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Abstract

The daily life of photosynthetic plants revolves around sugar production, transport, storage and 

utilization, and the complex sugar metabolic and signaling networks integrate internal regulators 

and environmental cues to govern and sustain plant growth and survival. Although diverse sugar 

signals have emerged as pivotal regulators from embryogenesis to senescence, glucose is the most 

ancient and conserved regulatory signal that controls gene and protein expression, cell-cycle 

progression, central and secondary metabolism, as well as growth and developmental programs. 

Glucose signals are perceived and transduced by two principal mechanisms: direct sensing 

through glucose sensors and indirect sensing via a variety of energy and metabolite sensors. This 

review focuses on the comparative and functional analyses of three glucose-modulated master 

regulators in Arabidopsis thaliana, the hexokinase1 (HXK1) glucose sensor, the energy sensor 

kinases KIN10/KIN11 inactivated by glucose, and the glucose-activated target of rapamycin 

(TOR) kinase. These regulators are evolutionarily conserved, but have evolved universal and 

unique regulatory wiring and functions in plants and animals. They form protein complexes with 

multiple partners as regulators or effectors to serve distinct functions in different subcellular 

locales and organs, and play integrative and complementary roles from cellular signaling and 

metabolism to development in the plant glucose signaling networks.
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Introduction

Glucose fuels life from bacteria, yeasts, plants to humans. Despite the fundamental and 

multifaceted regulatory roles of glucose in gene and protein expression, physiology, 

metabolism, proliferation, growth and development, and connections to human diseases, the 

molecular and cellular mechanisms underlying glucose signaling remain largely elusive in 

multicellular plants and animals. Research on plant regulatory networks over the past half-
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century has emphasized hormonal and peptide signals that are perceived at minute quantities 

by high affinity receptors (Santner et al., 2009; Katsir et al., 2011; Lee et al., 2013), whereas 

physiological nutrient and metabolite signals can act at several orders of magnitude higher 

levels via mostly unknown sensors (Rolland et al., 2002; Gibson, 2005; Rolland et al., 2006; 

Polge and Thomas, 2007; Ramon et al, 2008; Smeekens et al., 2010; Laplante and Sabatini, 

2012; Robaglia et al., 2012; Urano et al., 2012; Dobrenel et al., 2013; Eveland and Jackson, 

2013; Yuan et al., 2013; Xiong and Sheen, 2014).

The research on glucose signaling has been quite challenging due to the difficulties in 

separating glucose metabolism from glucose sensing and signaling events, elucidating and 

connecting primary and long-term responses, or creating powerful genetic tools to dissect 

the distinct roles of regulators whose essential functions are manifested in mutant lethality 

and functional redundancy. Over the past decade, integrated genetic, cellular, chemical, 

proteomic and genomic approaches in the reference plant Arabidopsis thaliana have begun 

to unravel the surprisingly broad range of functions and actions of three glucose-modulated 

master regulators, HXK1, KIN10/11 and TOR (Fig. 1). These regulators control the 

expression of thousands of plant genes involved in a wide spectrum of cellular functions 

from signaling, transcription, anabolism, catabolism, transport, to growth, development and 

stress adaptation in response to altered glucose signals (Rolland et al., 2002; Halford et al., 

2003; Rolland et al., 2006; Polge and Thomas, 2007; Baena-González and Sheen 2008; 

Ramon et al., 2008; Sheen, 2010; Smeekens et al., 2010; Robaglia et al., 2012; Dobrenel et 

al., 2013; Xiong and Sheen, 2014).

Arabidopsis HXK1 acts as the direct glucose sensor mediating multiple functions in the 

glucose repression and glucose promotion of transcription and growth (Xiao et al., 2000; 

Moore et al., 2003; Yanagisawa et al., 2003; Cho et al., 2006; Cho et al., 2009). The protein 

kinase activity of KIN10/11 is repressed by glucose (Baena-González et al., 2007), whereas 

TOR kinase is activated by glucose (Xiong and Sheen, 2012, Xiong et al., 2013). KIN10/11 

and TOR sense opposite energy levels and govern the partially overlapping plant 

transcriptional networks, which are intimately connected to glucose-derived energy and 

metabolite signaling tightly associated with glycolysis and mitochondrial bioenergetics, but 

are mostly uncoupled from the HXK1 actions as a glucose sensor (Baena-González et al., 

2007; Xiong et al., 2013). However, HXK1 and other metabolic enzymes also contribute to 

the generation of energy and metabolite signals derived from glucose (Moore et al., 2003; 

Kim et al., 2006; Granot, 2007; Paul et al., 2008; Cho et al., 2009; Karve et al., 2010; 

Nilsson et al., 2011; Kim et al., 2013). For example, the Arabidopsis transcription factor 

genes, bZIP1 and TZF1 (TANDEM ZINC FINGER1), are KIN10 and TOR target genes 

(Baena-González et al., 2007; Xiong et al., 2013), but their expression is partially insensitive 

to glucose repression in the HXK1 mutant gin2 (glucose insensitive2)(Kang et al., 2010; Lin 

et al., 2010). It is important to consider multiple regulatory criteria by applying specific and 

informative molecular, cellular, genetic, genomic and chemical tools to distinguish the direct 

and indirect mechanisms in diverse glucose responses (Fig. 1)(Xiao et al., 2000; Moore et 

al., 2003; Price et al., 2004; Blasing et all, 2005; Gonzali et al., 2006; Li et al., 2006; Baena-

González et al., 2007; Sheen, 2010; Xiong et al., 2013; de Jong et al., 2014). This review 
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focuses on the progresses in understanding the novel functions and the emerging molecular 

mechanisms of Arabidopsis HXK1, KIN10/11 and TOR actions over the past decade.

