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ABSTRACT: Saccharomyces cerevisiae as a model eukaryotic organism, various studies have been 

done for investigating the signal transduction components and pathways in the multicellular and 

complex eukaryotes. Due to similarities in the mechanism, yeast serves to be a great model for this 

study. The hexose transporters (HXTs) genes present with different affinities for glucose along with 

Snf3/Rgt2, Snf1 and Hxk2 are studied in this review. The genes and its regulators work in an 

overlapping fashion which has been dealt in detail. Although S. cerevisiae utilizes a big range of 

carbon sources but sometimes the presence of glucose subdues various molecular activities 

necessary for the use of alternative carbon sources and it suppresses other processes such as 

respiration and gluconeogenesis. This effect of glucose is established by various metabolic, sensing 

and signaling interactions. Recently, several components of the glucose induction pathway are 

studied such as Ras-cAMP pathway. This review describes glucose induction and repression various 

HXTs genes in yeast and their effect on its metabolism. 
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1. INTRODUCTION 

Yeast is a fungus and needs a supply of energy for its growth and maintenance. For yeast 

Saccharomyces cerevisiae, glucose is the favoured carbon source and energy source and it imparts 

a remarkable effect on gene expression. Previous work has established that virtually all cell types 

http://www.rjlbpcs.com/


Sinha et al   RJLBPCS 2019           www.rjlbpcs.com            Life Science Informatics Publications 

© 2019 Life Science Informatics Publication All rights reserved 

Peer review under responsibility of Life Science Informatics Publications 

2019 May – June RJLBPCS 5(3) Page No.178 

 

hold a refined genetic program that responds to this rich source of carbon and energy that is glucose. 

Saccharomyces cerevisiae is known for sharing various components of signal transduction that are 

involved in the detection of glucose with higher eukaryotes. It does not only detect glucose rather it 

transduces the signals to the interior parts of the cell and then do the required adjustments to the 

metabolism of cells and gene expression outline. This review will focus on the mechanisms involved 

in the transmission of glucose signals from the plasma membrane of yeast cell to its nucleus and the 

transcriptomic response mediated by nuclear organization to glucose induction and repression. S. 

cerevisiae is able to distinguish between varying extracellular glucose concentrations and regulate 

the expression of the appropriate hexose transporters (HXTs) through sensor molecules and signal 

transduction pathways. Glucose is involved in the repression of genes that are not essential for its 

uptake, while it induces the transcription of those genes that mediate its transport and metabolism. 

In S. cerevisiae, there are large numbers of hexose transporter genes which are present such as 

HXT1-17, Snf3, and Rgt2 and together with a galactose permease gene (GAL2). All these genes 

belong to a superfamily of monosaccharide facilitator genes. The HXT gene family (HXT1-17, Gal2, 

Snf3 and Rgt2) helps to compose the multi-factorial uptake system that enables S. cerevisiae to 

utilize a broad range of extracellular glucose concentration [1]. This suggests that these hexose 

transporters genes of yeast are needed only for transport and do not get involved in signalling 

pathways. It appears that of the 17 HXTs in yeast HXT1-4 and HXT6 & 7 are physiologically most 

important. Glucose persuades the expression of 17 HXT genes that encode hexose transporters of 

varying affinities for glucose [2]. These transporters can be classified on the basis of their regulation 

and affinity for glucose: (i) expression at low glucose concentration, and repression at high glucose, 

thus high affinity; (ii) expression is independent of glucose concentration; (iii) induction by high 

glucose concentration, therefore low affinity; (iv) expressed at starvation conditions, very high 

affinity [3]. It has been observed in previous research that HXT1 is a low-affinity transporter, with 

its expression only induced at high glucose concentrations. Maximal induction is achieved at high 

glucose concentrations when the transcription factor Rgt1 is inactive and a transcriptional activator 

is active. HXT 2 & 4 are involved in glucose uptake at low concentrations and therefore recognized 

as high-affinity transporters. The induction of HXT3 does not depend on glucose concentrations, 

expresses at both high and low glucose concentrations. Snf3 and Rgt2 are putative glucose sensors 

and are much similar to each other. They are not involved in signalling pathways rather they sense 

the presence of glucose and signal it and therefore play a vital role in the initial detection of glucose 

[4]. In the case of no extracellular glucose, the DNA-binding protein, Rgt1, forms a complex with 

the co-repressors Mth1 and Std1, in the nucleus. Mth1 and Std1 cycle between the cytoplasm and 

nucleus and at no glucose they are primarily localized in the nucleus. The binding with these two 

co-repressors enables Rgt1 to bind the HXT promoters [5]. Once bound to the HXT promoters, Rgt1 

recruit the co-repressors Tup1 and Ssn6, which allow Rgt1 to function as a repressor [6]. The glucose 
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regulatory system in yeast represents a parallel network of signaling pathways [7]. 

Signaling of glucose without extracellular sensing, transport and phosphorylation 

The Broach University had experimented using microarray and given a clear demonstration of the 

universal approach of induction and repression overlap in signal transduction of glucose in yeast 

cells. In the experiment, analysis of yeast transcriptome was done after heterologous induction of 

active alleles of Gpa2 or Ras2, signal transmitters playing role before time in cAMP-dependent 

protein kinase pathway (PKA) [8]. The changes that were observed virtually in transcript level after 

glucose addition was also observed when there was no glucose upon expression of active form of 

Ras2 [9]. The genes which showed the three-fold change in expression in an hour after glucose 

addition, 92% of that showed at least two-fold change in a similar manner after Ras activation (see 

Table 1). The result with Gpa2 was similar but with reduced intensity in comparison to that which 

was seen in the case of activated Ras [10]. It was also demonstrated that all transcript level changes 

resulting from Gpa2 and Ras2 activation were conciliated by PKA [11]. The important thing is 

almost this transcriptional reprogramming can also take place in lack of signaling through cAMP 

and redundant overlapping pathways (both RAS2/Gpa2/PKA independent and Ras2/Gpa2/PKA 

dependent) seems to be completely capable in transducing the glucose signal [12]. The perceived 

transcriptome-wide upregulation and downregulation in response with activated Ras was definitely 

a bombshell as it had been assumed that yeast primary glucose repression pathways are different 

from glucose induction and are absolutely Ras-independent [13]. Further, in the absence of either 

transport or phosphorylation of sugar, stimulation of glucose response is significant. Transport and 

conversion of glucose (glycolysis) to glucose-6-phosphate by hexokinase is a potentially essential 

attribute of the response and now seems that most indulging in redundant signaling that operates 

through or collaterally with cyclic AMP- PKA pathway. So, intracellular or extracellular glucose 

sensing is compulsory to activate Ras or Gpa2 and is enough for both glucose induction and 

repression [14]. 

