.
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A: CHX induces an increase in cytosolic free calcium, as observed using the FRET-based calcium
sensor Yellow Cameleon 3.6. A. thaliana Col-0 pUBQ10-NES::YC3.6 seedlings were grown on half-
strength MS medium at 22°C with a 16-hour long-day photoperiod for 7 days and placed in dedicated
chambers overlaid with cotton wool soaked in imaging solution. The treatment was carried out by
supplementing the imaging solution with CHX to a final concentration of 30 uM after 10 minutes
(indicated with an arrow). The FRET cpVenus/CFP ratio (R) was measured over time in root tip
meristematic cells and normalised to the initial ratio (Ro). Relative cytosolic free calcium levels,
represented by AR/Rp values, are given for 3 individual seedlings, with error bars indicating standard
deviations. B: The 70S translation inhibitor kanamycin triggers an increase in intracellular calcium
levels. A. thaliana Col-0 pCaMV35S::APOAEQUORIN seedlings were grown in liquid culture at 20°C
with a 12-hour photoperiod for 8 to 12 days and intracellular free calcium levels were quantified
luminometrically during 2-hour treatments with 30 yM kanamycin or 0.1% DMSO (mock). Cuvettes
were placed in the luminometer immediately after the addition of chemicals. Shading indicates the
standard deviation for at least 3 biological replicates, each comprising a cuvette with 3 seedlings. C:
Kanamycin does not induce CBF2 expression. A. thaliana Col-0 seedlings were grown in liquid
culture in long days at 22°C for 7 days and treated with 30 uM kanamycin, 30 yM CHX or 0.1%
DMSO (mock) at 22°C for 2 hours. CBF2 expression was measured by quantitative PCR and
normalised to transcript levels of PP2A and UBC21. Error bars indicate the standard deviation for 3

biological replicates, with 10 to 15 seedlings per replicate.
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representative A. thaliana Col B9 ?3@8% ?\?EgY\y(C)g %4s%ltgt Fr?tglopglcg% gunsedurmg treatment with 30 yM
CHX treatment, from Supp. Fig. 6A.
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