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The phosphatidylinositol 3-kinase inhibitors wortmannin and LY 294002 inhibit autophagy in isolated rat hepatocytes Edward F. C. BLOMMAART', Ulrike KRAUSE2,Jacques P. M. SCHELLENS3,Heleen VREELING-SINDELAROVA3and Alfred J. MEIJER' ' Department of Biochemistry, Academic Medical Centre, University of Amsterdam, The Netherlands Hormone and Metabolic Research Unit, UCL-ICP, Brussels, Belgium Department of Cell Biology and Histology, Academic Medical Centre, University of Amsterdam, The Netherlands (Received 3 Septemberil November 1996) - EJB 96 1310/1



Recent studies indicate that phosphatidylinositol 3-kinase is essential in the regulation of many processes dependent on membrane flow. Autophagy is a complex pathway in which cell material, including proteins, can be degraded. Membrane flow plays a pivotal role in this process. To find out whether phosphatidylinositol 3-kinase is also required for autophagy, we tested the effects on autophagy of two structurally unrelated phosphatidylinositol 3-kinase inhibitors, wortmannin and 2-(4-morpholinyl)-8-phenylchromone (LY294002). The addition of low concentrations of each of these inhibitors to incubations of hepatocytes in the absence of amino acids resulted in a strong inhibition of proteolysis. The antiproteolytic effect of wortmannin (IC=,o 30 nM) and LY294002 (IC5,, 10 pM) was accompanied by inhibition of autophagic sequestration and not by an increase in lysosomal pH or a decrease in intracellular ATP. No further inhibition of proteolysis by the two compounds was observed when autophagy was already maximally inhibited by high concentrations of amino acids. 3-Methyladenine, which is commonly used as a specific inhibitor of autophagic sequestration, was an inhibitor of phosphatidylinositol 3-kinase, thus providing a target for its action. It is proposed that phosphatidylinositol 3-kinase activity is required for autophagy. 3-Methyladenine inhibits autophagy by inhibition of this enzyme. Keywords: phosphatidylinositol 3-kinase; lysosome; proteolysis; 3-methyladenine; liver.



Phosphatidylinositol 3-kinase (PtdIns 3-kinase) is one of the first enzymes that becomes stimulated upon activation of cells by insulin, growth factors, and cytokines [I-61. With the use of inhibitors of PtdIns 3-kinase, wortmannin and 2-(4-morpholinyl)-8-phenylchromone (LY294002), considerable progress has been made in elucidating its role in signal transduction pathways [I-61. Furthermore, these studies have shown that PtdIns 3kinase activity is required for many processes involving membrane traffic [7]. These include translocation of GLUT1 and GLUT4 to the plasma membrane [8, 91, endocytosis [lo, 111, endosome fusion [12], lysosomal protein sorting [13, 141 and transcytosis [ 151. The importance of inositol phospholipids in the control of membrane traffic is also evident from studies in Correspondence to A. J. Meijer, Department of Biochemistry, Academic Medical Centre, University of Amsterdam, Meibergdreef 15, 1105 AZ Amsterdam, The Netherlands Fax: +31 20 6915519. E-mail: [email protected] Abbreviations. PtdIns 3-kinase. phosphatidylinositol 3-kinase; LY294002, 2-(4-morpholinyl)-8-phenylchromone: Lys-Ala-NH(0Me)Nap, lysyl-alanyl-4-methoxy-2-naphthylamide;Nap(OMe)NH,, 4-methoxy-2-naphthylamine ; DPP 11, dipeptidyl-peptidase I1 ; IC,,,, concentration giving 50% inhibition; Me,SO, dimethylsulfoxide; PtdIns(3)P, phosphatidylinositol 3-phosphate; PtdIns(3,4)P,, phosphatidylinositol 3,4-bisphosphate; PtdIns(3,4,5)P3, phosphatidylinositol 3,4,5-trisphosphate. Enzymes. I-Phosphatidylinositol 3-kinase (EC 2.7.1.137); l-phosphatidylinositol 4-kinase (EC 2.7.1.67); dipeptidyl-peptidase I1 (EC 3.4.14.2); hexokinase (EC 2.7.1.1); glucose-6-phosphate dehydrogenase (EC 1.1.1.49).



