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Abstract 

Methylglyoxal is a ubiquitous 2-oxoaldehyde derived from glycolysis. Previously, we have reported that 

methylglyoxal attenuates the rate of overall protein synthesis in S. cerevisiae through phosphorylation of 

the α subunit of translation initiation factor 2 (eIF2α) in a Gcn2-dependent manner. Phosphorylation of 

eIF2α impedes the formation of a translation initiation complex, and subsequently, overall protein 

synthesis is reduced. Uncharged tRNA plays an important role in the activation of Gcn2, although we 

found that MG treatment did not elevate the levels of uncharged tRNA. Rapamycin, a potent inhibitor of 

TOR kinase, is known to induce phosphorylation of eIF2α without affecting the levels of uncharged 

tRNA. We determined the correlation between methylglyoxal and TOR kinase activity, and found that 

phosphorylation of eIF2α by methylglyoxal occurred independently of the TOR pathway.  
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Introduction 

Methylglyoxal (MG) is a ubiquitous 2-oxoaldehyde (CH3COCHO), which is synthesized during 

glycolysis. Although a natural metabolite, since MG is highly reactive due to its two carbonyl groups, its 

overaccumulation has several adverse effects on cellular functions (Inoue and Kimura 1995). We have 

been trying to reveal the physiological significance of MG using Saccharomyces cerevisiae and 

Schizosaccharomyces pombe as models (Maeta et al. 2004, Maeta et al. 2005, Takatsume et al. 2006). 

Regarding the adverse effects of MG, we have previously reported that MG attenuates the rate of overall 

protein synthesis in yeast (Nomura et al. 2008). We found that MG treatment activated the protein kinase 

Gcn2 to phosphorylate the α subunit of translation initiation factor 2 (eIF2α). Phosphorylation of eIF2α 

is known to cause the inhibition of translation initiation (Hinnebusch 2005). 

Basically, amino acid starvation attenuates the rate of overall protein synthesis in all types of 

organisms. Amino acid starvation inactivates the target of rapamycin (TOR) pathway. S. cerevisiae has 

two TOR proteins, Tor1 and Tor2, both serine/threonine protein kinases. Tor1 and Tor2 are involved in 

many important biological events, such as transcription, protein synthesis including ribosome biogenesis, 

protein degradation, cell growth, and cell cycle control (Wullschleger et al. 2006). The activity of TOR 

kinase is upregulated in the presence of amino acids, and downregulated under nutrient-starved conditions. 

For example, TORC1 is involved in the regulatory mechanism of nitrogen catabolite repression (NCR) 

through regulation of the phosphorylation state of Gln3 transcription factor (Beck and Hall 1999, Bertram 

et al. 2000). Gln3 is substantially phosphorylated and present in the cytoplasm when sufficient amino 

acids are available. However, when cells are starved of amino acids, Gln3 is dephosphorylated by Sit4 

protein phosphatase and translocated into the nucleus, thereby activating the transcription of 

NCR-sensitive genes (Beck and Hall 1999, Bertram et al. 2000). Sit4 is responsible for dephosphorylation 
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of Gln3 under amino acid-starved conditions, of which the activity is regulated by TORC1 (Beck and Hall 

1999, Bertram et al. 2000)) (see Fig. 6). Rapamycin, a macrocyclic lactone, is a potent inhibitor of Tor1 

and Tor2 when they are present in the TOR complex 1 (TORC1) (Stan et al. 1994, Loewith et al. 2002). 

Therefore, Gln3 is dephosphorylated following treatment with rapamycin via activation of Sit4 (see Fig. 

6). Phosphorylation state of Gln3 is also regulated by Snf1 protein kinase when cells are starved of 

glucose (Bertram et al. 2002, Cox et al. 2002) (see Fig. 6). Meanwhile, level of Gln3 protein is regulated 

by Npr1 protein kinase, and Rsp5 and its associated proteins Bul1 and Bul2 (Crespo et al. 2004). The 

activity of Npr1 correlates with phosphorylation/dephosphorylation state, which is regulated by TORC1 

through Sit4 (see Fig. 6). 

Gcn2 is the sole protein kinase responsible for the phosphorylation of eIF2α that is activated 

under conditions of amino acid starvation in S. cerevisiae (Wek et al. 1995). The level of uncharged 

(deacylated) tRNA increases when cells are starved of amino acids. Uncharged tRNA plays an important 

role in the activation of Gcn2, although in the present study we showed that MG treatment did not cause 

an increase in the levels of uncharged tRNA. Previously, Kubota et al. (2003) have reported that 

rapamycin activates Gcn2 without affecting the levels of uncharged tRNA. However, here we show that 

MG activates Gcn2 without affecting TOR kinase activity. 

