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SUMMARY

The SnRK1 protein kinase balances cellular energy levels in accordance with extracellular 

conditions and is thereby key for plant stress tolerance. In addition, SnRK1 has been implicated in 

numerous growth and developmental processes from seed filling and maturation to flowering and 

senescence. Despite its importance, the mechanisms that regulate SnRK1 activity are poorly 

understood. Here, we demonstrate that the SnRK1 complex is SUMOylated on multiple subunits 

and identify SIZ1 as the E3 Small Ubiquitin-like Modifier (SUMO) ligase responsible for this 

modification. We further show that SnRK1 is ubiquitinated in a SIZ1-dependent manner, causing 

its degradation through the proteasome. In consequence, SnRK1 degradation is deficient in siz1-2 
mutants, leading to its accumulation and hyperactivation of SnRK1 signaling. Finally, SnRK1 

degradation is strictly dependent on its activity, as inactive SnRK1 variants are aberrantly stable 

but recover normal degradation when expressed as SUMO mimetics. Altogether, our data suggest 

that active SnRK1 triggers its own SUMOylation and degradation, establishing a negative 

feedback loop that attenuates SnRK1 signaling and prevents detrimental hyperactivation of stress 

responses.
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INTRODUCTION

The plant Snf1-related Protein Kinase 1 (SnRK1) is a central component of a sophisticated 

signaling network that translates the plant carbon status into defense, growth and 

developmental decisions (Lastdrager et al., 2014). SnRK1 downregulates growth-related 

processes, partly through inhibition of major biosynthetic enzymes of carbon and nitrogen 

metabolism (Sugden et al., 1999; Polge et al., 2008). In addition, it controls the expression 

of over 1000 genes involved in metabolism, signaling, transcription, stress tolerance, 

transport and growth (Baena-Gonzalez et al., 2007; Baena-Gonzalez and Sheen, 2008). The 

coordinated metabolic and transcriptional regulation by SnRK1 contributes to maintaining 

cellular homeostasis during stress, thereby promoting tolerance and survival (Hao et al., 
2003; Lovas et al., 2003; Schwachtje et al., 2006; Baena-Gonzalez et al., 2007; Lee et al., 
2009; Lin et al., 2014). SnRK1 has also been implicated in ABA hormone signaling as well 

as in numerous developmental processes from seed filling, maturation, and germination to 

reproduction and senescence (Bhalerao et al., 1999; Thelander et al., 2004; Radchuk et al., 
2006, 2010; Schwachtje et al., 2006; Baena-Gonzalez et al., 2007; Lu et al., 2007; Ananieva 

et al., 2008; Lee et al., 2008, 2009; Jossier et al., 2009; Coello et al., 2012; Tsai and 

Gazzarrini, 2012; Rodrigues et al., 2013; Lin et al., 2014). Finally, transient systemic 

silencing of SnRK1 results in growth arrest and premature senescence, highlighting the 

centrality of the SnRK1 system for normal plant growth and development (Thelander et al., 
2004; Baena-Gonzalez et al., 2007).

SnRK1 is the plant ortholog of the budding yeast Snf1 (Sucrose-non-fermenting 1) and 

mammalian AMPK (AMP-activated protein kinase). All three enzymes function as 

heterotrimeric complexes composed of an α-catalytic and two β- and γ-regulatory subunits, 

and in all cases kinase activity requires phosphorylation of a conserved T-loop threonine in 

the α-subunit (Baena-Gonzalez et al., 2007; Polge and Thomas, 2007; Crozet et al., 2014). 

However, the intimate connection between T-loop phosphorylation in response to energy 

deprivation and kinase activation observed in SNF1 and AMPK is not established in plants, 

where additional regulatory mechanisms may be operating (Baena-Gonzalez et al., 2007; 

Fragoso et al., 2009; Coello et al., 2012; Rodrigues et al., 2013). Furthermore, SnRK1 

kinase activity appears unchanged under conditions that induce SnRK1 signaling as well as 

in pp2c mutants that display deficient repression of the SnRK1 pathway (Baena-Gonzalez et 
al., 2007; Rodrigues et al., 2013). Finally, the plant enzyme has incorporated unique 

regulatory subunits and other distinct features, presumably to respond to plant-specific 

signals and/or to perform plant-specific functions (Polge and Thomas, 2007; Crozet et al., 
2014; Emanuelle et al., 2015). These studies reveal the atypical nature of the plant kinase 

and underscore our lack of knowledge on the factors that determine the signaling lifetime of 

such a central component.
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SUMO (Small Ubiquitin-like Modifier) is a small protein (about 12 kDa) that is post-

translationally conjugated to target proteins in a reversible manner to regulate crucial 

biological processes. SUMOylation is required for normal growth and development, and 

consequently, mutants defective in the SUMO pathway are either lethal or display strong 

phenotypes (Geiss-Friedlander and Melchior, 2007; Saracco et al., 2007). In addition, 

exposure to environmental or metabolic stresses induces a dramatic accumulation of SUMO 

conjugates, constituting what is considered to be a cellular protective response in all 

eukaryotes (Guo and Henley, 2014). Accordingly, many SUMO targets identified in 

Arabidopsis are stress-related components (Elrouby and Coupland, 2010; Miller et al., 2010) 

and SUMOylation is important for a wide range of plant stress responses (Castro et al., 
2012). SUMOylation has been ascribed very diverse biochemical functions, including 

changes in stability, activity, and subcellular localization, primarily through the modulation 

of protein interactions (Jentsch and Psakhye, 2013).

SUMOylation requires the maturation of the SUMO moiety by a SUMO protease, exposing 

a characteristic C-terminal di-glycine motif (Geiss-Friedlander and Melchior, 2007). Mature 

SUMO is then activated by the SUMO-activating enzyme E1 enzyme [SAE1/2 in 

Arabidopsis (Park et al., 2011)], through the formation of a thioester bond, and transferred to 

the SUMO-conjugating enzyme (E2 enzyme, SCE1 in Arabidopsis) through a transthiolation 

reaction. Finally, SCE conjugates SUMO to a target lysine, either alone or with the help of a 

SUMO E3 ligase (SIZ1 and HPY2 in Arabidopsis). Substrates can carry single SUMO 

moieties or SUMO polymers, and in Arabidopsis, two SUMO E4 ligases were recently 

implicated in the assembly of such SUMO chains (Tomanov et al., 2014). SUMO chains 

may have a role on their own (Ulrich, 2008), but can also trigger ubiquitination via SUMO-

targeted ubiquitin ligases (STUbLs), hence targeting the protein for proteasomal degradation 

(Praefcke et al., 2012; Elrouby et al., 2013).