Direct Glucose Sensing and Signaling via HXK1

Distinct HXK1 Functions

The discovery of unique and global repression of photosynthesis genes by glucose in 

photoautotrophic plants led to the identification of Arabidopsis HXK1 as the first plant 

glucose sensor with uncoupled sensor and metabolic functions (Sheen, 1990; Jang et al., 

1997; Xiao et al., 2000; Rolland et all, 2002; Moore et al., 2003; Cho et al., 2006; Rolland et 

al., 2006; Ramon et al., 2008; Li and Sheen, unpublished). The glucose repression of 

photosynthesis genes and photosynthetic organ development mediated by HXK1 and the 

functional orthologs from other plants is conserved, which serves as a physiological 

feedback loop in sugar production and is promoted by glucose availability but antagonized 

by nitrogen signals (Martin et al., 2002; Moore et al., 2003; Price et al., 2004; Granot, 2007; 

Zhang et al., 2010; Cho et al., 2009; Cho et al., 2010; Kelly et al., 2012; Kim et al., 2013). 

The reported variability in leaf glucose responses is likely due to different plant architecture, 

developmental stage, as well as carbon and nitrogen storage strategies or use efficiency 

under various natural or artificial growth conditions in different plant species. For instance, 

tobacco, tomato and maize are large plants and their leaves are more prone to nitrogen 

deficiency to conspicuously display glucose repression, whereas potato plants with strong 

tuber sink for sugar and starch storage may require different growth conditions to manifest 

glucose repression (Sheen, 1990; Xiao et al., 2000; Moore et al., 2003; Yanagisawa et al., 

2003; Granot 2007; Kelly et al., 2012; Kim et al., 2013). Although the distantly related 

cyanobacterial glucokinase partially complement the leaf phenotypes in gin2 (Ryu et al, 

2008), other HXK1 functions remain unfulfilled (Li and Sheen, unpublished). The closely 

related yeast HXK2 complements the catalytic function but not the sensor function of HXK1 

in transgenic Arabidopsis (Jang et al., 1997; Yanagisawa 2003; Moore et al., 2003; Li and 

Sheen, unpublished). To further elucidate the conserved or distinct molecular and cellular 

mechanisms of glucose signaling, it is important to optimize diverse glucose response assays 

tailored to each plant species by recognizing and considering prominent and unique 

molecular, physiological and morphological features (Moore et al., 2003; Granot, 2007; Ryu 

et al, 2008; Cho et al., 2009; Cho et al, 2010; Zhang et al., 2010; Karve et al., 2010; Nilsson 

et al., 2011; Kelly et al., 2012; Kim et al., 2013).

In the presence of sufficient nitrate, increased light, photosynthesis or glucose has revealed 

the second distinct function of HXK1 glucose sensor in promoting the growth of vegetative 

and reproductive organs, also independent of glucose metabolism in Arabidopsis plants. 

This growth promotion function of HXK1 appears to be more complex, as it is integrated in 

each organ to maximize cell and organ size and whole plant biomass, which is proportional 

to available glucose signals (Moore et al., 2003; Cho et al., 2009; Hall and Sheen, 

unpublished). Furthermore, diverse isoforms of HXK and HXK-like (HKL) genes have been 

found in the genome of all land plants from the nonflowering moss and lycophyte to seed 

plants, including rice, maize, sorghum, poplar, tobacco, tomato, grape and Arabidopsis 

(Moore et al., 2003; Granot, 2007; Karve et al., 2008, 2010; Nilsson et al., 2011; Karve et 
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al., 2012; Kim et al., 2013). The amplification and diversification of the HXK superfamily 

suggests more complex modes of plant glucose signaling and metabolism in different 

subcellular compartments and organs evolved to support a wide spectrum of plant growth 

strategies and architectures dictated by sugar availability and other essential nutrients 

(Moore et al., 2003; Claeyssen and Rivoal, 2007; Granot, 2007; Karve et al., 2008; Cho et 

al., 2009; Zhang et al., 2010; Karve et al., 2010; Nilsson et al., 2011; Karve et al., 2012; Kim 

et al., 2013).

HXK1 and Hormone Interactions

Extensive genetic, molecular, cellular, and biochemical analyses have uncovered the 

intimate links between HXK1-mediated glucose signaling and multiple hormones, including 

but not limited to ethylene, abscisic acid (ABA), auxin and cytokinin (Rolland et al., 2002; 

Leon and Sheen, 2003; Moore et al., 2003; Yanagisawa et al., 2003; Rolland et al., 2006; 

Huang et al., 2008; Ramon et al., 2008; Cho et al., 2010; Karve et al., 2012; Hsu et al., 

2014). In maize and Arabidopsis leaf cells, Arabidopsis HXK1 but not the yeast HXK 

promotes the proteasome-dependent degradation of nuclear EIN3 (ETHYLENE 

INSENSITIVE3) and EIL1 (EIN3-LIKE1) through the C-terminus, which is stabilized by 

ethylene. Consistently, ein3 as well as etr1, ein2 and mkk9 are hypersensitive to glucose but 

insensitive to ethylene (Yanagisawa et al., 2003; Yoo et al., 2008). HXK1 also modulates 

the glucose repression of ERF1 (ETHYLENE RESPONSE FACTOR1) in ethylene signaling, 

and the glucose activation of ABA2 in ABA synthesis and ABI4/ABI5 (ABA INSENSITIVE) 

transcription factors in ABA signaling (Rolland et al., 2002; Leon and Sheen, 2003; Rolland 

et al., 2006; Ramon et al., 2008; Cho et al., 2010; Hsu et al., 2014). More detailed molecular 

mechanisms underlying sugar regulation of hormonal signaling and biosynthesis remained 

to be further resolved using defined HXK1 mutants, as distinct signaling and metabolic 

effects of sugars may be involved (Moore et al., 2003; Ohto et al., 2006; Loreti et al., 2008; 

Mishra et al., 2009; Mudgil et al., 2009; LeClere et al., 2010; Lin et al., 2010). Recent 

findings in sucrose-specific stabilization of the DELLA repressors support an antagonistic 

relationship between sucrose and gibberellin signaling and the opposite roles in anthocyanin 

biosynthesis uncoupled from HXK1 signaling (Loreti et al., 2008; Li et al., 2013). 