Table 1: List of genes that respond in the same manner to glucose addition and Ras activation [9] 

 

p: Genes involved in translation, processing factors of rRNA and enzymes for protein biosynthesis, 
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q: Genes encoding transport factors and transporters, r: Genes encoding protein or factors 

responsible for carbon storage and respiration 

Redundant but combined glucose signaling pathways 

Analysis of downstream regulators in the signaling cascade (mostly functions within the yeast 

nucleus) gave the indication of overlap between glucose induction and repression. For instance, the 

repressor Rgt1 blocks the transcription of HXT1 through HXT4 [9]. At high concentrations of 

glucose, although, the interaction between Rgt1 and HXT1 cannot be detected, Rgt1 gets converted 

into an activator through the process of hyperphosphorylation. The hexokinase Hxk2 is also needed 

for glucose induction of HXT1 which is long known to participate in glucose repression [6,15]. 

Phosphoprotein Gcr1 represents another example of downstream regulatory overlap. It was first 

identified as an activator of glycolytic genes [16]. Researches and analyses have confirmed that 

expression of various glucose-repressed genes are derepressed in the absence of Gcr1 at high 

concentration of glucose and this suggests a new role to this regulator in the expression of 

transcription [17]. The roles of Hxk2, Rgt1, Gcr1 and snf1/snf4 and various other activator and 

repressor polypeptides that participate in glucose response are presented in detail in this review. 

Along with these specific regulators, there are other components of general transcription machinery 

like Gal11, Sin4, Rgr1, Srb8, Ssn3, Ssn2 etc. that connect with carboxy-terminal domain of RNA 

polymerase II and play both positive and negative regulatory roles; the working and function of 

these factors are known to be influenced by glucose signaling. Thus, overlapping of negative and 

positive circuitry in the glucose response can go from the plasma membrane through to the eventual 

choice of induction or shut off of initiation of transcription of every glucose-regulated gene by RNA 

polymerase II [9]. It has become important that the induction/repression duality of these signal 

recipients like Rgt1, Gcr1, Snf1/Snf4 and Hxk2 and many others should be characterized according 

to the precise mechanisms involved. Therefore, for the sake of clarity, the discussion of these nuclear 

regulators are divided into distinct sections in the review. It can be said that the mechanisms of 

glucose induction and repression are very much integrated [10]. 

Early steps involved in signal transduction 

It is fine that sufficient Gpa2 or Ras activation can produce transcriptome-wide spectrum changes 

in response to glucose [18]. It is necessary to review the things which are known about these factors 

and their respective signaling pathways and their immediate activation followed by the glucose 

appearance [9]. 

Ras/cAMP/PKA pathway 

Ras protein, the monomeric GTPase is also called G-proteins which functions as switches; are 

inactivate when to remain in GDP bound state and becomes active on binding with GTP. The switch 

from being active to the inactive state involves hydrolysis of bound GTP with the help of intrinsic 

GTPase and this is stimulated by GAPs (GTPase activating proteins). The reverse switch that is 
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from inactive to active requires the substitution of bound GDP with GTP which generally gets 

accomplished with the help of GEFs (guanine nucleotide exchange factors) [19]. The polypeptides 

which are encoded by two Ras genes in yeast, S. cerevisiae, Ras1 and Ras2 are about >70% similar 

overall and about 90% identical over N-terminal about 180 residues. It contains G1 to G5 boxes that 

are short stretches of amino acids playing role in recognition of phosphate and guanine nucleotide. 

Growth on glucose is uninfluenced by the absence of Ras1 or Ras2, although the loss of both Ras1 

and Ras2 causes arrest at the G1 phase of the cell cycle [20]. These early findings suggested the 

feature of nutrient sensing that nutrient-deprived cells arrest in the G1 phase. During the glucose 

response, some effector molecules modulate Ras activity. Membrane localization and post-

translational modification of Ras are important characteristics of these regulatory inputs. For 

instance, Ras farnesylation contributes to the exchange of nucleotides by GEF Cdc25 [21]. Cdc25 

is an important gene and it was originally identified after screening mutations that cause G1 arrest. 

The stimulation of Ras by RasGEF results in stimulation of the production of cAMP by an essential 

product of adenylate cyclase gene CYR1 [22]. Ras inactivation results in lower cAMP level and this 

is facilitated by GAPs Ira1 and 2 [23]. The activity of Adenylate cyclase in yeast depends on Ras 

proteins. Intracellular acidification and addition of glucose to derepressed cells make an increase in 

the level of cAMP [24].  

Downstream effectors of Ras and its signaling pathways in S. cerevisiae 

The function of both Ras1 and Ras2 is the activation of Adenylate cyclase and it is associated with 

a protein known as CAP [25]. Adenylate cyclase participates in the synthesis of cAMP from ATP. 

Then, cAMP binds with Bcy1 protein which functions as a regulatory subunit for protein kinase A 

(Figure 1). This binding results in activation of PKA. The catalytic subunit of PKA is encoded by 3 

genes namely TPK1, TPK2 and TPK3. Substrate phosphorylation leads to regulation of various 

functions like cell cycle progression. A low-affinity phosphodiesterase which is encoded by gene 

PDE1 α and also by a high-affinity phosphodiesterase which is encoded by the gene PDE2, 

hydrolyze the cyclic AMP. Cyclic AMP production is also regulated by Gpa2 (Gα protein) which is 

activated by glucose. cAMP/PKA pathway is known to play various functions of mitochondria [26]. 