A proteome-wide screen previously identified SnRK1α1 as an interactor of SCE1 (Elrouby 

and Coupland, 2010). In contrast to ubiquitination, where substrate specificity is provided by 

the E3 ligase, SUMO substrates can be directly recognized and bound on their target lysine 

by the E2 conjugation enzyme (Geiss-Friedlander and Melchior, 2007; Park et al., 2011), 

and hence the SnRK1α1–SCE1 interaction suggests that SnRK1α1 may be a target of 

SUMOylation. Here, we demonstrate that the SnRK1 complex is SUMOylated by the SIZ1 

E3 SUMO ligase, resulting in its ubiquitination and proteasomal degradation. Importantly, 

SUMO-dependent proteolytic removal targets exclusively active SnRK1, suggesting that 

SUMOylation acts as a safeguard to avoid sustained activation of stress responses.

RESULTS

The SnRK1 complex is SUMOylated

As a first step to test whether SnRK1 is a target of SUMOylation, we confirmed the reported 

SnRK1α1–SCE1 interaction in a yeast-two-hybrid assay (Y2H; Figure S1) and found that it 

occurs mostly through the SnRK1α1 regulatory domain (RD). However, a weaker 

interaction with the SnRK1α1 kinase domain (KD) could also be detected in less stringent 

selection media.

Crozet et al. Page 3

Plant J. Author manuscript; available in PMC 2017 January 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



To investigate whether the SnRK1α1–SCE1 interaction results into SnRK1 SUMOylation, 

we initially employed an heterologous system in which the Arabidopsis SUMOylation 

machinery is reconstituted and co-expressed with individual potential substrates in E. coli 
(Okada et al., 2009). In the presence of mature SUMO1 or mature SUMO3 (SUMO-GG), 

SnRK1α1 displayed a clear SUMOylation signal that was absent in the corresponding non-

conjugatable isoforms (SUMO-AA), used as negative controls (Figure 1a). We could also 

observe SUMOylation of SnRK1β1, SnRK1β2 (Figure 1a), and SnRK1γ (Figure S2a), 

although in the case of the latter the functional connection to SnRK1 remains uncertain 

(Ramon et al., 2013; Emanuelle et al., 2015). The only tested subunit for which 

SUMOylation was not detected was SnRK1βγ (Figure 1a), recently proposed to be the only 

γ-type subunit of the SnRK1 complex (Ramon et al., 2013; Emanuelle et al., 2015). These 

results show that in this E. coli system SUMOylation occurs specifically on several 

components of the SnRK1 complex.

To determine if SUMOylation of SnRK1 also occurs in planta, we made use of a snrk1α1 
knockout mutant complemented with SnRK1α1–GFP driven by its own upstream and 

downstream regulatory regions (pSnRK1α1:: SnRK1α1–GFP::tSnRK1α1/SnRK1α1-3; 
hereafter referred as SnRK1α1–GFP; Figure S3). GFP immunoprecipitation followed by 

Western blot analyses with an anti-SUMO1 antibody revealed a massive accumulation of 

SUMO1 conjugates in immunoprecipitates from SnRK1α1–GFP plants but not from control 

plants expressing 35S::GFP (Figure 1b). Interestingly, SUMO1 conjugates associated with 

SnRK1α1–GFP were not resolved as distinct bands, but rather as a high molecular weight 

(hMW) ladder, suggesting the formation of (poly)SUMO chains and/or the SUMOylation of 

multiple residues. This was further supported by the presence of hMW SnRK1α1 forms in 

the SnRK1α1 immunoblot (Figure 1b, middle panel). Immunodetection with SnRK1β1 and 

SnRK1βγ antibodies confirmed the association of these subunits with SnRK1α1–GFP 

(Figure 1c). We could detect hMW forms of SnRK1β1 but not of SnRK1βγ, suggesting that 

only the former is SUMOylated in planta, in accordance with the results obtained in the E. 
coli SUMOylation system (Figure 1a). To assess the contribution of the β-subunit(s) to 

SnRK1 SUMOylation, we generated a transgenic line expressing a truncated SnRK1α1 

variant lacking the KA1 domain (Rodrigues et al., 2013), required for the interaction with 

the β and γ regulatory subunits (Bhalerao et al., 1999; Kleinow et al., 2000) 

(pSnRK1α1::SnRK1α1ΔKA1–GFP::tSnRK1α1/SnRK1α1-3; hereafter referred as 

SnRK1α1ΔKA1–GFP, Figure S3). As expected, we could not detect SnRK1β1 or SnRK1βγ 

associated with SnRK1α1ΔKA1–GFP (Figure 1c). Moreover, in the absence of regulatory 

subunits the amount of SUMO1 conjugates and hMW SnRK1α1 forms was dramatically 

reduced (Figure 1b, c), indicating that the regulatory subunits contribute significantly to the 

overall SUMOylation of the SnRK1 complex. Nevertheless, even if reduced, the presence of 

SnRK1α1 hMW forms and SUMO1 conjugates in SnRK1α1ΔKA1–GFP 

immunoprecipitates suggests that the interaction with the regulatory subunits is not strictly 

necessary for SnRK1α1 SUMOylation.

Collectively, these results indicate that several subunits of the SnRK1 complex are 

SUMOylated in planta and that this may involve the formation of SUMO chains and/or the 

modification of multiple residues.
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SUMOylation inhibits SnRK1 signaling and is SIZ1-dependent

To investigate whether SUMOylation has an impact on SnRK1 signaling, we first undertook 

a mutagenesis approach to block SnRK1 SUMOylation. We focused on the major catalytic 

subunit SnRK1α1, as it accounts for nearly 90% of SnRK1 activity in planta (Jossier et al., 
2009). SnRK1 harbors two predicted SUMOylation sites [K144 and K471, Figure S4(a); 

(Elrouby and Coupland, 2010)], but their mutation to arginine, individually or in 

combination, did not prevent SUMOylation in the E. coli assay (Figure S4b). To map 

roughly the site(s) of SUMOylation we used the kinase (KD, 1–293) and the RD (Figure 

S4a) as substrates in the E. coli assay, and found that SnRK1α1 is SUMOylated on both 

(Figure S4c). To identify the target lysines, we performed liquid chromatography–tandem 

mass spectrometry (LC-MS/MS) analyses employing regular mature SUMO3 (SUMO3-GG) 

and a variant (SUMO3S91R-GG) that facilitates LC-MS/MS analyses by yielding a small 

tryptic footprint (Okada et al., 2009). We focused these analyses on SUMO3 because it 

generated similar SUMOylation patterns but with stronger signal intensity than SUMO1, 

allowing a better yield for LC-MS/MS. We uncovered nine SUMOylated lysines (including 

K144 but not K471), of which two are located in the KA1 domain and seven in the KD 

(Figure S4a, d). The structural model of the SnRK1 complex predicts that all of these 

residues are accessible to solvent (Figure S4(d), residues indicated). A single K390R 

mutation and a double K34R/K63R mutation were sufficient to abrogate SUMOylation of 

the RD and KD, respectively (Figure S4e). Furthermore, SUMOylation could no longer be 

detected in the full-length SnRK1α1K34/63/390R triple mutant (hereafter referred as 

SnRK1α13K, Figure S4f), suggesting that these three lysines are the genuine targets of 

SUMOylation in vivo.