Comprehensive studies in the rice and barley aleurones indicate that gibberellin and 

SNRK1A (SNF1-RELATED PROTEIN KINASE1A) antagonize sugar repression and 

promoting the nuclear translocation and activity of MYBS1 and MYBGA, which is also 

enhanced by nitrogen and phosphate deficiency but mostly uncoupled from the HXK1 

glucose sensor functions (Lu et al., 2007; Hong et al., 2012).

The finding that the gin2 mutant is glucose insensitive but fructose sensitive has led to the 

identification of the fructose-specific signaling pathway (Cho and Yoo, 2011; Li et al., 

2011). Cell-based screens and genetic analyses lead to the identification of FRUCTOSE-1,6-

BIPHOSTASE as a nuclear fructose sensor independent of its catalytic activity (Cho and 

Yoo, 2011). Interestingly, a gain-of-function transcription factor ANAC089 lacking the 

membrane-bound domain specifically and dominantly suppresses fructose but not glucose 

sensitivity in Arabidopsis (Li et al., 2011). It will be exciting to further elucidate the 

fructose-specific signaling pathway by linking the nuclear sensor to the membrane-bound 

transcription factor. Although different nuclear sensors mediate glucose and fructose 
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responses, their actions converge downstream on the activation of ABA signaling but the 

repression of ethylene signaling (Cho and Yoo, 2011; Li et al., 2011). In future research 

aiming at understanding and predicting the signaling crosstalk and distinct sugar signaling 

pathways, it is informative to elucidate the precise molecular node, mechanism and degree 

of connections between glucose, fructose, sucrose and each hormonal signaling pathway to 

assess and discover the complex and dynamic regulators and their influences on plant 

growth and developmental programs. As different levels of glucose and hormones could 

lead to distinct or even opposite consequences in plant responses, application of 

physiologically relevant regulatory signals with defined and specific mutant manipulations 

not limited to overexpression is critical for logical interpretation of diverse sugar responses.

Molecular Actions of HXK1

To elucidate the molecular and cellular mechanisms of novel HXK1 actions in distinct 

glucose responses, several complementary approaches have been developed, including 

targeted mutagenesis and functional analyses of Arabidopsis HXK1 in gin2, biochemical 

and structural analyses of glucose binding and phosphorylation activities, genetic 

manipulation of subcellular localization, purification and characterization of the nuclear 

HXK1 protein complexes, identification of HXK1 interacting proteins, and establishing 

HXK1-dependent transcriptome reprogramming and chromatin association (Xiao et al., 

2000; Moore et al., 2003; Yanagisawa et al., 2003; Cho et al., 2006; Baena-González et al., 

2007; Balasubramanian et al., 2007; Cho et al., 2009; Cho et al., 2010; Karve et al., 2012; 

Xiong et al., 2013). Comprehensive analyses of the most informative HXK1 mutation, 

S177A without detectable catalytic activity but with full glucose binding, have provided 

compelling evidence for the glucose sensing and signaling activities critical for diverse 

glucose responses uncoupled from glucose phosphorylation and metabolism (Moore et al., 

2003; de Jong et al., 2014; Li and Sheen, unpublished). Importantly, the catalytically 

inactive mutations of the rice orthologs, OsHXK5 and OsHXK6, provide supporting 

evidence for the conserved glucose signaling functions similar to Arabidopsis HXK1S177A 

in transgenic gin2 plants (Cho et al., 2009).

As observed in Arabidopsis, maize, tomato, tobacco and moss, the majority of HXK1 and 

closely related HXK proteins are attached to the outer membrane of mitochondria serving 

the conventional function in glycolysis (Kandel-Kfir et al., 2006; Kim et al., 2006; 

Balasubramanian et al., 2007; Granot, 2007; Karve et al., 2008; Cho et al., 2009; Nilsson et 

al., 2011; Kim et al., 2013). Virus-induced gene-silencing studies in Nicotiana benthamiana 

suggest a role of tobacco HXKs in the control of programmed cell death (Kim et al., 2006), 

which is reminiscent of the glucokinase function in mice (Danial et al., 2003). However, 

several studies have identified Arabidopsis and rice HXK glucose sensor proteins in the 

nucleus, especially when the N-terminal region responsible for the association with the 

mitochondria outer membrane was deleted (Yanagisawa et al., 2003; Cho et al., 2006; Cho 

et al., 2009). Studies by genetic complementation analyses in gin2 indicate that the 

association of HXK1 with mitochondria is dispensable for the nuclear glucose sensor 

functions in transgenic plants (Li and Sheen, unpublished). Furthermore, extensive efforts 

have led to the biochemical isolation of the nuclear HXK1 protein complexes in Arabidopsis 

leaves and the identification of multiple HXK1 interacting protein partners. Genetic analyses 
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of two of these HXK1 interacting proteins, a scaffold vacuolar H+-ATPase B1 subunit and 

an AAA-ATPase subunit of the 19S regulatory particle of proteasome, support their roles in 

glucose repression of photosynthesis gene repression in leaves and in glucose promotion of 

plant growth in low nutrient conditions (Cho et al., 2006). Transcriptome analyses by RNA-

sequencing have supported a central and unique role of Arabidopsis HXK1 in the global 

transcriptional program encompassing over 2000 genes in rapid leaf responses to 

physiological glucose signals (Li and Sheen, unpublished). Future genetic and biochemical 

characterization as well as genomic analyses of the transcription factors and RNA regulators 

in the nuclear HXK1 complexes will potentially illuminate novel molecular mechanisms of 

the HXK1 actions on the chromatin in glucose signaling (Cho et al., 2006; Hsu et al., 2014). 

The application of super-resolution fluorescence microscopy (Doksani et al., 2013) will 

provide dynamic view of regulatory proteins in HXK1-mediated glucose signaling at single-

molecule details in different subcellular compartments. It will be interesting to learn whether 

the E3 ligase, protein kinase and histone acetyltransferase identified through Arabidopsis 

sugar-response mutants may act downstream or independent of HXK1-mediated glucose 

signaling (Huang et al., 2010; Heisel et al., 2013: Huang et al., 2013).