CYR1 gene encodes adenylate cyclase and it encodes a membrane-bound protein which is of 2026 

amino acids. 4 domains of this protein have been identified namely C-terminal, catalytic, middle 

repetitive and N-terminal. The middle-repetitive domains have a repeat of 23 residues, amphipathic, 

and leucine-rich motif called as LRR domains. The LRR domain is considered as the primary site 

for interaction with Ras. The N-terminal of LRR domain is known as Ras-associating domain (RAD) 

[27]. The Ras/cAMP/PKA pathway is involved in the regulation of various processes like cell cycle 

progression and life span. There are other life processes that are regulated by this pathway [28]. For 

example, it controls spore morphogenesis and it is shown recently that deregulated Ras  
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signaling settles DNA damage checkpoint recovery [21]. It is also discovered that various pathway 

by which PKA gets activated also result in the distinct phenotypes [29]. For instance, deletion of the 

inhibitor of Ras/PKA that is Ira2 results in xylose growth and its metabolism [30]. Ras signaling 

pathway in yeast S. cerevisiae is shown in figure 1 which, as explained above. 

 

Figure 1: Ras signaling pathway in yeast S. cerevisiae 

The Gpa2/Gpr1 pathway 

Heterotrimeric G proteins function as signaling molecules consists of α, β & γ subunits representing 

a group of factors which can bind to guanine nucleotides. The Gα protein Gpa2 and its negative 

regulators (GAP) Rgs2 to take part in glucose signaling in yeast S. cerevisiae [9] [31]. The 

identification of gene Gpr1 was done by the interaction screen of a hybrid protein with Gpa2. Gpr1 

gene encodes a member of seven transmembrane G protein-coupled receptor superfamily. This Gpr1 

is situated on the cell surface of yeast. It has been suggested that Gpa2 acts in the downstream 

direction from Gpr1 in signaling pathway: In S. cerevisiae, cAMP accumulation is controlled by the 

pathway. Intracellular acidification results in Ras-mediated cAMP increase. Glucose additions to 

cells which are grown on non-fermentable carbon sources activate a transitory burst in the level of 

intracellular cAMP. This glucose instigated cAMP signal depends on the Gα protein Gpa2 [10]. 

Studies had shown that Gpr1 interacts with Gpa2 and is needed for stimulating cAMP synthesis by 

glucose. It is also found that Gpr1/Gpa2 also play a role in sensing of glucose and signal transduction 

during the process of pexophagy in the yeast. It is the process of selective degradation peroxisomes 

by autophagy [32]. 
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Ras and Gpa2 activation by glucose 

The question arises here that how do Gpa2 and Ras activate in wild yeast cells in the presence of 

sugar. So, it is differentiated in 2 categories:  

Extracellular and intracellular sensing   

Out of 18 hexose transporter (HXT1 to 17 & GAL2) genes in yeast S. cerevisiae if 7 genes from 

them get deleted results in transport and growth hamper. So, in the absence of these genes, 

constitutive expression of gene GAL2 which encodes galactose permease reinstate glucose-induced 

synthesis of cAMP. From this, it becomes clear that hexose transporters only take part in transport 

and not required for glucose signaling. Gpr1, the transmembrane protein may sense extracellular 

glucose and hence activate Gpa2 but not needed to signal Ras. The deletion of Gpr1/Gpa2 does not 

stop the glucose-induced increase in the level of Ras2-GTP. In fact, the increase in Ras2-GTP is 

absent in the strains which are glucose phosphorylation-deficient. Thus, it can be said that Ras gets 

activated by intracellular phosphorylated-glucose and not by extracellular glucose and Gpr1 gets 

activated on extracellular glucose. 

Extracellular sensing by Rgt2/Snf3 

The glucose sensors Rgt2 and Snf3 are somehow identical (~60%) to each other and also hexose 

transporters that are found in various organisms. It consists of 12 (predicted) transmembrane 

spanning domains. Rgt2 and Snf3 do not show their involvement in glucose signaling but rather 

sense and signal its presence [33]. The transcriptional response of these Rgt2/Snf3 target genes 

generates in the absence of glucose by expressing hyperactive Gpa2 or Ras. These two sensors seem 

to either play a redundant role in initial glucose detection or act upstream of the Ras/cAMP/PKA 

pathway. Rgt2 and Snf3 both have different affinity for glucose. Snf3 has a high and Rgt2 has a low 

affinity for glucose [34]. The reason for different affinities is the different arrangement of amino 

acid residues of sensors which form the glucose binding sites. So, it has been confined that Rgt2 is 

a low-affinity glucose receptor so senses a high concentration of glucose and Snf3 is a high-affinity 

glucose receptor that is why it senses a low concentration of glucose [35]. This pathway is also 

known as sensor/receptor-repressor pathway (SRR) pathway and involves the presence of glucose 

sensors that are Rgt2 and Snf3, repressors such as Mth1, Std1 and Rgt1 and Yck1 and 2 protein 

kinases [36]. Rgt1 repressor, in the absence of glucose, binds to HXT genes promoters and recruits 

the corepressors Mth1 and Std1 to repress the expression of HXT genes (Figure 2A) [37]. Glucose 

binds to the plasma membrane-bound sensors Snf3 (high affinity) and Rgt2 (low affinity) and these 

sensors undergo phosphorylation in Yck dependent manner at C-terminal tail (Figure 2B) [38]. 

SCFGRR1 ubiquitin ligase recognizes the phosphorylated corepressors and subsequently 

ubiquitinated and then targeted for proteasomal degradation. So, in the absence of corepressor, Rgt1 

is not able to bind the promoters of HXT genes which lead to derepression of expression of HXT 

genes (Figure 2C) [39]. 
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Figure 2: Schematic of the sensor/receptor-repressor pathway signaling. (A). In the absence of 

glucose, the corepressors bind to the promoters of HXT genes and block its expression. Rgt2 

(sensor present at plasma membrane) undergoes phosphorylation in Yck dependent manner. 