We next assessed the functional relevance of SnRK1 SUMOylation in a cell-based reporter 

gene assay by comparing SnRK1 activity between SnRK1α1, SnRK1α13K, and a SnRK1α1 

variant mutated in all SUMOylated lysines (SnRK1α1K20/34/44/56/63/69/390/421R, hereafter 

referred as SnRK1α18K) except K144, as the K144R mutation abolishes kinase activity 

[(Cho et al., 2012)]. In this assay, SnRK1 activity is measured as an induction of the 

pDIN6::LUC reporter and transient SnRK1α1 overexpression is sufficient to trigger strong 

SnRK1 signaling and reporter activation (Baena-Gonzalez et al., 2007; Rodrigues et al., 
2013). As expected, SnRK1α1 overexpression resulted in a 20-fold activation of the 

pDIN6::LUC reporter, whilst an inactive SnRK1α1T175A kinase [T-loop phosphomutant, 

(Baena-Gonzalez et al., 2007)] had no effect. However, the two SnRK1α13K and 

SnRK1α18K variants induced the reporter normally (Figure 2a), suggesting that in planta 
SnRK1α1 can be SUMOylated on other residues and/or that SUMOylation of other 

components of the complex (e.g. the β-regulatory subunits) is sufficient to convey the 

SUMO signal.

As an alternative strategy to globally block SUMOylation of the SnRK1 complex and to 

assess its functional relevance, we set to identify the E3 ligase(s) responsible for this 

modification. Even though SCE1 is sufficient for conjugating the SUMO peptide to a 

substrate in vitro, SUMO E3 ligases are important for substrate specificity and 

SUMOylation efficiency in vivo (Novatchkova et al., 2012). In Arabidopsis, only two 

SUMO E3 ligases have been identified, SIZ1 and HPY2 (Miura et al., 2005; Ishida et al., 
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2009; Miura and Hasegawa, 2010; Novatchkova et al., 2012). Given the strong association of 

SIZ1 with plant stress responses and the involvement of HPY2/MMS21 mostly in 

developmental processes (Castro et al., 2012), we hypothesized that SnRK1 SUMOylation is 

mediated by SIZ1. To test this, we introduced the pSnRK1α1::SnRK1α1–GFP:: tSnRK1α1 
construct in siz1-2, a null mutant of SIZ1 [(Miura et al., 2005); hereafter referred as 

SnRK1α1–GFPsiz1-2] to perform GFP pull-downs and immunoblot analyses as previously 

described (Figure 1b). As shown in Figure 2(b), western blot analyses of 

immunoprecipitated SnRK1–GFP revealed a complete absence of SUMO1 conjugates in the 

siz1-2 mutant, demonstrating that SIZ1 is responsible for SnRK1 SUMOylation by SUMO1 

in planta. Importantly, the relative abundance of hMW SnRK1α1 forms in SnRK1α1–
GFPsiz1-2 was strongly reduced (more than 50%) when compared to SnRK1α1–GFP plants, 

indicating that a significant part of these forms corresponds to SUMOylated SnRK1α1 

(Figure 2b).

Having established SIZ1 as the E3 ligase responsible for SnRK1 SUMOylation, we next 

investigated the functional relevance of this modification by comparing SnRK1 signaling in 

Col-0 (wild-type, WT) and siz1-2 plants. To this end, we treated plants with control (3 h 

light) or SnRK1 signaling activating conditions (3 h of darkness during the day) and 

measured the expression of SnRK1 target genes by quantitative RT-PCR (qRT-PCR) as 

readout of SnRK1 pathway activation (Baena-Gonzalez et al., 2007; Rodrigues et al., 2013). 

As expected, exposure to darkness triggered a strong induction of SnRK1 target genes (AXP, 
DIN6 and TPS8) in Col-0 plants (Figure 2c). This induction was two-fold higher in the 

siz1-2 mutant, showing that SIZ1 is a negative regulator of SnRK1 signaling (Figure 2c). 

Given that the dwarf growth of siz1-2 is largely caused by elevated salicylic acid (SA) levels 

(Lee et al., 2007; Miura et al., 2010), we asked if the effect of the siz1-2 mutation on SnRK1 

signaling was indirect, and induced by SA. To test this, we treated Col-0 protoplasts 

transfected with the pDIN6::LUC reporter and SnRK1α1 or control DNA, with SA or 

ethanol (mock-treated). As shown in Figure S5(a), SA had no effect on SnRK1 signaling 

during a short (2 h) or extended (15 h) incubation. Furthermore, examination of public 

microarray datasets with the Genevestigator tool (Hruz et al., 2008) revealed that various SA 

treatments induce Systemic Acquired Resistance (SAR) marker genes, but not SnRK1 

marker genes (DIN6, AXP and TPS8) (Figure S5b), ruling out an indirect effect of the 

siz1-2 mutation on SnRK1 signaling through SA. To further evaluate potential pleiotropic 

effects of the siz1-2 mutation on SnRK1 signaling, we next compared reporter gene 

activation by SnRK1α1 in protoplasts from Col-0 and siz1-2 plants. Expression of SnRK1α1 

in Col-0 protoplasts triggered the expected activation of the pDIN6::LUC reporter (Figure 

2D). However, this activation was three-fold higher in the siz1-2 mutant, consistent with the 

hyperactivation of endogenous marker genes in response to dark stress (Figure 2c). Most 

importantly, co-expression of SIZ1 but not of a catalytically inactive SIZ1 variant 

[SIZ1C379A; (Cheong et al., 2009)] restored normal activation of the reporter in siz1-2 
(Figure 2d), supporting the lack of activity of this SUMO E3 ligase as the cause for 

hyperactive SnRK1 signaling in the mutant. We next triggered SnRK1 signaling in an 

alternative manner, by expressing the GBF5 transcription factor that acts downstream of 

SnRK1 (Baena-Gonzalez et al., 2007). GBF5 induced the expected activation of the pDIN6:: 
LUC reporter in Col-0 protoplasts and this activation was similar in the siz1-2 mutant 
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(Figure 2e), providing additional evidence that repression of SnRK1 signaling by SIZ1 

occurs at the level of the SnRK1 kinase.

Altogether, these results show that SIZ1 inhibits SnRK1 signaling, most probably through 

SUMOylation of several components of the SnRK1 complex.

SUMOylation triggers SnRK1 degradation

Proteins modified by SUMO acquire novel molecular features that can affect their stability, 

activity, and/or subcellular localization, primarily through altered interactions with other 

proteins (Jentsch and Psakhye, 2013). To determine whether the SIZ1-dependent inhibition 

of SnRK1 involved changes on SnRK1 specific activity, we performed in vitro kinase assays 

using immunoprecipitated SnRK1α1 and ABF2 as a substrate (Rodrigues et al., 2013). Even 

though ABF2 phosphorylation was two-fold higher with SnRK1 immunoprecipitated from 

the siz1-2 mutant than from the Col-0 control, this was fully explained by the two-fold 

higher levels of SnRK1α1 immunoprecipitated from siz1-2 plants (Figure 3a). This shows 

that the over-activation of SnRK1 signaling in siz1-2 plants is not caused by changes in 

SnRK1 specific activity, but rather by an enhanced accumulation of the kinase.