 

Materials and methods 

Strains 

S. cerevisiae YPH250 (MATa trp1-∆1 his3-∆200 leu2-∆1 lys2-801 ade2-101 ura3-52) was used as a wild 

type strain. S. cerevisiae TB123a (MATa leu2-3,112 ura3-52 trp1 his4 rme1 HMLa GLN3-13myc-kanMX) 

(Beck and Hall 1999) was donated by Dr. M. Hall. The SNF1 gene in TB123a was disrupted by a gene 
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replacement method using the Candida glabrata LEU2 gene (CgLEU2) as a selectable marker (Sakumoto 

et al. 1999) with the following primers: 5’- 

AGCAGTAACAACAACACAAACACAGCACCTGCCAATGCAATACGAAGTTATTAGGTCTAG-3’ 

and 5’- 

TCGTTACAAGAGGAGATATTTTAGAGGCAGCTGGCGAACCACGAAGTTATATTAAGGGTT-3’; 

and CgLEU2 as a template. S. cerevisiae W303H (MATa ade2-1 trp1-1 leu2-3 ura3-1 can1-100) and its 

isogenic mutants (WH1, gcn1∆::kanMX; WH2, gcn2∆::kanMX; and WH3, TOR1-1) (Kubota et al. 2003) 

were donated by Dr. T. Ito. 

 

Plasmids 

A plasmid carrying SNF1-3HA (McCartney Schmidt 2001), HA-NPR1 (Schmidt et al. 1998), and 

PHO80∆60 (pTN9; Noda et al. 1995) were donated by Dr. M. Hall, Dr. M. Schmidt, and Dr. Y. Ohsumi, 

respectively. A plasmid carrying CgLEU2 (p3008) was obtained from the National Bio-Resource Project 

(NBRP) of the MEXT, Japan. 

 

Treatment with chemicals 

Cells were cultured in SD medium (2% glucose, 0.67% yeast nitrogen base without amino acids) 

supplemented with appropriate amino acids and bases as necessary. When the A610 of the culture reached 

0.3-0.5, 10 mM MG or 200 ng/ml rapamycin was added, and cells were incubated at 28ºC with reciprocal 

shaking for the prescribed time.  
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Induction of autophagy 

Cells (YPH250) were cultured in SD medium until the A610 reached 0.5, and 1 mM phenylmethylsulfonyl 

fluoride (PMSF) was added together with 10 mM MG or 200 ng/ml rapamycin. After 3 h, autophagic 

bodies were observed using differential interference contrast microscopy (Olympus, BX60). Alkaline 

phosphatase (ALP) activity was measured  as described (Noda and Ohsumi 1998).  

 

Western blotting 

Cells were cultured in SD medium until the A610 reached 0.3, and treated with chemicals for the 

prescribed time. To detect phospho-Ser51 of eIF2α, Gln3-13myc, and HA-Npr1, cell extracts were 

prepared as described by Kubota et al. (2001), Beck and Hall (1999), and Schmidt et al. (1998), 

respectively. To detect phospho-Thr210 of Snf1 and HA-tagged Snf1, cells were disrupted with glass beads 

in 50 mM Tris-HCl buffer (pH 7.5) containing 120 mM NaCl, 2 mM EDTA, 2 mM PMSF, 10 mM NaF, 

and 10 mM sodium pyrophosphate. Each cell extract was subjected to SDS-PAGE, separated proteins 

were transferred to PVDF membranes (Millipore), and proteins of interest were detected using 

appropriate antibodies (anti-phospho Ser51 eIF2α antibody (BIOSOURCE), anti eIF2α antibody 

(BIOSOURCE), anti-c-Myc monoclonal antibody (MC045, Nacalai tesque), anti-HA monoclonal 

antibody (6E2, Cell Signaling), and anti-phospho Thr210 Snf1 antibody (McCartney and Schmidt 2001) 

that was donated by Dr. M. Schmidt, and with respective secondary antibodies conjugated with alkaline 

phosphatase. Immunoreactive bands were visualized using a BCIP-NBT solution kit for alkaline 

phosphatase (Nacalai tesque). 

 

Northern blotting 
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To detect charged and uncharged tRNA[Met], total RNA was prepared essentially as described by Kubota et 

al. (2003). Cells were suspended in AE buffer (50 mM sodium acetate (pH 5.3), 10 mM EDTA), and 

disrupted with glass beads by FastPrep for 45 sec at 4ºC. Total RNA was extracted with AE-saturated 

phenol, and precipitated with ethanol. It was then electrophoresed on a 10% acrylamide gel containing 8 

M urea in 100 mM sodium acetate buffer (pH 5.0) at 4ºC and 95 volts for 7 h. To deacylate tRNA, the 

final preparation of total RNA was incubated in 100 mM Tris-HCl (pH 8.0) at 75ºC for 5 min as described 

(Kubota et al. 2003). Preparation of the specific probe for tRNA[Met] was done as reported (Sarkar 1999). 