This leads to the generation of interaction sites for corepressors at plasma membrane results 

in bringing all the signaling components together and the system is ready for glucose response. 

(B). Rgt2 binds with glucose and results in activation of the downstream signaling cascade. 

Phosphorylation occurs by some kinases (B) or by Ycks (C) then ubiquitinated and targeted 

for degradation by the proteasome. The cellular pool of corepressors gets depleted and Rgt1 

cannot bind to HXT gene promoter thereby relieving repression. 

Signal reception – glucose repression and induction 

Glucose repression is the phenomenon in which the cells which grow on glucose represses the 

expression of other genes which are responsible or needed for the metabolism of other carbon 

sources such as sucrose, galactose and other non-fermentable carbon sources like glycerol and 

ethanol. This repressive outcome of glucose gets conveyed to cellular machinery by the process of 

interlinked signaling pathways and regulatory interactions. Results of these molecular activities not 

only show their effects at the transcriptional level but at the post-transcriptional and post-

translational level also [40]. In S. cerevisiae, the preferred carbon source is glucose and its 

extracellular sensing and level of its metabolized forms are foremost for coordination of carbon 

metabolism in yeast. Yeast cells possess diverse mechanisms according to the level of glucose 

present extracellularly and intracellularly. Snf3/Rgt2 signaling pathway, a sensory cascade works in 

the direction of detecting extracellular glucose levels [41]. The Snf1 protein kinase signaling is the 

major one in the functionality of repression of glucose Snf1 kinase also plays a dual role, both 

activator and repressor [42]. However, it is important for maintaining energy homeostasis; snf1 also 

regulates certain metabolic enzymes responsible for lipid metabolism, carbohydrate storage, GCN4 

translation and amino acid biosynthesis [43]. Glucose repression is of high relevance in yeast and 
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here are the key pathways involved in the process. 

Snf1 signaling 

Snf1 plays a significant role in the control of metabolic changes by regulating various activators and 

repressors and glucose availability regulates the functioning and activity of Snf1 in glucose 

repression [44]. When the level of glucose is optimal, Snf1 becomes inactive and get excluded from 

the nucleus. This results in the non-phosphorylation of the transcription repressor Mig1 which is a 

major downstream target of Snf1 [13]. And if there is any drop in the glucose concentration, it 

activates Snf1 which results in phosphorylation and deactivation of the transcription repressor Mig1 

which alleviates repression of glucose. The Snf1 of yeast is a conserved serine/threonine kinase 

found in eukaryotes which are needed for cellular energy homeostasis. Snf1 kinase has a 

Heterotrimeric structure having an α catalytic subunit (Snf1), a γ regulatory subunit (Snf4) and 3 β 

subunits (Gal83, Sip1 and Sip2). In the presence of high glucose concentration, Snf1 kinase complex 

become inactive because of autoinhibition happening due to the interaction between C terminal 

regulatory domain and N terminal catalytic domain of Snf1. But in the presence of low glucose 

concentration, this autoinhibition gets removed and interactions between Snf1 catalytic subunits and 

Snf4 regulatory subunits are promoted. And activation of Snf1 requires phosphorylation by the 

protein kinases namely Sak1, Elm1 and Tos3 of the conserved residue at Thr210 in the activation 

loop of Snf1 [45]. Snf1 is regulated by ADP which makes sure a direct link between this key 

regulator and energy metabolism [46]. These protein kinases play important functions as their 

deletion or absence abolishes the activation of Snf1. It is still unknown about the mechanism of 

activation of kinases of snf1 by glucose signals but each and every activating kinases functions 

differently in different situation of availability of carbon source (Figure 3). Sak1, the most important 

activating kinase of Snf1 as its interaction is the most stable one and performs its function at growth 

condition on alternative carbon sources. The β subunits present in the structure of Snf1 also give 

specificity for particular upstream activating kinase under different conditions. Snf4 plays an 

important role in the regulation of Snf1 [47]. Dephosphorylation of Snf1 is considered as another 

level of control carried by Glc7/Reg1 phosphatases and has been hypothesized as the main regulator 

of the activity of Snf1 since it does not affect the phosphorylation of Snf1 by upstream kinases by 

variations in glucose concentrations. And it is also shown that dephosphorylation of the kinase is 

correlated with the availability of glucose in surrounding or environment. Although glucose 

fluctuations in the environment do not affect the activity of Reg1/Glc7 phosphatase [48], there has 

been a hypothesis that attainability of Snf1 for dephosphorylation by the enzyme phosphatases 

varies. Further research revealed about the glucose addition leads to a rapid increase in activity of 

Reg1 which causes inactivation of Snf1.  
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Figure 3: Showing that Snf1 protein kinase is mainly involved in glucose repression pathway. 

It regulates glucose repression by inactivating or activating expression of genes of 

gluconeogenesis and respiration [49].   

How hexokinase Hxk2 is involved in glucose response 

Glucose serves as the signaling molecule for the regulation of central pathways. The very first fate 

of intracellular metabolism of glucose is its phosphorylation. There is involvement of three enzymes 

encoded by Hxk1, Hxk2 and GLK1 in catalyzing this reaction and only Hxk2 gets highly expressed 

in the presence of glucose [50]. Earlier it was shown that Hxk2 lesions such as null and point 

mutations can cause failures in the repression of glucose. But after various controversies, it is 

concluded that the catalytic activity of Hxk2 is very much involved in intracellular glucose signaling 

pathway [51]. It is postulated that after the beginning of the phosphoryl transfer reaction, the Hxk2 

conformation is altered by a steady transition intermediate and it also mediates regulatory functions 

in changing the expression of the target gene. However, this model failed to explain certain facts 

such as glucose metabolized in the Hxk2 independent manner can induce transcriptional repression 

in comparison to those which are observed after glucose addition to wild type cells or on Ras or 