To determine more precisely SnRK1 levels, we performed immunoblot analyses using total 

soluble protein extracts. These analyses confirmed that SnRK1α1 is about 2.5-fold more 

abundant in the siz1-2 mutant. As a result of increased accumulation, SnRK1α1 T-loop 

phosphorylation is also 2.5-fold higher in the siz1-2 mutant, consistent with a similar SnRK1 

specific activity in Col-0 and siz1-2 plants (Figure 3a). The levels of phosphorylated 

SnRK1α2 were also higher in siz1-2, suggesting this other catalytic subunit might also be a 

target of SUMOylation. In accordance with our previous indications that SUMOylation 

could target the regulatory subunits (Figures 1 and 2a), we also detected an increase in 

SnRK1β1 protein amounts in siz1-2 (Figure 3c). Similar comparisons were not possible for 

SnRK1βγ since the available antibodies recognize multiple bands in total protein extracts 

(Figure S6), despite being adequate for analysing SnRK1 immunoprecipitates (Figure 1c). 

Interestingly, SnRK1γ displayed a 3.5-fold accumulation in the siz1-2 mutant (Figure S2b), 

although, in accordance with previous reports (Ramon et al., 2013; Emanuelle et al., 2015), 

we could not detect this protein in SnRK1α1 immunoprecipitates (Figure S2c).

To investigate the cause of enhanced SnRK1 accumulation in siz1-2, we next performed 

protein half-life measurements in Col-0 and siz1-2 protoplasts expressing SnRK1α1. 

Following 6 h of incubation, translation was blocked by the addition of cycloheximide 

(CHX) and cells were harvested after 2 and 4 h for quantification of SnRK1α1 amounts. As 

shown in Figure 3(d), SnRK1α1 degradation was mostly abolished in the siz1-2 mutant. To 

assess whether the lack of SnRK1α1 degradation in siz1-2 is due to the lack of 

SUMOylation, we generated a translational fusion between SnRK1α1 and a non-

conjugatable mature SUMO1-AA (SnRK1α1-SUMO1), thus mimicking SnRK1α1 

SUMOylation [‘SUMO mimetic’ (Ulrich, 2009)]. Interestingly, the SnRK1α1 SUMO 

mimetic was degraded in siz1-2 to a similar extent as SnRK1α1 in Col-0 protoplasts (Figure 

3d). Moreover, mimicking SUMOylation with the SnRK1α1-SUMO1 variant bypassed SIZ1 

and restored normal pDIN6::LUC reporter activation in the siz1-2 mutant (Figure 3e), 

altogether supporting the view that SUMOylation of SnRK1α1 promotes its degradation.
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SUMOylated SnRK1 is ubiquitinated and degraded by the proteasome

We next asked whether the observed SnRK1 degradation occurred via the ubiquitin 

proteasome system. To assess this, we determined SnRK1α1 accumulation in the presence 

of the proteasome inhibitor MG132 or the dimethyl sulphoxide (DMSO) solvent control. In 

accordance with previous results (Figure 3d), we observed a strong reduction in SnRK1α1 

levels 3h after the addition of cycloheximide (Figure 4a). However, this degradation was 

significantly blocked in cells treated with MG132, showing that SnRK1α1 protein turnover 

is largely dependent on the proteasome.

To investigate whether SnRK1 is ubiquitinated for proteasomal degradation in planta, we 

employed the same system as for assessing SnRK1 SUMOylation (Figure 1b) and 

performed GFP immunoprecipitation from SnRK1α1–GFP, SnRK1α1ΔKA1–GFP, and 

35S::GFP control plants, to check for the presence of ubiquitin conjugates. These analyses 

revealed a higher accumulation of ubiquitin conjugates in immunoprecipitates from 

SnRK1α1–GFP than in those from SnRK1α1ΔKA1–GFP plants, while none was detected in 

the 35S::GFP control (Figure 4b). This pattern was clearly similar to that of SUMO 

conjugates (Figure 1b), suggesting that SnRK1 ubiquitination and SUMOylation may be 

interconnected. To test whether SnRK1 SUMOylation is a prerequisite for its ubiquitination, 

we next immunoprecipitated SnRK1α1–GFP from SnRK1α1–GFPsiz1-2 plants and checked 

for the presence of ubiquitin. As shown in Figure 4(c), ubiquitin conjugates were markedly 

reduced in SnRK1α1–GFP immunoprecipitates from SnRK1α1–GFPsiz1-2 compared with 

SnRK1α1–GFP plants, indicating that SnRK1 SUMOylation is at least partially required for 

its subsequent ubiquitination.

SnRK1 degradation is strictly dependent on its activity

We previously observed that inactive SnRK1α1 variants, such as SnRK1α1T175A and 

SnRK1α1K48M (impaired in phosphotransfer activity), accumulate to higher levels than 

active SnRK1α1 (Baena-Gonzalez et al., 2007) (Figure 5a), suggesting a connection 

between kinase activity and stability. By measuring protein half-life in the presence of 

cycloheximide in Col-0 cells, we found that the reason for over-accumulation of both 

inactive variants (SnRK1α1K48M and SnRK1α1T175A) was the lack of protein degradation 

(Figure 5b).

Given the enhanced stability of SnRK1α1 in the siz1-2 mutant (Figure 3c), we next asked 

whether the increased stability of the inactive SnRK1α1 variants could also be due to a lack 

of SUMOylation. To test this, we generated SUMO mimetics of all three SnRK1α1 variants 

and measured their half-life. Degradation of active SnRK1α1 did not seem to be altered in 

the corresponding SUMO mimetic (Figures 3d and 5c), suggesting that SUMOylation might 

not be rate-limiting for degradation of the active kinase. However, the SUMO mimetic forms 

of the inactive variants were readily degraded, displaying the same degradation profile as 

active SnRK1α1. In contrast, a SUMO mimetic of a GFP control protein was stable over 

time, demonstrating a specific effect of SUMO on SnRK1α1 stability.

Collectively, these results confirm the link between SnRK1 activity and turnover and 

indicate that SUMOylation is an intermediary step in this process.
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DISCUSSION

Deregulation of kinase activity often results in cellular or whole-organism dysfunction and 

even lethality (Lu and Hunter, 2009). Indeed, in yeast, inappropriately high SNF1 activity is 

deleterious to cell growth, as mutants of the inhibitory phosphatases are only viable if 

expressing a SNF1 variant with reduced catalytic activity (Ruiz et al., 2011, 2013). 

Conversely, sugar provision stimulates growth in WT seedlings but not in plants 

overexpressing SnRK1α1, presumably due to excessive repression of biosynthetic activities 

when SnRK1 is hyperactive (Baena-Gonzalez et al., 2007). Being a key regulator of the 

stress response, growth and development, SnRK1 activity must hence be counterbalanced by 

mechanisms that restrain its action. In this study, we provide strong evidence suggesting that 

SUMOylation is such a mechanism (Figure 6). SnRK1 is SUMOylated by the SIZ1 E3 

SUMO ligase, resulting in its ubiquitination and proteasomal degradation. Mutations that 

abolish kinase activity prevent SnRK1 degradation, suggesting that SnRK1 activity and 

SUMOylation are tightly coupled in a negative feedback loop to prevent detrimental 

pathway hyperactivation.