 

Results 

MG does not affect the levels of uncharged tRNA 

Gcn2 is the sole protein kinase responsible for the phosphorylation of eIF2α that is activated under 

conditions of amino acid starvation in S. cerevisiae (Wek et al. 1995). We have previously demonstrated 

that the protein kinase responsible for the phosphorylation of eIF2α in cells treated with MG is Gcn2 

(Nomura et al. 2008). Regarding the activation of Gcn2, several pathways have been proposed 

(Hinnebusch 2005). Importantly, Gcn1 and uncharged tRNA play crucial roles in the activation of Gcn2. 

The rate of overall protein synthesis is reduced under conditions of amino acid starvation, which leads to 

the accumulation of uncharged tRNAs (Hinnebusch 2005). Gcn1 forms a complex with Gcn20 (Vazquez 

de Aldana et al. 1995), and the resultant complex, a positive regulator of Gcn2, binds the N-terminal 

segment of Gcn2. Therefore, phosphorylation of eIF2α did not occur in gcn1∆ cells following treatment 

with MG (Nomura et al. 2008). On the other hand, uncharged tRNA binds the histidyl-tRNA synthetase 

(HisRS)-related domain of Gcn2. Since Gcn1/Gcn20 does not affect the expression of GCN2 or kinase 

activity of Gcn2 in vitro, this complex is speculated to mediate the activation of Gcn2 by uncharged tRNA 
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in yeasts starved of amino acids (Vazquez de Aldana et al. 1995, Marton et al. 1993). It has been reported 

that Gcn2 binds different uncharged tRNAs with the same affinity (Dong et al. 2000). We determined the 

levels of uncharged methionyl-tRNA (tRNA[Met]). As shown in Fig 1A, the levels of uncharged tRNA[Met] 

did not increase following the treatment of yeast cells with MG. Since the uptake of amino acids from the 

medium was not impaired by treatment with MG (Nomura et al. 2008), we speculated that there might be 

another cause, other than amino acid starvation, of the activation of Gcn2 by MG treatment. 

 

Role of Gcn2 in phosphorylation of eIF2α following treatment with MG 

Several amino acid residues in Gcn2 have been assigned to its activity (Hinnebusch 2005). Ser577 is 

critical to the activity of Gcn2 (Garcia-Barrio et al. 2000). Ser577 of Gcn2 is phosphorylated by an as yet 

unidentified protein kinase when sufficient amino acids exist (Cherkasova and Hinnebusch 2003), and 

phospho-Ser577 is dephosphorylated by some protein phosphatase(s) whose activity is under the control of 

the TOR pathway (Hinnebusch 2005). Rapamycin induces phosphorylation of eIF2α (Kubota et al. 2003; 

also see Fig. 2A), which is presumably a consequence of dephosphorylation of Ser577 of Gcn2. 

Garcia-Barrio et al. (2000) have reported that eIF2α was constitutively phosphorylated in a gcn2S577A 

mutant, which mimics a dephosphorylated (i. e. an active) form of Gcn2. Consequently, as shown in Fig. 

2B, the basal phosphorylation level of eIF2α was high in gcn2S577A cells, and the level of phosphorylated 

eIF2α was not further increased following treatment with rapamycin. This was also the case in 

MG-treated gcn2S577A cells (Fig. 2B). In addition, Kubota et al. (2003) have reported that rapamycin 

treatment did not increase the levels of uncharged tRNA[His]. Here we verified that the levels of uncharged 

tRNA[Met] were not increased following treatment with rapamycin (Fig. 1B). Furthermore, this was also 

the case in MG-treated cells (Figs. 1A and 1B). These results imply that MG inactivates TOR kinase in 
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some way, which alters the phosphorylation state of Ser577 of Gcn2, thereby phosphorylating eIF2α. 

However, eIF2α phosphorylation was further increased in the cells of TOR1-1 mutant (Kubota et al. 

2003), which is resistant to rapamycin, following treatment with MG (Fig. 2B); suggesting that an 

alternative pathway to activate Gcn2 exists. Hence, the effect of MG on the TOR pathway is controversial, 

and thus, in the next paragraph, we discuss the correlation between MG and the TOR pathway. 

 

Effect of MG on TORC1 activity 

To address whether MG affects the phosphorylation of eIF2α by impairing the function of TORC1 or 

independently of the TOR pathway, we determined the effect of MG on TOR kinase activity by analyzing 

several readouts of this signaling pathway. 

First, we determined the status of the Gln3 transcription factor, the phosphorylation of which 

is regulated in the TOR pathway (Beck and Hall 1999). Gln3 is involved in nitrogen catabolite repression 

(NCR) (Kathleen et al. 2000). When cells are starved of nitrogen, Gln3 is dephosphorylated; meanwhile, 

when a sufficient amount of a good nitrogen source such as glutamate is present, Gln3 is predominantly 

in the phosphorylated form (Beck and Hall 1999, Kathleen et al. 2000). As shown in Fig. 3A, Gln3 is 

dephosphorylated when TORC1 is deactivated by rapamycin. In contrast, Gln3 was hyperphosphorylated 

following treatment with MG (Figs. 3A and 3B). Sit4, a type 2A-related protein phosphatase, is 

responsible for dephosphorylation of Gln3 in the TOR pathway (Beck and Hall 1999, Tate et al. 2006). 