yeast. The yeast Saccharomyces cerevisiae VPS34 gene product is the analogue of the mammalian catalytic subunit of PtdIns 3kinase. VPS34 mutants are disturbed in vacuolar protein sorting [16, 171. Another process involving membrane traffic is autophagy. Autophagy is responsible for accelerated degradation of cell protein during starvation. The process comprises sequestration of cytoplasmic material in autophagosomes, fusion of these vesicles with lysosomes, and degradation of the sequestered material. Important regulators of the process are amino acids. Amino acids inhibit autophagy at the first step of the process, i.e. autophagic sequestration [18]. Because of the importance of membrane traffic in autophagy, both in the formation and fusion of vesicles, it was of interest to find out whether PtdIns 3-kinase is also involved in this process. In this study we show that wortmannin and LY294002, at concentrations that inhibited PtdIns 3-kinase activity, prevented autophagic sequestration in isolated rat hepatocytes. This is in agreement with a more general requirement of membrane traffic for PtdIns 3-kinase activity. In addition, it is shown that 3-methyladenine, a specific inhibitor of autophagic sequestration [ 191, is an inhibitor of PtdIns 3-kinase.



MATERIALS AND METHODS Materials. Wortmannin and phosphatidylinositol were purchased from Sigma. Wortmannin was dissolved in dimethylsulfoxide (Me,SO) at 2 mM and stored at -20°C in the dark.



Blommaart et al. ( E M J. Biochem. 243) Dilutions in 0.9% NaCl were prepared just before the start of each experiment. LY294002 was obtained from Biomol, and was dissolved in Me,SO. The final Me,SO concentration in the incubation medium did not exceed 0.25 % (by vol.). This concentration of M e 3 0 did not affect the processes that were tested. ['4C]Sucrose, ['*P]orthophosphate, and [y-32P]ATP were obtained from Amersham International. The p85 antibody was obtained from Upstate Biotechnology Inc. Sepharose 4B beads were from Pharmacia and TLC plates (silica gel 60) were from Merck. Lysyl-alanyl-4-methoxy-2-naphthylamide [Lys-AlaNH(0Me)Napl was obtained from Bachem Feinchemikalien AG. Preparation of hepatocytes. Hepatocytes were isolated from 18-24 h starved male Wistar rats (200-250 g) by collagenase perfusion, as described by Groen et al. [20]. Measurement of proteolysis. Proteolysis was measured as production of valine [21] after 90 min of incubation at 37°C in Krebs-Henseleit bicarbonate medium plus 20 mM glucose, 25 pM cycloheximide and the additions or omissions indicated in the legends to the figures; the final volume was 2 ml. Cycloheximide was present to prevent simultaneous protein synthesis. At this concentration, cycloheximide did not affect proteolysis [221. Measurement of cellular ATP concentration. For determination of ATP, incubations were terminated by the addition of HCIO, [final concentration 3% (mass/vol.)] in the cold. After removal of the denatured protein by centrifugation at 12000 g for 1 min, the samples were neutralized to pH 7 with a mixture of 2 M KOH and 0.3 M Mops. ATP was determined fluorimetrically according to Williamson and Corkey [23] using glucose, hexokinase, glucose-6-phosphate dehydrogenase, and NADP'. Measurement of changes in lysosomal pH. Changes in lysosomal pH were measured according to a newly described method [24] by monitoring changes in the activity of the lysosoma1 enzyme dipeptidyl-peptidase 11. The activity of this enzyme was determined by the production of fluorescent 4-methoxy-2-naphthylamine [Nap(OMe)NH,] from low concentrations of lysyl-alanyl-4-methoxy-2-naphthylamide[Lys-AlaNH(OMe)Nap]. Cells were incubated at 37 "C in Krebs-Henseleit bicarbonate medium