Gpa2 activation. It is important that evidence of the regulatory role of nuclear Hxk2 needs an 

unambiguous demonstration about its role in glucose response depends upon the relatively small 

amount of protein which is present in the nucleus. When the level of glucose is high, the repressor 

protein Mig1 becomes major transcription factor which is responsible for the repression of genes 

required for use of alternate fermentable carbon sources. The repressor protein Mig1 binds to the 
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DNA and stops the transcription of SUC2 and about 350 other genes (Figure 4). Scientists have also 

demonstrated that in various cases, this process of inhibition of transcription also needs the Hxk2 

protein [52]. The level of glucose availability controls the expression of Hxk2 gene and their 

expression is mediated by the transcription factors Rgt1 and Med8 which is responsible for the 

repression of Hxk2 expression in the presence of low glucose [53]. Hxk2 also plays its role in 

glucose-induced repression of gene Hxk1 while Hxk1 protein is involved as a negative factor in the 

expression of Hxk2 gene. Transcriptional analysis of a mutant strain showed the scientists a notable 

upregulation of genes having binding sites for Mig1. Additionally, Hxk2 is also involved in 

controlling sugar transporters genes and many others. Thus, the Hxk2 protein is regarded as a 

regulator of carbohydrate metabolism which is necessary for mediating glucose repression signals. 

Since Hxk2,  glucose kinase is important for regulation of gene transcription in the nucleus, it is 

obvious that to carry out the functions Hxk2 needs to go in and out of the nucleus but the protein is 

large in size and so it needs a carrier protein for its transport across the nuclear envelope. The 

mechanism which is involved in the entry and exit of Hxk2 around the nucleus is mediated by α/β-

importin pathway and also Xpo (crm1) carrier protein [54]. The direction of transport is regulated 

by Gsp1 and Snf1 kinase Glc7 phosphatase. Both the proteins work together to regulate the 

phosphorylation of serine 14 of Hxk2 and its transport. Snf1 kinase also plays an important role in 

the regulation of glucose repression signaling pathway as mentioned above. It gets activated in low 

glucose condition and modifies the state of phosphorylation of Hxk2 and at least 4 serine residues 

of Mig1 [55]. The phosphorylation of serine 311 in Mig1 is shown to be sufficient for the inhibition 

of repressor activity of Mig1 protein and induction of translocation of protein from the nucleus to 

the cytoplasm [56]. In yeast, Reg1 targets the Glc7 protein phosphatase to Hxk2 and Mig1 and in 

high glucose condition, Hxk2 and Mig1 are dephosphorylated by the action of Glc7-Reg1 protein 

phosphatase complex and thus, repress transcription [57]. It is established that low-level expression 

of SUC2 is mainly due to the repression by Mth1-Rgt1 complex in the absence of glucose [58]. 
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Figure 4: This figure demonstrates that in high glucose condition Hxk2 is needed for 

stabilizing SUC2 repressor complex and for the inhibition of Mig1 phosphorylation by Snf1 

kinase. In low glucose condition, the interaction of Hxk2 with Mig1 is terminated by Snf1 

dependent Hxk2 phosphorylation and increased interaction between Snf1 and Mig1 is seen 

which stimulated the Hxk2 and Mig1 phosphorylation by Snf1 kinase at serine 14 and 311 

respectively. This resulted in the export of protein from the nucleus to cytoplasm and repressor 

complex disassembled at SUC2 promoter. Here, regulatory proteins such as Snf1, Snf4, Gal83, 

Mig2 and Reg1 are part of repressor complex at SUC2 promoter of the gene. 

Snf3/Rgt2 signaling 

This is the signaling pathway which mainly senses the changing available glucose concentration in 

the environment. The Rgt2 and Snf3 sensors basically belong to the HXT gene family along with 

HXT1-17 and Gal2 protein. Since Snf3 and Rgt2 are structurally similar to HXTs but they cannot 

transport glucose. Snf3 functions as a sensor for the low level of extracellular glucose and Rgt2 

senses a high level of glucose. The transcriptional regulation and HXT proteins expression are 

coordinated by the intracellular signals which are generated by the detection of the attainable amount 

of glucose. If the glucose is present in abundance, low-affinity hexose transporters like HXT1 are 

activated and expressed where, in such conditions, expressions of high-affinity glucose transporters 

are repressed. Rgt2 and Snf3 are also able to sense the internal to the external ratio of the 

concentration of glucose which helps in adjusting the uptake of glucose and maintaining the 

intracellular environment. Snf3/Rgt2 pathway regulates the transcriptional activity and it allows the 

yeast S. cerevisiae to nicely coordinate the uptake of glucose according to the availability of hexose 

sugar (Figure 5). The membrane attached kinases Yck1 and Yck2 are activated when Snf3 and Rgt2 

transmembrane proteins sense the extracellular glucose. These active kinases are needed for 

http://www.rjlbpcs.com/


Sinha et al   RJLBPCS 2019           www.rjlbpcs.com            Life Science Informatics Publications 

© 2019 Life Science Informatics Publication All rights reserved 

Peer review under responsibility of Life Science Informatics Publications 

2019 May – June RJLBPCS 5(3) Page No.189 

 

degrading the Mth1 and Std1. Earlier it was thought that Mth1 and Std1 were phosphorylated 

directly by Yck1 and 2 for degradation but recent data states that degradation of the Mth1 occurs in 

the nucleus independent of localization of Yck1 and 2. So, this finding suggests that there is a protein 

to which glucose sensors transmit a signal which promotes the phosphorylation and degradation of 

Mth1. After phosphorylation, Std1 and Mth1 are targeted for other modification like ubiquitination 

and proteosome degradation [59]. Moreover, when glucose is present in abundance, the expression 

of Mth1 is repressed by Mig1 for maintaining glucose repression of HXT genes [39]. On the contrary, 

when the Std1 is degraded, it increased its expression ensuring the orderly expression of HXT genes 

when the glucose is depleted. After Std1 and Mth1 degradation, protein kinase A removes Rgt1 

(transcriptional repressor) by hyperphosphorylation which is allowed by the translocation of PKA 

which is induced by glucose [60]. This results in HXT gene expression and optimal consumption of 

glucose. Exhaustion of glucose provide Std1 and Mth1 present for Rgt1 interaction which results in 

concealing PKA phosphorylation sites present on Rgt1 and due to this repressors do their work by 

binding to promoters, repressing HXT genes expression when glucose is absent. Snf1 

phosphorylation of transcriptional repressor Rgt1 induces its repressor activity and its tendency of 

binding DNA. The interaction between Rgt1 and Snf1 kinase is important for HXT expression and 

overall glucose repression.  