An increasing number of studies show that SUMO E3 ligases often act on preassembled 

protein complexes, modifying groups of physically interacting components rather than 

individual proteins (Jentsch and Psakhye, 2013). In agreement with this, our results indicate 

that SUMOylation occurs at the level of the whole SnRK1 complex (Figures 1, 3, and S2a) 

and that SIZ1 is responsible for this modification (Figure 2b). The view of collective SnRK1 

SUMOylation is further supported by our inability to alter SnRK1 function by mutating the 

target lysines of the SnRK1α1 subunit (Figures S4f and 2a), as presumably SUMOylation of 

the remaining subunits compensates for the lack of SUMOylation in SnRK1α1. A 

‘SUMOylation wave’ targeting several members of a protein complex has been described, 

amongst others, for the DNA damage repair complex, in which mutation of single subunits 

is not sufficient to abrogate SUMOylation of the complex and to cause functional defects 

(Jentsch and Psakhye, 2013).

Our functional analyses revealed that the SnRK1 pathway is hyperactivated in the siz1-2 
mutant, and that the SnRK1 kinase is repressed by SIZ1 (Figure 2c, d). Although we cannot 

currently rule out the contribution of other proteins to the over-activation of energy signaling 

in the siz1-2 mutant, the fact that the downstream transcription factor GBF5 induces normal 

activation of the pathway in siz1-2 cells (Figure 2e) supports the hypothesis that the defect is 

mainly at the SnRK1 level.

Importantly, normal activation of the SnRK1 pathway in siz1-2 could be restored by 

transient complementation with SIZ1 but not with a catalytically inactive SIZ1C379A variant 

(Figure 2d), underscoring the importance of this ligase activity for SnRK1 regulation and 

ruling out long-term pleiotropic effects of the siz1-2 mutation on SnRK1 function. We could 

further show that the cause of SnRK1 pathway hyperactivation in the siz1-2 mutant was an 

increased SnRK1 accumulation (Figures 3a–c and S2c). Interestingly, the increase in protein 

amounts was not stoichiometric, as SnRK1β1 accumulation in siz1-2 exceeded nearly six-

fold that of the SnRK1α1 subunit. This is probably because, in addition to the effect of SIZ1 
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on SnRK1 protein accumulation, the SnRK1β1 gene is strongly induced by SnRK1 signaling 

(Baena-Gonzalez et al., 2007), which is higher in siz1-2 (Figure 2)

Protein half-life measurements, using SnRK1α1 as a representative of the SnRK1 complex, 

revealed that the reason for enhanced SnRK1 accumulation in siz1-2 cells was a defect in 

protein degradation (Figure 3d). Moreover, mimicking SnRK1α1 SUMOylation was 

sufficient to rescue its degradation (Figure 3d) and normal pathway activation (Figure 3e) in 

the siz1-2 mutant, indicating that the cause of impaired SnRK1α1 degradation is the lack of 

SUMOylation. SnRK1 seems to be degraded by the 26S proteasome, as it is strongly 

ubiquitinated (Figure 4b) and its degradation is largely blocked by MG132 (Figure 4a). This 

is consistent with high-throughput analyses in which SnRK1α1 was identified as a target for 

ubiquitination and was stabilized by MG132 (Maor et al., 2007; Kim et al., 2013). On the 

other hand, SnRK1 ubiquitination is largely dependent on SUMOylation, as the presence of 

ubiquitin conjugates in SnRK1α1 immunoprecipitates was greatly reduced in the siz1-2 
mutant (Figure 4c). How SUMOylated SnRK1 is targeted to proteasomal degradation is 

currently unknown but the process is likely to involve the action of the recently discovered 

E4 SUMO ligases, responsible for (poly)SUMO chain formation (Tomanov et al., 2014), 

and/or the StUbLs, responsible for the ubiquitination of SUMOylated substrates (Elrouby et 
al., 2013).

Protein kinases are often targeted by more than one E3 ubiquitin ligases, with some E3 

ligases acting specifically on the active kinase (Lu and Hunter, 2009). The fact that in the 

siz1-2 mutant we could still detect hMW SnRK1α1 forms (Figure 2b) as well as SnRK1α1-

associated ubiquitin conjugates (Figure 4c), supports the existence of parallel SUMO-

independent ubiquitination pathways. SnRK1α1 interacts with Pleiotropic Regulatory Locus 

1 (PRL1) (Bhalerao et al., 1999) and SnRK1α1 degradation is mediated by the DDB1-

CUL4-ROC1-PRL1 E3 ubiquitin ligase, in which PRL1 is the putative substrate receptor of 

the complex (Lee et al., 2008). Proteasomal degradation of SnRK1α1 was also shown to 

occur in a myoinositol polyphosphate 5-phosphatase 13 (5PTase13)-dependent manner 

(Ananieva et al., 2008). Whether PRL1, 5PTase13, and SIZ1 act in same pathway or in 

parallel ones is currently unknown.

We show here that SUMO-mediated degradation of SnRK1 is strictly dependent on SnRK1 

kinase activity. Inactive SnRK1α1 variants are not degraded (Figure 5b), accumulating to 

much higher levels than the active kinase (Baena-Gonzalez et al., 2007) (Figure 5a). The 

reason for the increased stability of the inactive SnRK1α1 variants appears to be the lack of 

SUMOylation, as they recover normal turnover when expressed as SUMO mimetics (Figure 

5d). Activated kinases can be recognized for ubiquitination and degradation by different 

mechanisms, often involving the generation of recognition motifs through phosphorylation 

or the exposure of such motifs through conformational changes (Lu and Hunter, 2009). An 

intriguing question that remains open is how the SUMO machinery recognizes active 

SnRK1.

SUMOylation has also been described for AMPK and SNF1, affecting these kinases in 

various ways. In AMPK, both catalytic (α1/α2) subunits are within a list of ~1600 human 

proteins found to be SUMOylated using high-resolution MS (Hendriks et al., 2014). 
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AMPKα1 SUMOylation was detected in control samples and was significantly increased in 

response to SUMO protease inhibition, proteasome inhibition and heat shock treatments, 

suggesting that, likewise SnRK1 SUMOylation, it might also be involved in signal 

termination. Interestingly, the lysine identified by Hendriks and colleagues corresponds to 

K390 in SnRK1α1, also found SUMOylated in our study (Figure S4). Another recent report 

showed that also AMPKβ2 is SUMOylated (Rubio et al., 2013). However, SUMOylation of 

AMPKβ2 did not affect its degradation rate but instead enhanced AMPK activity by 

increasing T-loop phosphorylation. Furthermore, AMPKβ2 SUMOylation and ubiquitination 

appeared to be antagonistic rather than interdependent processes. In the case of SNF1, the 

Snf1 catalytic subunit was reported to be SUMOylated in response to glucose and to 

downregulate SNF1 independently of T-loop phosphorylation in two ways (Simpson-Lavy 

and Johnston, 2013). Firstly, SUMOylation of Snf1 caused a rapid inhibition of the kinase 

specific activity, presumably via a conformational switch induced by the interaction between 

the SUMOylated residue and a SUMO-interacting motif (SIM). It is unlikely that such a 

mechanism is conserved as the target lysine (K549) implicated in this regulation is not 

conserved (Figure S7b). However, the possibility that the conserved SIM1 (Figure S7a, T89–

V94 in SnRK1α1) plays a role in SnRK1 SUMOylation remains to be established. 