plus 20 mM glucose, 20 pM Lys-AlaNH(OMe)Nap, and the additions or omissions indicated in the legend of Table 1. A low cell concentration (0.2 mg dry cells . m1-I) was used to avoid depletion of Lys-Ala-NH(0Me)Nap. After 20 min of incubation, the reaction was stopped by diluting samples 20-fold with 0.3 M glycine/NaOH, pH 10.6. The production of Nap(OMe)NH, was measured with a Perkin Elmer LS-2 fluorimeter (excitation 340 nm, emission 425 nm). Electron microscopy. After 1 h of incubation, hepatocytes were fixed for 1.5 h at room temperature in a mixture of 4% paraformaldehyde and 1% glutaraldehyde in 0.1 M cacodylate, pH 7.4. Cells were rinsed for 30 min in the same buffer and were postfixed for 1 h at 4°C in 1 % OsO, in 0.1 M cacodylate, pH 7.4. After transfer to 70% ethanol, aliquots of the cell suspensions were pelleted by centrifugation (10000 g for 8 min). Cell pellets were treated as tissue blocks according to standard procedures, i.e. dehydration by increasing ethanol concentrations and embedding in LX112 via propylene oxide. Ultrathin sections were stained with uranyl acetate and lead citrate. For morphometric analysis, 40 cells/sample were analyzed. A random selection was made of those cell sections that contained a nucleus. For each cell, two micrographs were made at an original magnification of X4100. Volume densities were analyzed on final prints at a magnification of X30000. Area determination of autophagosomes, i.e. all vacuoles containing recognizable cytoplasmic structures, and cell cytoplasm was performed by means of a Kontron MOP Videoplan.
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Composition of the complete mixture of amino acids. The concentration of each amino acid in this mixture was equal to either one (complete amino acid mixture) or four (4X complete amino acid mixture) times its concentration in the portal vein of a starved rat. The composition of the 1X mixture was as described in [25], except that the concentration of leucine was 200 pM. When proteolysis was measured, valine was omitted from the amino acid mixture because its production was used to monitor proteolytic rates. Measurement of ['4C]sucrose sequestration. Loading of hepatocytes with ['4C]sucrose and its autophagic sequestration was carried out with the electropermeabilization procedure as described by Seglen and Gordon [18]. Cells were electropermeabilized and incubated for 1 h with ['4C]sucrose at 0°C. Cells were then allowed to reseal at 37°C for 30 min. Cells were washed with Krebs-Henseleit medium to remove extracellular ['4C]sucrose and reincubated for 60 min under the conditions indicated in the legend to Fig. 2. After incubation, cells were lysed by electroshock in a non-ionic medium (10% sucrose) and ['4C]sucrose in the remaining cell structures was used as a measure of the rate of autophagic sequestration. Amino-acid-resistant [14C]sucrosesequestration, which was about 60% of total sequestered sucrose, represents mitochondria1 uptake [I 81. Phosphatidylinositol 3-kinase activity measurement. After 60 min of incubation at 37 "C in Krebs-Henseleit bicarbonate medium plus 20mM glucose in the absence or presence of 100 nM wortmannin, cells were harvested, washed with ice-cold NaClP, (137 mM NaCl, 2.7 mM KCI, 8 mM Na,HPO,, and 1.5 mM KH,PO,; final pH 7.2) and lysed in a buffer containing 50 mM Hepes, pH 7.4, 150 mM NaC1, 10 mM EDTA, 10 mM Na,P,O,, 100 mM NaF, 1 % Nonidet-P40, 1 mM Na,VO,, 4 pg/ ml leupeptin, 1 mM benzamidine, 0.7 pg/ml pepstatin and 0.2 mM phenylmethylsulfonyl fluoride, for 15 min at 4°C. Lysates were centrifuged for 15 min at 12000 g. An aliquot of cell lysate was incubated for 1 h at 4°C with a polyclonal antibody raised against the