Glucose Repression of Energy Sensor Kinase

Central Integrators in Energy and Stress Signaling

The evolutionarily conserved genes encoding the catalytic subunit of energy sensor kinases 

in eukaryotes have been identified for more than two decades, including yeast SNF1 

(SUCROSE-NON-FERMENTATION1), mammalian AMPK (AMP-ACTIVATED 

PROTEIN KINASE) and plant SNRK1 (Celenza and Carlson, 1986; Halford and Hardie, 

1998; Bhalerao et al., 1999; Halford et al., 2003; Hardie et al., 2012). The most prevailing 

studies of SNRK1 have been focused on the regulation of cytoplasmic enzymes, such as 

nitrate reductase and sucrose phosphate synthase, involved in nitrogen and sugar metabolism 

(Halford and Hardie, 1998; Sugden et al., 1999; Halford et al., 2003). By establishing a 

combination of cellular, biochemical, functional genomic and genetic tools in Arabidopsis 

thaliana, ample evidence now supports novel functions of the redundant Arabidopsis KIN10 

(SNRK1.1) and KIN11 (SNRK1.2) as central integrators of transcriptional networks in 

stress and energy signaling (Baena-González et al., 2007; Baena-González and Sheen, 2008; 

Smeekens et al., 2010). The glucose-repressed SNRK1 is likely conserved in all plants and 

the orthologous genes encoding the catalytic subunit complement the yeast snf1 mutant, 

supporting the conserved roles in glucose signaling (Bhalerao et al., 1999; Halford et al., 

2003; Lovas et al., 2003; Polge and Thomas, 2007; Baena-González and Sheen, 2008; 

Ramon et al., 2008).

Studies on the regulation of universal DARK-INDUCIBLE (DIN) genes in Arabidopsis have 

provided crucial evidence to molecularly connect glucose-repressible transcription to plant 

energy sensor kinases and diverse stress conditions in a HXK1 independent manner (Fujiki 

et al., 2001; Baena-González et al., 2007). Transient elevation of KIN10 activity mediates 

the activation and repression of over 1000 genes involved in transcription, signaling, 

catabolism and anabolism. Remarkably, 600 of these genes are either positively correlated 

with stress and starvation genes or negatively correlated with genes activated by sucrose, 

Sheen Page 6

. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



glucose, and elevated CO2 in cultured cells, seedlings and adult leaves in genome-wide 

analyses (Price et al., 2004; Contento et al, 2004; Lin and Wu, 2004; Thimm et al., 2004; 

Blasing et al., 2005; Buchanan-Wollaston et al., 2005; Baena-González et al., 2007; Baena-

González and Sheen, 2008). The high correlations between KIN10 target genes and the 

transcriptome reprogramming in multiple physiological responses provide compelling 

evidence to support a critical and convergent role of KIN10 in glucose repression triggered 

by darkness, starvation or diverse stress conditions (Baena-González et al., 2007; Baena-

González and Sheen, 2008). It has been shown that potato SNRK1 is responsible for the 

sucrose activation of a potato gene encoding sucrose synthase (SUS4) in specific antisense 

transgenic lines (Purcell et al., 1998). However, different from KIN10/11 and another potato 

gene (StubSNF1), this PKIN1 gene does not complement the yeast snf1 mutant (Lovas et al., 

2003). While StubSNF1 and KIN10/11 are closely related to the SNRK1a subgroup genes 

that are conserved in plants, PKIN1 bears more resemblance with the SNRK1b subgroup that 

is more typical for cereal species, and may have evolved to acquire specific functions, 

distinct from the universal ones proposed for Arabidopsis KIN10/11 (Halford and Hardie, 

1998; Bhalerao et al., 1999; Halford et al., 2003; Lovas et al., 2003; Baena-González et al., 

2007). It would be informative to directly compare the functions of PKIN1 and StubSNF1 in 

potato. Interesting studies have demonstrated the essential role of rice SNRK1A but not 

SNRK1B in the transcription control and phosphorylation of MYBS1 transcription factor 

and the regulation of αAMY3 (α–AMYLASE) promoter repressed by glucose in transient 

assays and in transgenic and mutant rice plants. Importantly, the snrk1a but not the snrk1b 

rice mutant also affects normal seed germination and seedling development (Lu et al., 2007). 

It will be fascinating to further explore and compare the various SNRK1 signaling pathways 

in diverse plant species.

Diverse Physiological Functions of KIN10/11

Overexpression of KIN10 in transgenic Arabidopsis plants significantly alters seedling 

growth, starvation response, anthocyanin accumulation and vegetative-to-reproductive phase 

transition. The flowering time is significantly delayed especially in reduced photoperiod 

with striking promotion of plant longevity (Baena-González et al., 2007). Leaf longevity in 

transgenic Arabidopsis plants is promoted by the wild-type rice OsSNRK1 but not the 

inactive OsSnRK1K43M, which also prevents the induction of hypoxia marker genes, 

ALCOHOL DEHYDROGENASE1 and PYRUVATE DECARBOXYLASE1, in flooding stress 

response and leads to plant death (Cho et al., 2012). In germinating rice seedlings, molecular 

and genetic studies have identified a specific calcineurinB-like-interacting protein kinase 

CIPK15 acting upstream of OsSNRK1A to coordinate sugar and oxygen deficiency enabling 

flood tolerance (Lee et al., 2009). The identification of an Arabidopsis seed transcription 

factor FUSCA3 (FUS3) as a potential KIN10 substrate provides a novel link to the 

regulatory program in seed development and germination. As the fus3-3 mutant partially 

rescues the phase transition and organ development defects in KIN10 overexpression 

transgenic plants, FUS3 may possess regulatory roles beyond embryo development (Tsai 

and Gazzarrini, 2012). It will be important to complement the fus3-3 mutant in KIN10 

overexpression plants with a wild-type FUS3 gene to support its molecular function beyond 

seeds and determine FUS3 expression patterns in meristems responsible for organ 

development and phase transitions. KIN10 and KIN11 also interact with another 
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transcription factor ATAF1 in the NAC gene family. Unexpectedly, T2 silencing transgenic 

plants with an ATAF1 overexpression construct exhibit severe developmental defects, 

supporting a positive regulatory function in plant development (Kleinow et al., 2009). The 

identification of more KIN10/KIN11 substrates and their functional characterization through 

integrated genetic, cellular, biochemical and genomic approaches will bring exciting new 

insight into how the energy and stress signaling networks are connected to plant 

developmental programs.