Since MG induced hyperphosphorylation of Gln3, we assumed that it might impair the activity of Sit4. 

However, as shown in Fig. 3C, overproduction of Sit4 did not reduce the rate of Gln3 phosphorylation 

following treatment with MG. 

  Npr1 is a negative regulator of the nuclear localization of Gln3, the activity for which is also 
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regulated via phosphorylation/dephosphorylation in a TORC1-dependent manner (Schmidt et al. 1998); 

we therefore determined the status of Npr1. As shown in Fig. 3D, MG induced further phosphorylation of 

Npr1 as opposed to that brought about by rapamycin.  

Next, we determined the effect of MG on autophagy, the bulk protein degradation system, the 

process of which is also regulated in TOR pathway (Noda and Ohsumi 1998, Kamada et al. 2000). When 

cells were treated with rapamycin, small vesicular structures that are referred to as autophagic bodies 

appeared in the vacuole, which can be viewed by differential interference contrast microscopy (Fig. 4A). 

However, in vacuole of cells treated by MG, such vesicular structures were not observed (Fig. 4A). To 

quantify the induction of autophagy, processing of Pho8, a vacuolar alkaline phosphatase, was monitored 

using Pho8∆60. This truncated mutant of Pho8 substantially resides in the cytoplasm in an inactive form 

under normal conditions; whereas, upon nutrient starvation or rapamycin treatment, the conditions of 

which induce autophagy, Pho8∆60 is delivered to the vacuole and turned to be an active form through 

processing by the vacuolar proteinase (Noda et al. 1995). As shown in Fig. 4B, the alkaline phosphatase 

activity was increased in cells treated with rapamycin, however, it was substantially unchanged in cells 

treated with MG. It should be noted that newly synthesized protein is not necessary for the processing of 

Pho8∆60 in this biochemical assay. Taken together, MG does not seem to impair the function of TORC1.  

 

Snf1 is not involved in the MG-induced phosphorylation of Gln3 

Besides amino acid starvation, Gcn2 is activated by several forms of environmental stress such as 

glucose-limited conditions (Yang et al. 2000). In addition to NCR, phosphorylation of Gln3 is also 

regulated by the protein kinase Snf1 under glucose-limited conditions (Bertram et al. 2002). Snf1 is 

inactive when glucose is sufficient in the medium, but is activated through phosphorylation of Thr210 
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when glucose is limited (McCartney and Schmidt 2001). Gln3 is one of the targets of Snf1 kinase, and 

therefore, Gln3 is phosphorylated by Snf1 under glucose-starved conditions, a process which occurs 

independently of the TOR pathway (Bertram et al. 2002). As shown in Fig. 3A, we confirmed that Gln3 

was hyperphosphorylated under conditions of glucose starvation. 

To address whether the activation of Snf1 is involved in the MG-induced phosphorylation of 

Gln3, we determined the phosphorylation state of Thr210 of Snf1. As shown in Fig. 5A, Thr210 was not 

phosphorylated following treatment with MG. Glucose starvation induced phosphorylation of Thr210 but 

rapamycin did not (Fig. 5A). This suggests that MG-induced phosphorylation of Gln3 occurs 

independently of Snf1. To verify this, phosphorylation of Gln3 was determined in an snf1∆ mutant. As 

shown in Fig. 5B, highly phosphorylated Gln3 was observed in cells treated with MG in the presence or 

absence of Snf1, although this was not the case for glucose starvation, i. e. hyperphosphorylation was not 

observed under glucose-starved conditions in snf1∆ cells.  

Collectively, we concluded that phosphorylation of Gln3 following treatment with MG occurs 

independently of the inactivation of TORC1 as well as activation of Snf1. Consequently, phosphorylation 

of eIF2α after treatment with MG is supposed to occur independently of the inactivation of TORC1. An 

unknown protein kinase or protein phosphatase may be involved in the regulation of Gln3’s 

phosphorylation in MG-treated cells. Recently, Tate and Cooper (2007) reported that environmental stress, 

including temperature, osmotic stress, and oxidative stress, induced phosphorylation of Gln3 even under 

nitrogen-starved or TOR-inactivating conditions, although the regulatory mechanism behind this has yet 

to be determined. MG may cause a similar response in terms of the phosphorylation of Gln3.  

 

Discussion 
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Previously, we have demonstrated that MG blocks the initiation of protein synthesis in vivo (Nomura et al. 