 

Figure 5: Schematic representation of Snf3/Rgt2 glucose sensing pathway showing 

expression level of HXT genes at various glucose concentration 
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Figure 6: This is the qualitative representation of Snf/Rgt/Mig network, showing the glucose 

repression pathway in blue lines and glucose induction pathway in green lines. Coloured 

spheres are indicating that which pathway is regulating the transcription of mRNA of each & 

every protein (blue-repression, green-induction, black-neither) [61]. 

2. CONCLUSION 

Few aspects of glucose signaling in yeast Saccharomyces cerevisiae is well established in this review. 

The reaction cascade induced by the binding of glucose to its various sensors like Rgt2/Snf3 under 

different glucose concentration has been focussed here showing the activity of several proteins or 

corepressors such as Yck1/2, Std1/Mth1 against inhibition of Rgt1 of transcription of several genes. 

And also the role of Hxk2 is dealt that it is essential for glucose to affect transcription of few genes 

and it is not so essential for other genes. Increase in PKA activity mediated by Gpr1 and signaling 

pathway is shown to be important or enough to amend the motif of gene transcription resulting in 

activation of some genes and repression of other genes. It is also clearly evident that no single system 

works on either induction or repression of transcription of genes by glucose rather it depends upon 

the type and combination of signals. Although there is similarity in glucose signaling pathways and 

their regulatory elements such as Hxk2, Snf1 etc. in yeast cells and eukaryotic/mammalian cells but 

they act and function differently in different systems. 

 

http://www.rjlbpcs.com/


Sinha et al   RJLBPCS 2019           www.rjlbpcs.com            Life Science Informatics Publications 

© 2019 Life Science Informatics Publication All rights reserved 

Peer review under responsibility of Life Science Informatics Publications 

2019 May – June RJLBPCS 5(3) Page No.191 

 

ACKNOWLEDGEMENT 

Malkhey Verma thanks to the Central University of Punjab, Bathinda, India for seed grant funding 

in 2016. Also, acknowledges CSIR for Villayat Ali’s SRF funding. 

CONFLICT OF INTEREST 

Authors declare no conflicting interests. 

REFERENCES 

1. Escalante-Chong R, Savir Y, Carroll SM, Ingraham JB, Wang J, Marx CJ, et al. Galactose 

metabolic genes in yeast respond to a ratio of galactose and glucose. Proc Natl Acad Sci U S A. 

2015; 112(5):1636-41. 

2. Kruckeberg AL. The hexose transporter family of Saccharomyces cerevisiae. Arch Microbiol. 

1996; 166(5):283-92. 

3. Reifenberger E, Boles E, Ciriacy M. Kinetic characterization of individual hexose transporters 

of Saccharomyces cerevisiae and their relation to the triggering mechanisms of glucose 

repression. Eur J Biochem. 1997; 245(2):324-33. 

4. Lee JM, Gianchandani EP, Eddy JA, Papin JA. Dynamic analysis of integrated signaling, 

metabolic, and regulatory networks. PLoS Comput Biol. 2008; 4(5):e1000086. 

5. Zhang Z, Reese JC. Redundant mechanisms are used by Ssn6-Tup1 in repressing chromosomal 

gene transcription in Saccharomyces cerevisiae. J Biol Chem. 2004; 279(38):39240-50. 

6. Kim JH, Roy A, Jouandot D, 2nd, Cho KH. The glucose signaling network in yeast. Biochim 

Biophys Acta. 2013; 1830(11):5204-10. 

7. Apweiler E, Sameith K, Margaritis T, Brabers N, van de Pasch L, Bakker LV, et al. Yeast glucose 

pathways converge on the transcriptional regulation of trehalose biosynthesis. BMC Genomics. 

2012; 13:239. 

8. Johnston M, Kim JH. Glucose as a hormone: receptor-mediated glucose sensing in the yeast 

Saccharomyces cerevisiae. Biochem Soc Trans. 2005; 33(Pt 1):247-52. 

9. Santangelo GM. Glucose signaling in Saccharomyces cerevisiae. Microbiol Mol Biol Rev. 2006; 

70(1):253-82. 

10. Wang Y, Pierce M, Schneper L, Guldal CG, Zhang X, Tavazoie S, et al. Ras and Gpa2 mediate 

one branch of a redundant glucose signaling pathway in yeast. PLoS Biol. 2004; 2(5):E128. 

11. Sabina J, Johnston M. Asymmetric signal transduction through paralogs that comprise a genetic 

switch for sugar sensing in Saccharomyces cerevisiae. J Biol Chem. 2009; 284(43):29635-43. 

12. Van Zeebroeck G, Bonini BM, Versele M, Thevelein JM. Transport and signaling via the amino 

acid binding site of the yeast Gap1 amino acid transceptor. Nat Chem Biol. 2009; 5(1):45-52. 

13. Rolland F, Winderickx J, Thevelein JM. Glucose-sensing and -signalling mechanisms in yeast. 

FEMS Yeast Res. 2002; 2(2):183-201. 

 

http://www.rjlbpcs.com/


Sinha et al   RJLBPCS 2019           www.rjlbpcs.com            Life Science Informatics Publications 

© 2019 Life Science Informatics Publication All rights reserved 

Peer review under responsibility of Life Science Informatics Publications 

2019 May – June RJLBPCS 5(3) Page No.192 

 

14. Griffioen G, Thevelein JM. Molecular mechanisms controlling the localisation of protein kinase 

A. Curr Genet. 2002; 41(4):199-207. 

15. Mosley AL, Lakshmanan J, Aryal BK, Ozcan S. Glucose-mediated phosphorylation converts the 

transcription factor Rgt1 from a repressor to an activator. J Biol Chem. 2003; 278(12):10322-7. 