Although the single kin10 and kin11 mutants mostly resemble wild-type plants, the virus-

induced kin10 kin11 double mutants display small deformed leaves, inflorescences and 

flowers, short petioles, reduced stress and starvation gene activation and starch degradation 

in the dark, and are eventually lethal even under constant light (Baena-González et al., 

2007). Many of the complex phenotypes are consistent with the analyses of the snf1a snf1b 

double mutants in the moss Physcomitrella patens, including developmental abnormalities 

in caulonemal and chloronemal filaments and leafy shoots, premature senescence, 

hypersensitivity to auxin, and reduced response to cytokinin. As the double snf1a snf1b 

mutants in moss are unable to grow in a normal day-night light cycle, SNRK1 is required for 

metabolic changes to cope with darkness (Thelander et al., 2004). These studies reveal 

essential roles of the conserved energy sensor kinase not only in stress and energy signaling, 

but also in previously unknown functions governing normal plant growth and development 

(Thelander et al., 2004; Baena-González et al., 2007; Kleinow et al., 2009; Tsai and 

Gazzarrini, 2012).

Changes observed in SNRK1-repressed pea seeds indicate the regulation of cytokinin levels 

for cotyledon and leaf formation, and ABA levels critical for seed maturation. It will be 

important to investigate the regulatory links between altered hormone levels and the 

perturbation in organic and amino acids (Radchuk et al., 2010). Unexpectedly, 

overexpression of KIN10 also confers ABA hypersensitivity (Radchuk et al., 2010; Cho et 

al., 2012), which is supported by recent findings that KIN10 interacts with and is inactivated 

by several protein phosphatase 2Cs (PP2Cs) that are negative regulators in ABA signaling. 

As KIN10 activation and ABA signaling share some overlapping target genes, specific 

PP2Cs appear to serve as the converged hub for the coordinated activation of ABA and 

energy/stress signaling pathways (Rodrigues et al., 2013).

Interestingly, the glucose activation of pathogenesis-related genes, PR1, PR2 and PR5, 

which are regulated by HXK catalytic activity through downstream metabolites (Xiao et al., 

2000), is strongly diminished in KIN10 overexpression plants, suggesting a link between 

energy and stress signaling and plant defense (Jossier et al., 2009). Other findings 

suggesting a role of SNRK1 in plant defense include viral inactivation of tobacco SNRK1 

important for resistance against tomato golden mosaic virus and beet curly top virus (Hao et 

al., 2003), sugar reallocation for herbivory tolerance (Schwachtje et al., 2006), Xanthomonas 

AvrBsT effector targeting SNRK1 to suppress AvrBs1-induced immunity in pepper 

(Szczesny et al., 2010), and tomato protein kinase Adi3 interacting with a specific SNRK1 

β-subunit to suppress cell death in resistance response (Avila et al., 2012). As SNRK1 

regulates many enzymes and large sets of plant genes, it will be important to uncover the 

specific downstream molecular responses underlying SNRK1-mediated plant immunity.
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Molecular Mechanisms of KIN10/11 Actions and Regulations

Genome-wide expression profiling of KIN10 target genes supports a key role of the energy 

sensor kinase in orchestrating the transcriptional network promoting catabolism but 

repressing anabolism (Baena-González et al., 2007; Baena-González and Sheen, 2008). 

Detailed molecular studies on the promoter of a primary KIN10 target gene, DIN6 encoding 

asparagine synthase, have defined a specific G-box DNA motif to be responsible for its 

convergent transcriptional activation by darkness, hypoxia stress, herbicide, and elevated 

KIN10 activity in Arabidopsis leaf cells. By establishing a physiologically relevant and cell-

based functional genomic screen for predicted transcription factors, four closely related 

Arabidopsis bZIP transcription factors (bZIP1, bZIP2/GBF5, bZIP11/ATB2 and bZIP53) in 

the S subgroup have been shown to function synergistically with KIN10 to activate the 

DIN6 promoter and many endogenous KIN10 target genes (Jakoby et al., 2002; Baena-

González et al., 2007; Baena-González and Sheen, 2008). Gain- and loss-of-function 

approaches indicate a critical role of bZIP53 in the ternary complex with bZIP10, bZIP25 

and ABI3 involved in the transcription of seed maturation genes (Alonso et al., 2009). The 

findings support the possibility that SNRK1 is involved in the seed maturation process, 

which is linked to ABA signaling and stress tolerance (Alonso et al., 2009; Radchuk et al., 

2010; Tsai and Gazzarrini, 2012; Rodrigues et al., 2013). Innovative systems approach has 

identified bZIP1 as a key regulator in nitrogen and light regulation (Gutierrez et al., 2008; 

Obertello et al., 2010), and transgenic plants overexpressing bZIP1, bZIP11 and bZIP53 

share similar growth defects, activation of stress and energy starvation genes, and dark-

induced amino acid accumulation (Hanson et al., 2008; Alonso et al., 2009; Kang et al., 

2010; Dietrich et al., 2011). However, these related bZIP transcription factors are regulated 

differentially at transcriptional and posttranscriptional levels through multiple sugar 

signaling pathways and show overlapping but distinct interactions with different C-group 

partners (bZIP9, bZIP10, bZIP44 and bZIP63) (Jakoby et al., 2002; Baena-González et al., 

2007; Hanson et al., 2008; Alonso et al., 2009; Rahmani et al., 2009; Kang et al., 2010; 