p85 subunit of PtdIns 3-kinase. The immunocomplex was incubated with protein-A-Sepharose 4B for 2 h at 4°C. The Sepharose complex was washed twice with NaClP, containing 1% Nonidet-P40, twice with Tris/HCI (0.1 M)-buffered LiCl (0.5 M), and twice with a buffer containing 10 mM Tris/HCI, 100 mM NaCI, and 1 mM EDTA. All washing buffers contained 0.1 mM Na,VO, and the pH was adjusted to 7.4. The PtdIns 3-kinase activity was measured in a final volume of 50 p1 in a medium containing 20 mM Hepes, 0.4 mM EGTA, 0.4 mM Na,HPO,, 10 mM MgCl,, 50 pM ATP, 2 pCi [y-"PIATP, 0.005% Nonidet-P40 and 0.2 mg/ml phosphatidylinositol ; the temperature was 23 "C. The reaction was initiated with MgATP and was linear for 10 min. The reaction was stopped after 5 min by the addition of 15 p1 4 M HCI. Radiolabeled phospholipids were isolated from the reaction mixture by the addition of 130 pl 1 :1 (by vol.) methanol/chloroform. The lower phase was recovered and after drying the pellet was resuspended in 10 p1 chloroform and spotted onto a TLC plate. Samples were chromatographed for 1.5 h in 45 :35 :3 :7 (by vol.) methanol/chloroform/ 25 5% ammonidwater. Radioactivity incorporated into each spot was measured with a PhosphorImager (Molecular Dynamics). Determination of phosphorylation of ribosomal protein S6. Hepatocytes were incubated at 37°C for 60 min in KrebsHenseleit bicarbonate medium plus 20 mM glucose, 0.2 mM [3'P]phosphate (10 pCi/ml) and the additions indicated in the legend to Fig. 6. At the end of the incubations, cells were diluted fivefold with ice-cold Krebs-Henseleit bicarbonate medium and collected by centrifugation (2 min, 50 g). The cell pellets were extracted with 0.6 ml sample buffer and brought to 90°C for 5 min; an amount equivalent to about 100 pg protein was analyzed by SDS/PAGE (10% polyacrylamide). Gel slabs were
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Fig. 1. Inhibition of proteolysis by wortmannin and LY294002. In A and B, hepatocytes ( 5 mg dry cells . ml ') were incubated in the absence of amino acids, with the indicated concentrations of wortmannin or LY294002. In C, hepatocytes ( 5 mg dry cells . ml-I) were incubated with OX, 1X or 4X the complete mixture of amino acids, in the absence (0) or presence of either 100 nM wortmannin (W) or 100 pM LY294002 (H). Amino acids were added after a 2 min prior incubation of the cells with the inhibitors. After 90 min of incubation, proteolysis was measured as described in the Materials and Methods section. Values are the means ( + SE) of 3-7 different hepatocyte preparations. *, significantly different ( P 


RESULTS To ensure maximal proteolytic flux, rat hepatocytes were incubated in the absence of added amino acids. Under these conditions, autophagy accounts for approximately 6 0 % of total proteolysis [26, 271. To test a possible role of PtdIns 3-kinase in autophagy, increasing concentrations of two structurally unrelated PtdIns 3-kinase inhibitors, wortmannin and LY294002, were added to the incubations. This resulted in a progressive inhibition of overall proteolysis to 4 0 % of the maximal rate (Fig. 1 A, B). Half-maximal inhibition of proteolysis was observed at approximately 30 nM wortmannin and 10 pM LY294002. The maximal inhibitory effect of the two PtdIns 3kinase inhibitors on overall proteolysis was comparable to that obtained with known inhibitors of autophagic proteolysis, i.e. high concentrations of amino acids (4X complete amino acids) (Fig. 1 C) (compare [I 81) and 3-methyladenine [19]. Under conditions where autophagic proteolysis was only partially inhibited, i.e. at low concentrations of amino acids (1 X complete amino acids), the addition of wortmannin or LY294002 resulted in