16. Barbara KE, Haley TM, Willis KA, Santangelo GM. The transcription factor Gcr1 stimulates 

cell growth by participating in nutrient-responsive gene expression on a global level. Mol Genet 

Genomics. 2007; 277(2):171-88. 

17. Turkel S, Turgut T, Lopez MC, Uemura H, Baker HV. Mutations in GCR1 affect SUC2 gene 

expression in Saccharomyces cerevisiae. Mol Genet Genomics. 2003; 268(6):825-31. 

18. Gancedo JM. The early steps of glucose signalling in yeast. FEMS Microbiol Rev. 2008; 

32(4):673-704. 

19. Sobering AK, Romeo MJ, Vay HA, Levin DE. A novel Ras inhibitor, Eri1, engages yeast Ras at 

the endoplasmic reticulum. Mol Cell Biol. 2003; 23(14):4983-90. 

20. Flick KM, Spielewoy N, Kalashnikova TI, Guaderrama M, Zhu Q, Chang HC, et al. Grr1-

dependent inactivation of Mth1 mediates glucose-induced dissociation of Rgt1 from HXT gene 

promoters. Mol Biol Cell. 2003; 14(8):3230-41. 

21. Tamanoi F. Ras signaling in yeast. Genes Cancer. 2011; 2(3):210-5. 

22. Belotti F, Tisi R, Paiardi C, Groppi S, Martegani E. PKA-dependent regulation of Cdc25 

RasGEF localization in budding yeast. FEBS Lett. 2011; 585(24):3914-20. 

23. Lavecchia A, Di Giovanni C, Novellino E. CDC25 phosphatase inhibitors: an update. Mini Rev 

Med Chem. 2012; 12(1):62-73. 

24. Colombo S, Ma P, Cauwenberg L, Winderickx J, Crauwels M, Teunissen A, et al. Involvement 

of distinct G-proteins, Gpa2 and Ras, in glucose- and intracellular acidification-induced cAMP 

signalling in the yeast Saccharomyces cerevisiae. Embo j. 1998; 17(12):3326-41. 

25. Broggi S, Martegani E, Colombo S. Live-cell imaging of endogenous Ras-GTP shows 

predominant Ras activation at the plasma membrane and in the nucleus in Saccharomyces 

cerevisiae. Int J Biochem Cell Biol. 2013; 45(2):384-94. 

26. Palorini R, De Rasmo D, Gaviraghi M, Sala Danna L, Signorile A, Cirulli C, et al. Oncogenic 

K-ras expression is associated with derangement of the cAMP/PKA pathway and forskolin-

reversible alterations of mitochondrial dynamics and respiration. Oncogene. 2013;  32(3):352-

62. 

27. Kido M, Shima F, Satoh T, Asato T, Kariya K, Kataoka T. Critical function of the Ras-associating 

domain as a primary Ras-binding site for regulation of Saccharomyces cerevisiae adenylyl 

cyclase. J Biol Chem. 2002; 277(5):3117-23. 

28. Dong J, Bai X. The membrane localization of Ras2p and the association between Cdc25p and 

Ras2-GTP are regulated by protein kinase A (PKA) in the yeast Saccharomyces cerevisiae. 

http://www.rjlbpcs.com/


Sinha et al   RJLBPCS 2019           www.rjlbpcs.com            Life Science Informatics Publications 

© 2019 Life Science Informatics Publication All rights reserved 

Peer review under responsibility of Life Science Informatics Publications 

2019 May – June RJLBPCS 5(3) Page No.193 

 

FEBS Lett. 2011; 585(8):1127-34. 

29. Busti S, Coccetti P, Alberghina L, Vanoni M. Glucose signaling-mediated coordination of cell 

growth and cell cycle in Saccharomyces cerevisiae. Sensors (Basel). 2010; 10(6):6195-240. 

30. Myers KS, Riley NM, MacGilvray ME, Sato TK, McGee M, Heilberger J, et al. Rewired cellular 

signaling coordinates sugar and hypoxic responses for anaerobic xylose fermentation in yeast. 

PLoS Genet. 2019; 15(3):e1008037. 

31. Harashima T, Heitman J. The Galpha protein Gpa2 controls yeast differentiation by interacting 

with kelch repeat proteins that mimic Gbeta subunits. Mol Cell. 2002; 10(1):163-73. 

32. Nazarko VY, Thevelein JM, Sibirny AA. G-protein-coupled receptor Gpr1 and G-protein Gpa2 

of cAMP-dependent signaling pathway are involved in glucose-induced pexophagy in the yeast 

Saccharomyces cerevisiae. Cell Biol Int. 2008; 32(5):502-504. 

33. Forsberg H, Ljungdahl PO. Sensors of extracellular nutrients in Saccharomyces cerevisiae. Curr 

Genet. 2001; 40(2):91-109. 

34. Conrad M, Schothorst J, Kankipati HN, Van Zeebroeck G, Rubio-Texeira M, Thevelein JM. 

Nutrient sensing and signaling in the yeast Saccharomyces cerevisiae. FEMS Microbiol Rev. 

2014; 38(2):254-99. 

35. Moriya H, Johnston M. Glucose sensing and signaling in Saccharomyces cerevisiae through the 

Rgt2 glucose sensor and casein kinase I. Proc Natl Acad Sci U S A. 2004; 101(6):1572-7. 

36. Lakshmanan J, Mosley AL, Ozcan S. Repression of transcription by Rgt1 in the absence of 

glucose requires Std1 and Mth1. Curr Genet. 2003; 44(1):19-25. 

37. Snowdon C, Johnston M. A novel role for yeast casein kinases in glucose sensing and signaling. 

Mol Biol Cell. 2016; 27(21):3369-75. 

38. Polish JA, Kim JH, Johnston M. How the Rgt1 transcription factor of Saccharomyces cerevisiae 

is regulated by glucose. Genetics. 2005; 169(2):583-94. 