Dietrich et al., 2011). Besides transcriptional controls, the studies of energy deprivation 

responses in the dcl1-9 (dicer-like1) mutant with miRNA biogenesis defects have 

demonstrated a role of miR319 in the stress regulation of TCP mRNA abundance (Confraria 

et al., 2013). Although SNRK1 phosphorylates and regulates enzymes in the cytoplasm 

(Sugden et al., 1999), direct association of the Arabidopsis KIN10 and rice SNRK1 with the 

target genes promoter chromatin in the nucleus has been shown by chromatin-

immunoprecipitation PCR analyses (Cho et al., 2011). Future investigation will require the 

identification of diverse SNRK1 substrates for mediating transcriptional and post-

transcriptional regulations in the stress and energy signaling networks in multiple subcellular 

compartments (Baena-González et al., 2007; Bitrian et al., 2011; Cho et al., 2012).

Extensive research has identified diverse KIN10-interacitng proteins that act as positive or 

negative regulators, as well as substrates/effectors in the energy signaling networks (Farras 

et al., 2001; Halford et al., 2003; Polge and Thomas, 2007; Ananieva et al., 2008; Kleinow 

et al., 2009; Tsai and Gazzarrini, 2012; Ramon et al., 2013). The SNRK1 heterotrimeric 

protein complexes, consisting of the catalytic kinase α subunit and the β and γ regulatory 

subunits, are conserved from yeasts to plants, animals and humans (Halford et al., 2003; 

Polge and Thomas, 2007; Hardie et al., 2012; Ramon et al., 2013). Arabidopsis KIN10 
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directly interacts with KINβ1 KINβ2 or KINβ3 but the hybrid four-CBS-Domain KINβγ 

instead of the previously predicted KINγ interacts with KIN10 and the three KINβ subunits 

and functionally complements the yeast snf4 mutant (Ramon et al., 2013). Comprehensive 

and high-resolution phylogenetic reconstruction supports the evolutionarily significant 

findings on the divergence of the predicted KINγ protein from the monophyletic clade 

including the canonical γ regulatory subunits from yeast SNF1, animal and human AMPK, 

and KINβγ from all plant species. Consistently, the Arabidopsis kinβγ and kin10 kin11 

mutant are lethal, but the null kinγ mutant does not exhibit detectable phenotypes. Moreover, 

partial silencing of KINβγ significantly compromises the expression of several KIN10 target 

genes (Baena-González et al., 2007; Ramon et al., 2013; Ramon and Sheen, unpublished). 

Future studies will illuminate the specific functions of the conserved KINβ subunits and 

KINβγ, as well plant-specific regulators in modulating the SNRK1 activity in different 

biological contexts.

Interestingly, plants appear to have evolved novel regulators of SNRK1, including 

myoinositol polyphosphate 5-phosphatase and cyclin-dependent kinase E1 as positive 

regulators (Ananieva et al., 2008; Ng et al., 2013), and a WD protein PRL1 (pleiotropic 

regulatory locus1), as well as ribose-5-phosphate, fructose-1,6-bisphosphate, 3-

phosphoglycerate, glucose-6-phosphate and trehalose-6-phosphate as potential negative 

regulators (Bhalerao et al., 1999; Toroser et al., 2000; Zhang et al., 2009; Piattoni et al., 

2011). Extensive genetic and biochemical analyses have supported a central role of 

trehalose-6-phosphate or trehalose metabolism in embryogenic, vegetative and inflorescence 

growth and branching, as well as the regulation of flowering (van Dijken et al., 2004; 

Schluepmann et al., 2004; Satoh-Nagasawa et al., 2006; Paul et al., 2007; Ramon et al., 

2007; Chary et al., 2008; Zhang et al., 2009; Gomez et al., 2010; Delatte et al., 2011; Wahl 

et al., 2013). As putative trehalose metabolism enzymes are encoded by 22 genes and many 

are differentially regulated by sugar levels in Arabidopsis thaliana, it will be informative to 

dissect the metabolic and regulatory functions of each annotated trehalose-6-phosphate 

syntheses and trehalose-6-phosphate phosphatases (Avonce et al., 2004; Thimm et al., 2004; 

Baena-González et al., 2007; Ramon and Fillip, 2007; Ramon et al., 2009) to establish the 

genetic and molecular link between sugar metabolism and plant development in the energy 

signaling networks.

Glucose Activation of TOR kinase

Discovering Plant TOR Functions and Regulations

TOR is an exceptionally large protein kinase (2481 aa, TAIR10) with multiple repeats and 

regulatory domains in the N-terminus and an evolutionarily conserved Ser/Thr protein 

kinase domain at the C-terminus. In yeast and mammals, TOR forms at least two structurally 

and functionally distinct complexes, TORC1 (TOR complex1) and TORC2. Each complex 

contains shared and distinct TOR interacting partners, and recruits and differentially 

regulates diverse TOR kinase substrates to control a variety of biological processes 

(Wullschleger et al., 2006; Laplante and Sabatini, 2012; Robaglia et al., 2012; Cornu et al., 

2013; Kang et al., 2013; Yuan et al., 2013; Xiong and Sheen, 2014). The precise 

compositions of the TOR kinase complexes have not been systematically characterized in 
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plants. However, some of the mTORC1 components and downstream effectors have been 

identified in photosynthetic eukaryotes by sequence similarity search, including Arabidopsis 

RAPTOR1/2 (REGULATORY ASSOCIATE PROTEIN OF TOR), LST8-1/2 (LETHAL 

WITH SEC-13 PROTEIN8), S6K1/2 (RIBOSOMAL PROTEIN S6 KINASE), RPS6a/b 

(RIBOSOME PROTEIN SMALL SUBUNIT6) and TAP46 (TYPE 2A-PHOSPHATASE-

ASSOCIATED PROTEIN 46 KD)(Anderson et al., 2005; Deprost et al., 2005; Mahfouz et 

al., 2006; Ahn et al., 2011; Moreau et al., 2012; Ren et al., 2012; Xiong and Sheen, 2014).