2008). TORC1 is involved in the cap-dependent translation initiation via eIF4G (Cameroni et al. 2006), 

although since MG did not affect the function of TORC1 but enhanced the phosphorylation of eIF2α, we 

speculated that phosphorylation of eIF2α is a part of the MG-induced attenuation of overall protein 

synthesis in S. cerevisiae. eIF2 plays a crucial role in translation initiation, because the GTP-bound form 

of eIF2 delivers charged initiator methionyl-tRNA to the 40S ribosomal subunit to form the 43S 

preinitiation complex. Phosphorylation of Ser51 changes eIF2α into a competitive inhibitor of the guanine 

nucleotide exchanging factor of eIF2. Since Gcn2 is the sole protein kinase responsible for eIF2α’s 

phosphorylation in S. cerevisiae, Gcn2 also plays important roles in the regulation of translation initiation. 

Amino acid starvation enhances the levels of uncharged tRNAs in cells, which leads to activation of Gcn2 

through the binding of uncharged tRNA to the HisRS-like domain of Gcn2, thereby phosphorylating 

eIF2α. We have previously reported that MG treatment did not provoke deprivation of free amino acids in 

the cells (Nomura et al. 2008), and subsequently, here we showed that the levels of uncharged tRNA[Met] 

did not increase (Fig. 1).  

Activation of Gcn2 by the Gcn1/Gcn20 complex is thought to be mediated by uncharged 

tRNA. Hinnebusch (2005) has proposed two alternative models for the activation of Gcn2 by uncharged 

tRNA; i. e. (i) Gcn1/Gcn20 accelerates binding of uncharged tRNA to the A-site of the ribosome, or (ii) 

Gcn1/Gcn20 facilitates the transfer of uncharged tRNA from the A-site to the HisRS-like domain of Gcn2. 

Since Gcn1 directly binds to Gcn2, the latter is more likely (Hinnebusch 2005). We have demonstrated in 

this study that MG-induced phosphorylation of eIF2α did not occur in gcn1∆ cells. On the other hand, 

Kubota et al. (2003) have reported that rapamycin treatment induced phosphorylation of eIF2α even 

though the levels of uncharged tRNA did not increase. Additionally, they have shown that eIF2α 
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phosphorylation was not induced in gcn1∆ cells following treatment with rapamycin for 120 min. 

However, as shown in Fig. 2A, we found that eIF2α was phosphorylated in gcn1∆ cells after treatment 

with rapamycin for 30 min. In our experimental conditions, levels of phosphorylated eIF2α were 

evaluated after 30 min of treatment with MG as well as rapamycin. We confirmed that eIF2α was 

phosphorylated in a gcn1∆ strain (WH1) that was used by Kubota et al. (2003) following treatment with 

rapamycin for 30 min (data not shown). Kubota et al. (2003) proposed that dephosphorylation of Ser577 of 

Gcn2 through inactivation of TORC1 with rapamycin enhanced the affinity of Gcn2 for the uncharged 

tRNA in a Gcn1-dependent manner. The protein kinase domain of Gcn2 is divided into two segments 

(N-lobe and C-lobe), and phospho-Ser577 in the N-lobe inhibits the binding of ATP to the ATP-binding site 

in the C-lobe, and consequently, Gcn2 cannot phosphorylate eIF2α (Hinnebusch 2005). Meanwhile, 

dephosphorylation of Ser577 of Gcn2 in rapamycin-treated cells may induce the conformational change of 

Gcn2 and enhance the affinity for uncharged tRNA, thereby phosphorylating eIF2α under normal levels 

of uncharged tRNA (Kubota et al. 2003). On the other hand, we have demonstrated that eIF2α is 

phosphorylated in gcn1∆ cells at the early stage of treatment with rapamycin (Fig. 2A), which may 

suggest that the conformational change of Gcn2 via dephosphorylation of Ser577 temporarily decreases the 

dependency of Gcn2 on Gcn1 for binding the uncharged tRNA to activate its eIF2α kinase activity. 

However, the phosphorylation of eIF2α did not occur following treatment with MG for 30 min in gcn1∆ 

cells (Fig. 2A). The activity of Sit4, a protein phosphatase considered responsible for dephosphorylation 

of Ser577of Gcn2 (Beck and Hall 1999, Bertram et al. 2000), is regulated by the TOR pathway. To address 

whether MG affects the activity of Sit4 through inhibiting TORC1’s functions, we determined the 

phosphorylation state of Gln3 and Npr1, both are readouts of the TORC1 pathway through Sit4 (Fig. 6). 