39. Roy A, Shin YJ, Cho KH, Kim JH. Mth1 regulates the interaction between the Rgt1 repressor 

and the Ssn6-Tup1 corepressor complex by modulating PKA-dependent phosphorylation of 

Rgt1. Mol Biol Cell. 2013; 24(9):1493-503. 

40. Lu P, Vogel C, Wang R, Yao X, Marcotte EM. Absolute protein expression profiling estimates 

the relative contributions of transcriptional and translational regulation. Nat Biotechnol. 2007; 

25(1):117-24. 

41. Kayikci O, Nielsen J. Glucose repression in Saccharomyces cerevisiae. FEMS Yeast Res. 2015; 

15(6): fov068 

42. Hedbacker K, Carlson M. SNF1/AMPK pathways in yeast. Front Biosci. 2008; 13:2408-20. 

43. Zhang J, Vaga S, Chumnanpuen P, Kumar R, Vemuri GN, Aebersold R, et al. Mapping the 

interaction of Snf1 with TORC1 in Saccharomyces cerevisiae. Mol Syst Biol. 2011; 7:545. 

44. Carlson M. Glucose repression in yeast. Curr Opin Microbiol. 1999; 2(2):202-7. 

http://www.rjlbpcs.com/


Sinha et al   RJLBPCS 2019           www.rjlbpcs.com            Life Science Informatics Publications 

© 2019 Life Science Informatics Publication All rights reserved 

Peer review under responsibility of Life Science Informatics Publications 

2019 May – June RJLBPCS 5(3) Page No.194 

 

45. Lane S, Xu H, Oh EJ, Kim H, Lesmana A, Jeong D, et al. Glucose repression can be alleviated 

by reducing glucose phosphorylation rate in Saccharomyces cerevisiae. Sci Rep. 2018; 

8(1):2613. 

46. Hong SP, Carlson M. Regulation of snf1 protein kinase in response to environmental stress. J 

Biol Chem. 2007; 282(23):16838-45. 

47. Momcilovic M, Iram SH, Liu Y, Carlson M. Roles of the glycogen-binding domain and Snf4 in 

glucose inhibition of SNF1 protein kinase. J Biol Chem. 2008; 283(28):19521-9. 

48. Gadura N, Robinson LC, Michels CA. Glc7-Reg1 phosphatase signals to Yck1,2 casein kinase 

1 to regulate transport activity and glucose-induced inactivation of Saccharomyces maltose 

permease. Genetics. 2006; 172(3):1427-39. 

49. Hiesinger M, Roth S, Meissner E, Schuller HJ. Contribution of Cat8 and Sip4 to the 

transcriptional activation of yeast gluconeogenic genes by carbon source-responsive elements. 

Curr Genet. 2001; 39(2):68-76. 

50. Vega M, Riera A, Fernandez-Cid A, Herrero P, Moreno F. Hexokinase 2 Is an Intracellular 

Glucose Sensor of Yeast Cells That Maintains the Structure and Activity of Mig1 Protein 

Repressor Complex. J Biol Chem. 2016; 291(14):7267-85. 

51. Pelaez R, Herrero P, Moreno F. Functional domains of yeast hexokinase 2. Biochem J. 2010; 

432(1):181-90. 

52. Ahuatzi D, Herrero P, de la Cera T, Moreno F. The glucose-regulated nuclear localization of 

hexokinase 2 in Saccharomyces cerevisiae is Mig1-dependent. J Biol Chem. 2004; 279(14): 

14440-6. 

53. Palomino A, Herrero P, Moreno F. Rgt1, a glucose sensing transcription factor, is required for 

transcriptional repression of the HXK2 gene in Saccharomyces cerevisiae. Biochem J. 2005; 

388(Pt 2):697-703. 

54. Fernandez-Cid A, Vega M, Herrero P, Moreno F. Yeast importin-beta is required for nuclear 

import of the Mig2 repressor. BMC Cell Biol. 2012; 13:31:1-14. 

55. Barrett L, Orlova M, Maziarz M, Kuchin S. Protein kinase A contributes to the negative control 

of Snf1 protein kinase in Saccharomyces cerevisiae. Eukaryot Cell. 2012; 11(2):119-28. 

56. Ahuatzi D, Riera A, Pelaez R, Herrero P, Moreno F. Hxk2 regulates the phosphorylation state of 

Mig1 and therefore its nucleocytoplasmic distribution. J Biol Chem. 2007; 282(7):4485-93. 

57. Sanz P, Ludin K, Carlson M. Sip5 interacts with both the Reg1/Glc7 protein phosphatase and 

the Snf1 protein kinase of Saccharomyces cerevisiae. Genetics. 2000; 154(1):99-107. 

58. Gancedo JM, Flores CL, Gancedo C. The repressor Rgt1 and the cAMP-dependent protein 

kinases control the expression of the SUC2 gene in Saccharomyces cerevisiae. Biochim Biophys 

Acta. 2015; 1850(7):1362-7. 

 

http://www.rjlbpcs.com/


Sinha et al   RJLBPCS 2019           www.rjlbpcs.com            Life Science Informatics Publications 

© 2019 Life Science Informatics Publication All rights reserved 

Peer review under responsibility of Life Science Informatics Publications 

2019 May – June RJLBPCS 5(3) Page No.195 

 

59. Dietzel KL, Ramakrishnan V, Murphy EE, Bisson LF. MTH1 and RGT1 demonstrate combined 

haploinsufficiency in regulation of the hexose transporter genes in Saccharomyces cerevisiae. 

BMC Genet. 2012;13:107. 

60. Roy A, Jouandot D, 2nd, Cho KH, Kim JH. Understanding the mechanism of glucose-induced 

relief of Rgt1-mediated repression in yeast. FEBS Open Bio. 2014; 4:105-11. 

61. Kuttykrishnan S, Sabina J, Langton LL, Johnston M, Brent MR. A quantitative model of glucose 

signaling in yeast reveals an incoherent feed forward loop leading to a specific, transient pulse 

of transcription. Proc Natl Acad Sci U S A. 2010; 107(38):16743-8. 

http://www.rjlbpcs.com/