The function of TOR in coupling nutrient and energy availability with other environmental 

signals to coordinate growth, development and survival is likely conserved in yeasts, plants, 

animals and humans (Wullschleger et al., 2006; Laplante and Sabatini, 2012; Robaglia et al., 

2012; Cornu et al., 2013; Yuan et al., 2013; Xiong and Sheen, 2014). However, due to the 

lack of facile molecular and biochemical assays for endogenous TOR kinase activity, the 

embryo lethality of null Arabidopsis tor mutants, and the prevailingly perceived rapamycin 

resistance in land plants (Menand et al., 2002; Ren et al., 2011; Robaglia et al., 2012), the 

molecular functions and the dynamic regulatory mechanisms of TOR kinase remained 

largely unclear in photosynthetic plants. Recent breakthroughs enabled by integrating 

sensitive cellular, chemical, genetic, genomic, and metabolomic analyses are beginning to 

reveal that glucose and auxin activate TOR kinase, which regulates plant growth, 

development, flowering, senescence and life span by modulating translation, transcription, 

autophagy, and primary and secondary metabolism (Deprost et al., 2007, Liu and Bassham, 

2010; Ahn et al., 2011; Ren et al., 2011; Moreau et al., 2012; Ren et al., 2012; Robaglia et 

al., 2012; Xiong and Sheen, 2012; Caldana et al., 2013; Dobrenel et al., 2013; Xiong et al., 

2013; Xiong and Sheen, 2014). Glucose-activated TOR is essential for transcriptome 

reprogramming, meristem activation and plant growth (Xiong and Sheen, 2012; Xiong et al., 

2013), hereas auxin enhances TOR activity to promote the translation reinitiation of uORF 

ntaining mRNAs via S6K1 phosphorylation of elF3h (Schepetilnikov et al., 2013). 

nterestingly, TOR also enters the nucleus through a nuclear localization sequence in the 

kinase domain to directly bind to the 45S rRNA promoter and 5’-external transcribed spacer 

elements to regulate rRNA expression (Ren et al., 2011).

To circumvent the embryo lethality of tor mutants in Arabidopsis (Menand et al., 2002; Ren 

et al., 2011), ethanol or estradiol inducible TOR silencing based on RNA interference or 

artificial miRNA have allowed conditional control of the TOR gene expression to different 

degrees in transgenic Arabidopsis plants. All these transgenic Arabidopsis lines together 

with rapamycin and the new generation of ATP-competitive TOR kinase inhibitors have 

provided invaluable genetic and chemical tools to start deciphering the TOR signaling 

networks in plants (Deprost et al., 2007; Liu et al., 2012; Ren et al., 2012; Xiong and Sheen, 

2012; Montane and Menand, 2013; Caldana et al., 2013; Xiong et al., 2013). Long-term (3-6 

days) and partial TOR inhibition cause limited gene expression changes, which corroborate 

with some of the observed metabolite accumulation revealed by large-scale profiling. For 

example, reduction of TOR expression or kinase activity, or a mutation of LST8-1 encoding 

a conserved WD40 protein in TOR complexes, leads to retarded growth and accumulation of 

starch, triacylglycerides, amino acids, TCA (tricarboxylic acid cycle) intermediates, and 

secondary metabolites. Partial TOR deficiency reduces gene expression in the anabolic and 
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biosynthetic pathways, but activates genes involved in the catabolic, stress and defense 

processes (Deprost et al., 2007; Moreau et al., 2012; Ren et al., 2012; Caldana et al., 2013). 

The growth defects and broad changes in transcripts and metabolites support the central 

roles of TOR signaling in plant growth and development (Menand et al., 2002; Anderson et 

al., 2005; Deprost et al., 2005, 2007; Ren et al., 2011; Moreau et al., 2012; Ren et al., 2012; 

Caldana et al., 2013; Xiong and Sheen 2014). As the consequences of long-term TOR 

silencing are more complex, the opposite senescence phenotypes and different raffinose and 

galactinol accumulation in various conditional tor mutants and lst8 plants remain to be 

resolved (Moreau et al., 2012; Ren et al., 2012; Caldana et al., 2013).

Dynamic Glucose-TOR Signaling

To better understand the molecular landscape of the TOR signaling networks and the 

dynamic links between TOR signaling and transcriptional regulation, the rapid global 

transcriptome changes stimulated by 2-h glucose (15 mM) treatment was investigated in WT 

and the estradiol-inducible null tor-es seedlings at the photoautotrophic transition 

checkpoint. The minimal endogenous glucose level maximizes the detection sensitivity upon 

glucose induction, and leads to the identification of 1318 up- and 1050 down-regulated 

genes to be differentially affected by a physiological level of glucose (Xiong et al., 2013). 

This swift global transcriptional reprogramming induced by glucose is completely blocked 

in the tor-es mutant, which has not been reported previously in TOR signaling from 

extensive mammalian and plant studies (Laplante and Sabatini, 2012; Moreau et al., 2012; 

Ren et al., 2012; Caldana et al., 2013; Cornu et al., 2013; Xiong et al., 2013; Yuan et al., 

2013). Glucose-TOR signaling activates large sets of genes involved in glycolysis, the TCA 

cycle, mitochondria functions, the mitochondrial electron transport chain, ribosomal 

proteins, and protein synthesis machineries, suggesting a universal and conserved TOR 

function in controlling translation, and central carbon and energy metabolism (Urban et al., 

2007; Laplante and Sabatini, 2012; Moreau et al., 2012; Cornu et al., 2013; Caldana et al., 

2013; Xiong et al., 2013; Yuan et al., 2013). Glucose-TOR signaling also controls plant 

specific genes involved in the seed germination program, the synthesis of cell-wall 

polymers/proteins, S-assimilation, and lignin and flavonoid synthesis that are uniquely 

required for plant growth, defense or communication to promote adaptation, fitness and 

survival (Keurentjes et al., 2006; Moreau et al., 2012; Caldana et al., 2013; Xiong et al., 