These proteins were dephosphorylated following treatment with rapamycin, because repression of the 
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activity of Sit4 protein phosphatase is derepressed through inactivation of TORC1. Conversely, we have 

shown that both Gln3 and Npr1 were hyperphosphorylated following treatment with MG, and thus 

concluded that MG does not, at least, inhibits TORC1’s function. Therefore, MG seems to activate Gcn2 

without affecting the phosphorylation status of Ser577 of Gcn2. On the other hand, Tyr1119 and Arg1120 in 

the HisRS-like domain seem crucial for binding uncharged tRNA as well as conformational stabilization 

of the protein kinase domain of Gcn2, because Y1119A and R1120L mutations abolish the kinase activity 

of Gcn2 (Hinnebusch 2005). Two mutations, R794G and F842L, which can suppress these mutations 

have been identified in the protein kinase domain of Gcn2 (Qui et al. 2002). However, these mutations 

suppress the Y1119A and R1120L mutations without affecting the interaction between Gcn2 and Gcn1 

(Qui et al. 2002). Since MG-induced phosphorylation of eIF2α was strictly dependent upon Gcn1 

(Nomura et al 2008, also see Fig. 2A), MG seems likely to affect the function of Gcn1 to activate Gcn2, 

thereby phosphorylating eIF2α, but not affecting the activity of Gcn2 directly (Fig. 6).  

 

Acknowledgements 

We thank Drs. M. Hall, T. Ito, C. Shcüller, M. Schmidt, Y. Ohsumi, and the National Bio-Resource 

Project (NBRP) of the MEXT, Japan, for their generous gifts of yeast strains, plasmids, and antibody. 

 

References 
 

Beck T, Hall MN (1999) The TOR signalling pathway controls nuclear localization of nutrient-regulated 

transcription factors. Nature 402:689-692. 

Bertram PG, Choi JH, Carvalho J, Ai W, Zeng C, Chan TF, Zheng XF (2000) Tripartite regulation of 

Gln3p by TOR, Ure2p, and phosphatases. J Biol Chem 275:35727-35733. 

Bertram PG, Choi JH, Carvalho J, Chan TF, Ai W, Zheng, XF (2002) Convergence of TOR-nitrogen and 

Snf1-glucose signaling pathways onto Gln3. Mol Cell Biol 22:1246-1256. 



 15 

Cameroni E, De Virgilio C, Deloche O (2006) Phosphatidylinositol 4-phosphate is required for 

translation initiation in Saccharomyces cerevisiae. J Biol Chem 281:38139-38149. 

Cherkasova VA, Hinnebusch AG (2003) Translational control by TOR and TAP42 through 

dephosphorylation of eIF2α kinase GCN2. Genes Dev 17: 859-872. 

Garcia-Barrio M, Dong J, Ufano S, Hinnebusch AG (2000) Association of GCN1-GCN20 regulatory 

complex with the N-terminus of eIF2α kinase GCN2 is required for GCN2 activation. EMBO J 

19:1887-1899. 

Cox KH, Tate JJ, Cooper TG (2002) Cytoplasmic compartmentation of Gln3 during nitrogen catabolite 

repression and the mechanism of its nuclear localization during carbon starvation in Saccharomyces 

cerevisiae. J Biol Chem 277:37559-37566.  

Crespo JL, Helliwell SB, Wiederkehr C, Demougin P, Fowler B, Primig M, Hall MN (2004) NPR1 

kinase and RSP5-BUL1/2 ubiquitin ligase control GLN3-dependent transcription in Saccharomyces 

cerevisiae. J Biol Chem 279:37512-37517. 

Hinnebusch AG (2005) Translational regulation of GCN4 and the general amino acid control of yeast. 

Annu Rev Microbiol 59:407-450. 

Inoue Y, Kimura A (1995) Methylglyoxal and regulation of its metabolism in microorganisms. Adv 

Microbiol Physiol 37:177-227 

Kamada Y, Funakoshi T, Shintani T, Nagano K, Ohsumi M, Ohsumi Y (2000) Tor-mediated induction of 

autophagy via an Apg1 protein kinase complex. J Cell Biol 150:1507-1513.  

Kathleen H, Cox KH, Rai R, Distler M, Daugherty JR, Coffman JA, Cooper TG (2000) Saccharomyces 

cerevisiae GATA sequences function as TATA elements during nitrogen catabolite repression and 

when Gln3p is excluded from the nucleus by overproduction of Ure2p. J Biol Chem 275:17611-17618. 

Kubota H, Obata T, Ota K, Sasaki T, Ito T (2003) Rapamycin-induced translational derepression of 

GCN4 mRNA involves a novel mechanism for activation of the eIF2α kinase GCN2. J Biol Chem 

278:20457-20460. 

Kubota H, Ota K, Sakaki Y, Ito T (2001) Budding yeast GCN1 binds the GI domain to activate the eIF2α 

kinase GCN2. J Biol Chem 276:17591-17596. 

Loewith R, Jacinto E, Wullschleger S, Lorberg A, Crespo JL, Bonenfant D, Oppliger W, Jenoe P, Hall 

MN (2002) Two TOR complexes, only one of which is rapamycin sensitive, have distinct roles in cell 

growth control. Mol Cell 10:457-468. 

Maeta K, Izawa S, Okazaki S, Kuge S, Inoue Y (2004) Activity of the Yap1 transcription factor in 

Saccharomyces cerevisiae is modulated by methylglyoxal, a metabolite derived from glycolysis. Mol 

Cell Biol 24:8753-8764. 