Furthermore, whilst SNF1 is SUMOylated on a single residue on the catalytic subunit, 

SnRK1 seems to be SUMOylated on multiple residues/subunits. Secondly, SUMOylation of 

Snf1 upon glucose feeding induced its degradation, from which the authors concluded that 

SUMOylation is important to reduce SNF1 levels when cells do no longer need SNF1 

activity. Nevertheless, the fact that the Mms21 SUMO (E3) ligase mutant accumulates 

higher Snf1 levels under low glucose conditions (Simpson-Lavy and Johnston, 2013) 

suggests that, likewise SnRK1 and AMPK, SNF1 SUMOylation may also prevent pathway 

hyperactivation when SNF1 is active.

In summary, our work has uncovered a negative feedback loop by which SnRK1 activity 

triggers its own SUMO-mediated proteasomal degradation. We postulate that this intimate 

connection between kinase activity and accumulation is evolutionarily conserved and that it 

may be essential for balancing stress and defense responses with biosynthetic activities, cell 

proliferation, and growth (Baena-Gonzalez and Sheen, 2008; Huot et al., 2014).

EXPERIMENTAL PROCEDURES

Primers and constructs

A list of all primers, cloning steps, and constructs used in this study is provided in Table S1.

Plant material and growth conditions

Unless otherwise specified, plants were grown in soil under a 12 h light (100μE), 22°C/12h 

dark, 18°C regime.

All Arabidopsis thaliana plants used in this study are in the Columbia (Col-0) background. 

The siz1-2 (Miura et al., 2005) and 35S::SnRK1α1 [(Jossier et al., 2009), 35S::SnRK1.1-2] 

plants have been previously described. The generation of 35S::GFP, SnRK1α1–GFP, 

SnRK1α1ΔKA1–GFP and SnRK1α1–GFPsiz1-2 lines is fully described in Methods S1.
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GFP, SnRK1α1–GFP and SnRK1α1ΔKA1–GFP immunoprecipitation

Proteins from 5-week-old SnRK1α1–GFP, SnRK1α1ΔKA1–GFP, SnRK1α1–GFPsiz1-2 or 

35S::GFP plant leaves were extracted with immunoprecipitation (IP) buffer [50 mM Tris–

HCl pH 8.0, 50 mM NaCl, 1% (V/V) Igepal CA-630, 0.5% (w/V) sodium deoxycholate, 

0.1% (w/V) SDS, 1 mM EDTA pH 8.0, 50 μM MG132, 50 mM N-ethylmaleimide and 

cOmplete protease inhibitor cocktail (one tablet/10 mL)]. After clearing samples by 

centrifugation (6785 g, 2°C, 10 min) 800 μL of supernatant were supplemented with fresh 

MG132 (50 μM) and incubated at 4°C for 1 h with 40 μL of μMACS anti–GFP MicroBeads 

(μMACS GFP Isolation Kit, Miltenyi, 130-091-125). Samples were thereafter loaded in 

μColumns (Miltenyi Biotec, Bergisch Gladbach, Germany 130-042-701) pre-equilibrated 

with 1 mL of IP buffer, and allowed to flow through. Columns were washed three times with 

200 μL and once with 600 μL of IP buffer and proteins eluted with 80 μL of elution buffer 

(Miltenyi, 130-091-125) at 95°C. β-Mercaptoethanol (2%) was added to the eluates prior to 

boiling for 5 min at 95°C. Proteins were resolved by SDS-PAGE, wet-transferred to a PVDF 

membrane (30 V, 16 h at 4°C), and analysed by immunoblotting with SnRK1α1, SnRK1β1, 

SnRK1γ, SnRK1βγ, SUMO1, UBQ11 and GFP antibodies. For each GFP 

immunoprecipitation experiment, immunodetection with different antibodies was done using 

equal loading on independent membranes.

SnRK1α1 immunoprecipitation and in vitro kinase assays

For measurements of endogenous SnRK1α1 activity, SnRK1α1 was immunoprecipitated 

from leaves of 5-week-old Col-0 or siz1-2 plants. Plant material (1 g) was extracted in 2 

volumes of buffer C [50 mM HEPES, pH 7.25, 150 mM NaCl, 1 mM EDTA, 0.05% Triton 

X-100, cOmplete protease inhibitor cocktail (one tablet/50 mL, Roche 11697498001) and 

1/500 (v/v) phosphatase inhibitor 2 (Sigma P5726) and 3 (Sigma P0044)]. After two 

successive centrifugations (20 000 g, 4°C, 10 min), the supernatant was recovered and 

filtered (0.45 μm) and 1 mg of total protein (quantified using the Bradford protein assay) 

was incubated with gentle shaking for 3 h at 4°C with 15 μL beads of protein A–antibody 

complex prepared as follows. For each immunoprecipitation, 15 μL (bed volume) of protein 

A–agarose (Roche #11719408001) was equilibrated in 1× PBS (Sigma-Aldrich P5493) and 

incubated with 1.5 μg of anti-SnRK1α1 antibody (anti-AKIN10) in 500 μL of 1× PBS for 1 

h at room temperature with gentle shaking. After three washes in buffer C, the beads were 

used for immunoprecipitation. After incubation for 3 h at 4°C under shaking, the beads were 

washed five times with buffer C, and one-third (5 μL) was kept for immunoblot analyses 

with an anti-SnRK1α1 antibody. The remaining 10 μL were used to determine the specific 

activity of SnRK1 in 30 μL of kinase buffer (50 mM HEPES-NaOH, pH 7.25, 20 mM MgCl2, 

0.5 mM DTT and 100 mM ATP) with His-ΔC ABF2 (1 μg) for 1 h at 30°C in the presence of 

2 μCi of γ32P-ATP. The reaction products were resolved by 12% SDS-PAGE and detected 

using a phosphor image system (STORM 860, GE Healthcare, Little Chalfont, United 

Kingdom).