2013). The transcriptome reprogramming mediated by glucose-TOR signaling at high 

nitrogen levels shows striking correlations with the gene expression profiles regulated by 

glucose, sucrose and CO2 in seedlings and adult leaves (Blasing et al., 2005; Gonzali et al., 

2006; Li et al., 2006), which partially overlap with KIN10 target genes (Baena-González et 

al., 2007; Xiong et al., 2013) but are mostly distinct from HXK1 target genes (Li and Sheen, 

unpublished), suggesting distinct glucose signaling mechanisms. Importantly, TOR senses 

and transduces shoot photosynthesis-derived glucose signals through the glycolysis and 

mitochondria energy relay, to specifically control root meristem cell proliferation. Other 

sugars (fructose, xylose and galactose), amino acids (mix or glutamine) or plant growth 

hormones (auxin, cytokinin, gibberellin and brassinosteroid) are unable to substitute for 

glucose in TOR signaling, reinforcing the role of glucose as the main nutrient mediator 

derived from source leaf photosynthesis in systematic gene regulation and root growth 

(Xiong et al., 2013).
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TOR kinase is activated by photosynthesis-derived glucose signals to promote the exit of 

quiescent root meristems, and many primary glucose-TOR activated genes match the typical 

G1- and S-phase genes as the putative targets of Arabidopsis E2Fa transcription factor 

(Vandepoele et al., 2005; de Jager et al., 2009; Naouar et al., 2009; Xiong et al., 2013). 

Significantly, direct phosphorylation of E2Fa by TOR kinase is essential for activation of S-

phase genes. This finding uncovers a previously unrecognized TOR function in direct 

transcriptional regulation of cell cycle and provides a compelling novel mechanism for how 

glucose-TOR signaling controls transcription of S-phase genes and cell cycle to promote 

root meristem activation and growth (Fig. 2). This molecular mechanism of TOR-E2Fa 

signaling is distinct from the conventional functions of TOR in stimulating the translation of 

proteins involved in cell cycle progression through S6K1 and 4E-BP in mammals (Dowling 

et al., 2010; Laplante and Sabatini, 2012; Xiong et al., 2013; Xiong and Sheen, 2013; Yuan 

et al., 2013; Xiong and Sheen, 2014). The studies on glucose-TOR signaling illustrate how 

localized stem/progenitor cell proliferation is activated through inter-organ nutrient 

coordination to control developmental transition and growth (Xiong et al., 2013; Xiong and 

Sheen, 2013; Xiong and Sheen, 2014).

Future Perspectives

Understanding how Arabidopsis HXK1 glucose sensor, KIN10/11 energy sensor kinase, and 

TOR kinase act as master regulators to modulate a myriad of cellular activities and 

orchestrate the expression of thousands of target genes via multiple partners and effectors in 

complex signaling networks will continue to be fascinating challenges (Fig. 1). The tools, 

strategies and knowledge developed in the reference plant system will facilitate future 

research on glucose signaling networks in other plant species, as well as in animals and 

humans. Further advances will be enabled by the integration of powerful functional genomic 

and chemical screens, sophisticated bioinformatic search and prediction, sensitive 

proteomic/phosphoproteomic analyses, super-resolution microscopy, as well as creative 

genetic design and research. The identification, characterization and visualization of HXK1 

signaling partners and the phosphorylation substrates of KIN10/11 and TOR kinases will 

unravel the dynamic actions of glucose and energy signaling complexes in various 

subcellular compartments and in diverse biological contexts. It will be interesting and 

important to dissect the molecular signaling pathways stimulated by glucose, sucrose, 

fructose, trehalose/trehalose-6-phosphate, metabolites and other nutrients perceived by 

different sensors to explore the diverse sugar responses discovered in plants (Schluepmann 

and Paul, 2009; Wind et al., 2010; Cho and Yoo, 2011; Li et al., 2011; Urano et al, 2012; 

Eveland and Jackson, 2013; Wahl et al., 2013; de Jong et al., 2014). Future studies will lead 

to more surprising regulatory mechanisms underlying sugar, energy and hormone 

connections in different cell types and plant organs intertwined with developmental 

programs and environmental stimulation.
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Fig. 1. 
Arabidopsis glucose-signaling networks. Glucose is generated from the photosynthetic or 

storage source and transported as sucrose or glucose to the sink tissues and organs to 

promote cell proliferation, elongation, expansion, and to maintain energy and metabolic 

homeostasis. The regulatory mechanisms and functions of three master regulators, HXK1, 

KIN10/11 and TOR, modulated by glucose signals are shown. The glucose signaling 

networks are intertwined with the signaling pathways controlled by environmental light, 

nutrients, stresses and microbes, as well as internal hormones, peptides and clock. Red stars 

mark the action sites of glucose signaling. Glc, glucose; HXK, hexokinase; HKLs, 

hexokinase-like; KIN, Arabidopsis protein kinase; QC, quiescent center; TOR, target of 

rapamycin.
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Fig. 2. 
Glucose-TOR-E2Fa signaling regulates the G1 to S transition and promotes cell cycle 

initiation in meristems. TOR kinase activated by photosynthesis-derived glucose directly 

phosphorylates E2Fa transcription factor, which leads to the transcriptional activation of S1-

phase genes involved in DNA replication in root meristems. The e2fa mutant shows defects 

in glucose-activated G1-S phase transition and rapid root growth. The glucose-TOR 

signaling pathway occurs in most cells in the root meristem and is distinct from the 

conventional pathway mediated by plant growth hormones or cell-specific transcription 

factors, which activate the expression of CYCD. Elevated CYCD activates CDK, which 

phosphorylates the RBR suppressor to release E2Fa. CYCD, cyclinD; CDK, cyclin-activated 

protein kinase; EdU, 5-ethyle-2’-deoxyuridine; RAM, root apical meristem; RBR: 

retinoblastoma-related; SAM, shoot apical meristem.
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