 16 

Maeta K, Izawa S, Inoue Y (2005) Methylglyoxal, a metabolite derived from glycolysis, functions as a 

signal initiator of the high osmolarity glycerol-mitogen-activated protein kinase cascade and 

calcineurin/Crz1-mediated pathway in Saccharomyces cerevisiae. J Biol Chem 280:253-280. 

Marton MJ, Crouch D, Hinnebusch AG (1993) GCN1, a translational activator of GCN4 in 

Saccharomyces cerevisiae, is required for phosphorylation of eukaryotic translation initiation factor 2 

by protein kinase GCN2. Mol Cell Biol 13:3541-3556. 

McCartney RR, Schmidt MC (2001) Regulation of Snf1 kinase. Activation requires phosphorylation of 

threonine 210 by an upstream kinase as well as a distinct step mediated by the Snf4 subunit. J Biol 

Chem 276:36460-36466. 

Noda T, Matsuura A, Wada Y, Ohsumi Y (1995) Novel system for monitoring autophagy in the yeast 

Saccharomyces cerevisiae. Biochem Biophys Res Commun 210:126-132. 

Noda T, Ohsumi Y (1998) Tor, a phosphatidylinositol kinase homologue, controls autophagy in yeast. J 

Biol Chem 273:3963-3966. 

Nomura W, Maeta K, Kita K, Izawa, S, Inoue Y (2008) Role of Gcn4 for adaptation to methylglyoxal in 

Saccharomyces cerevisiae: Methylglyoxal attenuates protein synthesis through phosphorylation of 

eIF2α. Biochem Biophys Res Commun 376:738–742. 

Qiu H, Hu C, Dong J, Hinnebusch AG (2002) Mutations that bypass tRNA binding activate the 

intrinsically defective kinase domain in GCN2. Genes Dev 16:1271-1280. 

Sakumoto N, Mukai Y, Uchida K, Kouchi T, Kuwajima J, Nakagawa Y, Sugioka S, Yamamoto E, 

Furuyama T, Mizubuchi H, Ohsugi N, Sakuno T, Kikuchi K, Matsuoka I, Ogawa N, Kaneko Y, 

Harashima S (1999) A series of protein phosphatase gene disruptants in Saccharomyces cerevisiae. 

Yeast 15:1669-1679. 

Sarkar S, Azad AK, Hopper AK (1999) Nuclear tRNA aminoacylation and its role in nuclear export of 

endogenous tRNAs in Saccharomyces cerevisiae. Proc Natl Acad Sci USA 96:14366-14371. 

Schmidt A, Beck T, Koller A, Kunz J, Hall MN (1998) The TOR nutrient signalling pathway 

phosphorylates NPR1 and inhibits turnover of the tryptophan permease. EMBO J 17:6924-6931.  

Stan R, McLaughlin MM, Cafferkey R, Johnson RK, Rosenberg M, Livi GP (1994) Interaction between 

FKBP12-rapamycin and TOR involves a conserved serine residue. J Biol Chem 269:32027-32030. 

Takatsume Y, Izawa S, Inoue Y (2006) Methylglyoxal as a signal initiator for activation of the 

stress-activated protein kinase cascade in the fission yeast Schizosaccharomyces pombe. J Biol Chem 

281:9086-9092.  

Tate JJ, Feller A, Dubois E, Cooper TG (2006) Saccharomyces cerevisiae Sit4 phosphatase is active 

irrespective of the nitrogen source provided, and Gln3 phosphorylation levels become nitrogen 



 17 

source-responsive in a sit4-deleted strain. J Biol Chem 281:37980-37992. 

Tate JJ, Cooper TG (2007) Stress-responsive Gln3 localization in Saccharomyces cerevisiae is separable 

from and can overwhelm nitrogen source regulation. J Biol Chem 282:18467-18480. 

Vazquez de Aldana CR, Marton MJ, Hinnebusch AG (1995) GCN20, a novel ATP binding cassette protein, 

and GCN1 reside in a complex that mediates activation of the eIF-2α kinase GCN2 in amino 

acid-starved cells. EMBO J 14:3184-3199. 

Wek SA, Zhu S, Wek RC (1995) The histidyl-tRNA synthetase-related sequence in the eIF-2α protein 

kinase GCN2 interacts with tRNA and is required for activation in response to starvation for different 

amino acids. Mol Cell Biol 15:4497-4506. 

Wullschleger S, Loewith R, Hall MN (2006) TOR signaling in growth and metabolism. Cell 124:471-484. 