Antibodies and western-blotting

The SnRK1α1 (1/500, anti-AKIN10, AS10919), SnRK1β1 (1/500, anti-AKINB1, 

AS09460), SnRK1βγ (1/1000, anti-AKINBG, AS09463, Figure S6) and SnRK1γ (1/2000, 
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anti-AKING1, AS09613) were purchased from Agrisera (Vännäs, Sweden). Phospho-

SnRK1α1/2 (T175/176) was detected with an anti–phosphoT172-AMPKα antibody (1/1000 

in 5% BSA-TBS-Tween, referred to as P-AMPK; #2535, Cell Signaling Technologies, 

Danvers, MA, USA). SUMO1 (1/5000, ab5316, Abcam, Cambridge, United Kingdom) and 

Ubiquitin11 (1/10000, AS08307, Agrisera) antibodies were used to detect the respective 

protein modifications. Anti-HA (1/1000, Roche, #11867423001), anti-GFP (1/1000, 

11814460001, Roche, Basel, Switzerland) and anti-T7 (1/10 000, #69522-3, Novagen, a 

brand by Merck Biosciences, Darmstadt, Germany) antibodies were used to detect the 

corresponding tagged proteins.

For immunoblotting all primary antibodies were diluted in 1% non-fat milk in Tris-buffered 

saline (TBS) (unless otherwise stated) and incubated with the membrane under gentle 

shaking for 12 h at 4°C. Secondary antibodies (Jackson ImmunoResearch Laboratory, Inc.) 

were used at 1/10 000 in 1% non-fat milk in TBS for 1 h at RT. In the case of 

immunoprecipitated samples, secondary antibodies subsequently used in the 

immunodetection were against the light chain of IgG.

Protoplast transient expression assays

Protoplasts from Col-0 and siz1-2 plants were isolated and transfected as already described 

(Yoo et al., 2007). All effector constructs (Table S1) were generated by cloning the 

corresponding coding sequences into a pHBT95 vector harboring a C-terminal HA or GFP 

tag (Yoo et al., 2007), except for C-terminal fusions with mSUMO1AA, for which the 

GFP/HA tag was replaced with mSUMO1AA. The indicated mutations were introduced by 

site-directed mutagenesis and verified by sequencing. SnRK1 signaling was monitored using 

a pDIN6::LUC reporter, and the pUBQ10::β-glucuronidase reporter as transfection 

efficiency control (Baena-Gonzalez et al., 2007). For SA treatment, transfected protoplasts 

were incubated for 4 h to allow protein expression and were thereafter treated with SA (5μM) 

or ethanol (mock) for 2 h or overnight. For analyses of protein degradation proteins were 

expressed for 6 h, CHX (100 μM) and/or MG132 (50 μM) were added, and cells were 

thereafter harvested at the indicated time points. Frozen cell pellets were resuspended in 4× 

Laemmli solubilization buffer, boiled for 5 min at 95°C and analysed by western blot.

Gene expression analyses

Fully expanded rosettes of 4–5-week-old Col-0 and siz1-2 plants were incubated on sterile 

MilliQ water in Petri dishes under control (3 h light, 100 μE) or SnRK1 signaling activating 

conditions (3 h dark). The treatment was always initiated 3 h after the onset of the light 

period. Total RNA was extracted using TRIzol reagent (Life Technologies, a Thermo Fisher 

Scientific brand, Waltham, MA, USA), treated with RNase-Free DNase (Promega, Madison, 

USA), and reverse transcribed (1 μg) using SuperScript III Reverse Transcriptase (Life 

Technologies), as previously described (Rodrigues et al., 2013). Quantitative real-time RT-

PCR (qPCR) analyses were performed using a CFX384TM Real-Time System (Bio-Rad), 

the iTaq™ Universal SYBR® Green Supermix (Bio-Rad), and the 2−ΔΔCt method for relative 

quantification (Livak and Schmittgen, 2001). Expression values of SnRK1 target genes were 

normalized using the CT values obtained for the ACT2 reference gene.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
SnRK1 is SUMOylated

(a) Multiple SnRK1 subunits are SUMOylated in a heterologous E. coli system. SnRK1 

subunits harboring 6*His and T7 tags were co-expressed in E. coli with the indicated SUMO 

isoform together with the SUMO-activating (AtSAE1a/AtSAE2) and SUMO-conjugating 

(AtSCE1) enzymes. SnRK1 subunits were purified via their His tag by IMAC and 

immunoblotted against their T7 tag (‘WB: T7’). GG and AA refer to conjugatable and non-
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conjugatable SUMO variants, respectively. Equal protein loading is shown by Coomassie 

blue (CB) staining of membranes.

(b, c) The SnRK1 complex is SUMOylated in planta. Leaf crude extracts of plants 

expressing GFP (Ctrl), SnRK1α1ΔKA1–GFP (Δ) and full-length SnRK1α1–GFP (FL) were 

used for GFP immunoprecipitation (IP) and immunoprecipitates were analysed by western 

blot (WB) using antibodies against GFP, SnRK1α1 and SUMO1 (b) or against SnRK1α1, 

SnRK1β1, SnRK1βγ and SUMO1 (c). The same antibodies were used for assessing the 

levels of these proteins in the corresponding inputs. Note that in the Ctrl plants GFP is 

driven by the strong 35S promoter whereas SnRK1α1ΔKA1–GFP and SnRK1α1–GFP are 

driven by the SnRK1α1 promoter, hence explaining why GFP can only be detected in the 

input of 35S::GFP plants. Black and grey arrowheads: non-SUMOylated and SUMOylated 

proteins, respectively. Grey brackets: high molecular weight forms of the indicated proteins.

Crozet et al. Page 19

Plant J. Author manuscript; available in PMC 2017 January 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2. 
SIZ1-mediated SUMOylation of SnRK1 represses SnRK1 signaling.

(a) Normal induction of SnRK1 signaling by SnRK1α1 multiple-lysine mutants. Expression 

of SnRK1α1 in Arabidopsis mesophyll protoplasts triggers SnRK1 signaling, as measured 

by induction of the pDIN6::LUC reporter. Mutation of lysine residues found to be 

SUMOylated in the E. coli system does not alter the ability of SnRK1α1 to induce the 

pDIN6::LUC reporter. SnRK13K, K34R/K63R/K390R; SnRK18K, K20R/K34R/K44R/
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K56R/K63R/K69R/K390R/K421R. An inactive T-loop phospho-mutant (SnRK1α1T175A) is 

used as negative control.

(b) SIZ1 is required for SnRK1 SUMOylation. SnRK1α1–GFP was immunoprecipitated 

(IP) from leaf crude extracts of SnRK1α1–GFP (‘WT’) and SnRK1α1–GFPsiz1-2 (‘siz1-2’) 

and analysed by Western blot (WB) using antibodies against SnRK1α1 and SUMO1 (as in 

Figure 1b). The amounts of loaded immunoprecipitates were adjusted to contain 

approximately similar amounts of SnRK1α1–GFP in WT and siz1-2. The quantification of 

hMW SnRK1α1 forms in both genotypes is presented on the right and corresponds to the 

ratio of hMW forms (indicated with a bracket in the longer exposure, ‘long’) per unmodified 

SnRK1α1 (shorter exposure, ‘short’). The values are normalized to the ratio in control plants 

(‘WT’).

(c) Overinduction of SnRK1 signaling in the siz1-2 mutant. Relative gene expression 

(qPCR) of SnRK1 marker genes (AXP, DIN6, TPS8) in Col-0 or siz1-2 mutant plants 

treated under control (light) or energy stress (dark) conditions.

(d) Overinduction of SnRK1 signaling in siz1-2 is rescued by the catalytic activity of SIZ1. 

Expression of SnRK1α1 triggers a three-fold higher induction of the pDIN6::LUC reporter 

in siz1-2 than in Col-0 protoplasts. Normal pDIN6::LUC expression is recovered by co-

expression of SIZ1, but not of a catalytically inactive SIZ1C379A variant.

(e) Induction of SnRK1 signaling downstream of SnRK1 is normal in siz1-2. Expression of 

the GBF5 transcription factor triggers similar induction of the pDIN6::LUC reporter in 

Col-0 and siz1-2 protoplasts. Expression of all components was confirmed by western blot 

(WB) with anti-HA antibodies. Equal sample loading was confirmed by Coomassie blue 

(CB) staining of RubisCO large subunit on membranes. Data are presented as mean ± 

standard error of the mean (SEM). Statistical significance was determined by ratio pair t-test 

prior to normalization (b), paired t-test (c), and two-way analysis of variance (ANOVA) (d). n ≥ 

3; ns, P > 0.05; *P < 0.05; **P < 0.01; ****P < 0.0001.
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Figure 3. 
SnRK1 stability is increased in siz1-2.

(a) SnRK1 specific activity is not altered in the siz1-2 mutant. SnRK1α1 was 

immunoprecipitated from Col-0 and siz1-2 leaf extracts and incubated in the presence of 

γ-32P-ATP and a recombinant ABF2 polypeptide as substrate. SnRK1α1 levels and ABF2 

phosphorylation were quantified by western blot (WB) and by autoradiography (P-ABF2), 

respectively.

(b, c) SnRK1 accumulates to higher levels in the siz1-2 mutant. Total leaf protein extracts of 

Col-0 and siz1-2 plants were analysed by western blot (WB) using antibodies against 

SnRK1α1 (‘α1’) and the phosphorylated T-loop of SnRK1α1 and SnRK1α2 (‘P-α1/P-α2’) 

(b, 10 or 17 μg) or against the SnRK1β1 subunit (c, 20 μg). The signals were quantified and 

normalized to loading. The average quantification in siz1-2 normalized to Col-0 is 

presented.

(d) Reduced SnRK1α1 degradation in siz1-2 is restored in a SUMO mimetic SnRK1α1 

variant. SnRK1α1 fused to mature SUMO1 (–mS1, empty marks) or not (WT, filled marks) 

was expressed in Col-0 (squares) or siz1-2 (circles) protoplasts. Protoplasts were thereafter 

treated with cycloheximide (CHX), samples were harvested at the indicated times points, 

and analysed by western blot using anti-SnRK1α1 antibody (WB: α1). The signal was 

quantified and normalized to the t = 0 for each kinetics.

(e) Restoring SnRK1 SUMOylation in the siz1-2 mutant by expression of the SUMO 

mimetic SnRK1α1 variant (α1-mS1) results in normal activation of the pDIN6::LUC 
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reporter. Expression of all SnRK1α1 variants was confirmed by western blot (WB) with 

anti-SnRK1α1 antibodies. Equal sample loading was confirmed by Coomassie blue (CB) 

staining of RubisCO large subunit on membranes. Data are presented as mean ± standard 

error of the mean (SEM). Statistical significance was determined by ratio paired t-test prior 

to normalization (b, c) or by ANOVA (d, e). n ≥ 3; ns, P > 0.05; *P < 0.05; **P < 0.01; ****P 
< 0.0001.
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Figure 4. 
SUMOylated SnRK1 is ubiquitinated and degraded by the proteasome.

(a) SnRK1α1 is degraded through the proteasome. SnRK1α1 was expressed in Col-0 

protoplasts and its levels were assessed by western blot (WB) following a 3 h treatment with 

cycloheximide (CHX) in the presence or absence of the proteasome inhibitor MG132. Equal 

sample loading was confirmed by Coomassie blue (CB) staining of RubisCO large subunit 

on membranes. Quantified levels were normalized to t = 0. Data are presented as mean ± 

standard error of the mean (SEM). Statistical significance was determined by ratio pair t-test 

prior to data normalization. n ≥ 3; **P < 0.01; *P < 0.05.

(b) The SnRK1 complex is ubiquitinated in planta. Leaf crude extracts of plants expressing 

GFP (Ctrl), SnRK1α1ΔKA1–GFP (Δ) and full-length SnRK1α1–GFP (FL) were used for 

GFP immunoprecipitation (IP) and immunoprecipitates were analysed by western blot (WB) 

using antibodies against SnRK1α1 and Ubiquitin11. The same antibodies were used for 

assessing the levels of these proteins in the corresponding inputs.

(c) SnRK1 ubiquitination is largely dependent on SIZ1. SnRK1α1–GFP was 

immunoprecipitated (IP) from leaf crude extracts of SnRK1α1–GFP (‘WT’) and SnRK1α1–

GFPsiz1-2 (‘siz1-2’) and analysed by western blot (WB) using antibodies against SnRK1α1 

and Ubiquitin11. The amounts of loaded immunoprecipitates were adjusted to contain 

approximately similar amounts of SnRK1α1–GFP in WT and siz1-2.
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Figure 5. 
Degradation of SnRK1 requires its activity.

(a) Inactive SnRK1α1 variants accumulate to higher levels than the WT protein. 

Accumulation of WT SnRK1α1 and two inactive SnRK1α1T175A and SnRK1α1K48M 

mutants transiently expressed in Col-0 protoplasts was analysed by western blot using anti-

SnRK1α1 antibodies (WB: α1).

(b) Only active SnRK1α1 undergoes degradation. WT (squares) or inactive (circles) 

SnRK1α1 variants were expressed in Col-0 protoplasts. Protoplasts were thereafter treated 

with cycloheximide (CHX), samples were harvested at the indicated time points, and 

analysed by western blot using anti-SnRK1α1 antibodies (WB: α1). The signal was 

quantified and normalized to the t = 0 for each kinetics.

(c) Inactive SnRK1α1 variants undergo degradation when expressed as SUMO mimetics. 

Levels of SnRK1α1-mature SUMO1 (mS1) fusions were followed as in (b). The SnRK1α1 

variants used as mS1 fusions are indicated (WT, squares; T175A, red circles, K48M, blue 

circles). GFP fused to mS1 is provided as a negative control (green triangles). Data are 

presented as mean ± standard error of the mean (SEM). Statistical significance was 

determined by two-way ANOVA with Tukey’s multiple comparison. n ≥ 3; *P < 0.05, **P < 

0.01; ***P < 0.001.
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Figure 6. 
Model of SnRK1 regulation by SUMOylation.

Active SnRK1 regulates processes that promote energy homeostasis. As a consequence of its 

activity SnRK1 is SUMOylated on several subunits in a SIZ1-dependent manner, 

ubiquitinated, and degraded through the proteasome. The tight coupling between SnRK1 

activity and degradation may contribute to establish a balance between stress/defense 

responses and biosynthetic growth-related processes.
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