Yang R, Wek SA, Wek RC (2000) Glucose limitation induces GCN4 translation by activation of Gcn2 

protein kinase. Mol Cell Biol 20:2706-2717. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 18 

Figure legends 

 

Fig. 1. Effect of MG on accumulation of uncharged tRNA[Met]. (A) Cells (YPH250) were cultured in SD 

medium until A610 = 0.3, and treated with various concentrations of MG for 60 min. After treatment, total 

RNA was prepared as described in Materials and Methods, followed by Northern blotting to detect 

charged (aminoacylated) and uncharged (deacylated) tRNA[Met]. Deacylation of tRNA was achieved by 

incubating at alkaline pH at high temperature. (B) Cells (YPH250) were cultured in SD medium until A610 

= 0.3, and treated with 10 mM MG or 200 ng/ml rapamycin (Rapa) for the period indicated in the figure. 

 

Fig. 2. Effect of MG on phosphorylation of eIF2α. (A) Cells of the wild type (YPH250) and isogenic 

mutants gcn2∆ and gcn1∆ were cultured in SD medium until A610 = 0.3, and 10 mM MG (M) or 200 

ng/ml rapamycin (R) was added. C represents the control experiments (not treated with chemicals). After 

30 min of incubation, the phosphorylation status and protein levels of eIF2α were determined. (B) Cells 

of the wild type (W303H) and isogenic mutants gcn2∆ (WH2) and TOR1-1 (WH3) were treated with 10 

mM MG (M) or 200 ng/ml rapamycin (R) for 30 min, and the phosphorylation status of eIF2α was 

determined. C represents the control experiments (not treated with chemicals). 

 

Fig. 3. Effect of MG on phosphorylation of Gln3 and Npr1. (A) Cells (TB123a) were cultured in SD 

medium until A610 = 0.3, 10 mM MG or 200 ng/ml rapamycin (Rapa) was added, and the cells were 

incubated for 30 min (Rapa) or 60 min (MG). For glucose starvation experiments (-Glc), cells at A610 = 

0.3 were collected by centrifugation, suspended in SD medium without glucose, and then incubated for 30 

min. After each stress treatment, the phosphorylation status of Gln3 was determined with anti-Myc 
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monoclonal antibody. (B) Cells (TB123a) were cultured in SD medium until A610 = 0.3, and 10 mM MG 

was added. At the prescribed time as indicated in the figure, cells were collected, and the phosphorylation 

status of Gln3 was determined. (C) Cells (TB123a) carrying pRS426 (vector) or pRS426-SIT4 (2µ SIT4) 

were treated with MG or rapamycin (Rapa) as described in (A), and the phosphorylation status of Gln3 

was determined. (D) Cells (YPH250) carrying a plasmid expressing HA-NPR1 were cultured in SD 

medium until A610 = 0.3, and treated with MG or rapamycin (Rap) as described in (A). The 

phosphorylation status of Npr1 was determined using anti-HA monoclonal antibody. 

 

Fig. 4. Effect of MG on induction of autophagy. (A) Cells (YPH250) were cultured in SD medium until 

A610 = 0.5, and treated with 10 mM MG or 200 ng/ml rapamycin (Rapa) in the presence of 1 mM PMSF. 

After 3 h, cells were observed using a differential interference contrast microscope. (B) Cells (YPH250) 

expressing PHO80∆60 were cultured in SD medium until A610 = 0.5, and 10 mM MG or 200 ng/ml 

rapamycin (Rapa) was added. After 3 h, cell extracts were prepared and alkaline phosphatase (ALP) 

activity was measured (Noda and Ohsumi 1998). Data are a summary of three independent experiments 

(average ± standard deviation). 

 

Fig. 5. Snf1 is not involved in the MG-induced phosphorylation of Gln3. (A) snf1∆ cells of YPH250 

carrying a plasmid expressing HA-tagged Snf1 were cultured in SD medium. When the A610 reached 0.3, 

10 mM MG or 200 ng/ml rapamycin (Rapa) was added, and the cells were incubated for 30 min. For 

glucose starvation experiments (-Glc), cells at A610 = 0.3 were collected by centrifugation, and suspended 

in SD medium without glucose, and then incubated for 60 min. After each stress treatment, the 

phosphorylation status of Snf1 was determined with anti-phospho Thr210 Snf1 antibody (α-PT210). The 
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amount of HA-tagged Snf1 was monitored using anti-HA monoclonal antibody (α-HA). (B) Cells of 

TB123a with the wild-type SNF1 or snf1∆ allele were cultured in SD medium until A610 = 0.3, and treated 

with 10 mM MG (60 min), 200 ng/ml rapamycin (Rapa) (30 min), or glucose starvation stress (-Glc) (30 

min). The phosphorylation status of Gln3 was determined. 

 

Fig. 6. A proposed model of regulation of eIF2α by MG. Detailed description of each regulatory step was 

given in the text. P represents the phosphorylation status of each protein. Inhibitory effect of MG on 

translation initiation in S. cerevisiae is a consequence of eIF2α phosphorylation. Gcn2 is responsible for 

phosphorylation of eIF2α following treatment with MG, although protein kinase(s) or protein 

phosphatase(s) that may influence the phosphorylation states of Gln3 and Npr1 have yet to be determined. 
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