a further inhibition of proteolysis to the maximal level of inhibition that was observed in the presence of high concentrations of amino acids (Fig. 1C). In the presence of high concentrations of amino acids (4X complete amino acids), no significant further inhibition of proteolyis by wortmannin or LY294002 was observed (Fig. 1 C). In contrast to their effect on the autophagic-lysosomal proteolytic pathway, amino acids do not inhibit extralysosomal proteolysis [27].The fact that the anti-proteolytic effects of wortmannin and LY294002 were not additive with that of amino acids indicates that the two compounds also inhibit autophagiclysosomal proteolysis. However, this finding gives no information about the nature of the step(s) in this process that are inhibited by wortmannin and LY294002. To test the possibility that the antiproteolytic effect of wortmannin and LY294002 was due to an increase in lysosomal pH, the effect of the two compounds on the activity of the lysosomal enzyme dipeptidyl-peptidase I1



Table 1. Effect of wortmannin and LY294002 on the intracellular ATP content and on DPP I1 activity. For measurement of ATP, rat hepatocytes ( 5 mg dry cells . ml-I) were incubated for 90 min in KrebsHenseleit bicarbonate buffer plus 20 mM glucose. For measurement of DPP TI activity, hepatocytes were incubated under the same conditions for 20 min at a lower cell concentration (0.2 mg dry cells . ml ') (see Materials and Methods section). Values are the means (tSE) with the number of different hepatocyte preparations given in brackets. The rate of Nap(OMe)NH, production under control conditions (100%) was 758 + 27 nmol . min ' . g dry cells-'. *, Significantly different (P 
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(DPP 11) was studied. The activity of this enzyme is very sensitive to changes in lysosomal pH 1241. The anti-proteolytic effects of wortmannin and LY294002 could clearly not be ascribed to a rise in lysosomal pH, as indicated by their lack of effect on DPP 11 activity in intact hepatocytes (Table 1). As a control, the effect of the acidotropic agent methylamine is also shown. 10 mM methylamine decreased DPP I1 activity by 40%. This concentration of methylamine strongly inhibits lysosomal proteolysis [compare 24, 281. In the same set of experiments, the effect of the autophagic sequestration inhibitor 3-methyladenine [19] was also tested. This compound slightly inhibited DPP TI activity, which indicates a slight alkalinization of the lysosomes. This is in agreement with a similar conclusion reached previously on the basis of the effect of 3-methyladenine on chloroquine accumulation [29]. Because autophagic proteolysis in hepatocytes is ATP dependent [30], the effect of wortmannin and LY294002 on intracellular ATP was tested. No significant effect on the cellular ATP content was observed (Table 1). Likewise, neither methylamine nor 3-methyladenine significantly affected ATP levels (Table 1).
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additions Fig. 2. Inhibition of sequestration of ['4C]sucrose by amino acids, 3methyladenine, wortmannin and LY294002. ['"C]Sucrose loaded hepatocytes ( 5 mg dry cells . ml ') were incubated in the absence or presence of either 100 pM LY294002 (LY). 100 nM wortmannin (W), the 4Xcomplete mixture of amino acids (AA) or 5 mM 3-methyladenine (3MA). After 60 min of incubation, ["C]sucrose sequestration was measured as in [18]. The maximal rate of amino-acid-sensitive sucrose sequestration was 5 % of the cytosolic volume in 60 min. Amino-acidinsensitive uptake of ['T]sucrose (60% of total sequestered sucrose) is due to accumulation of sucrose in mitochondria [18]. Values are the means (? SE) of experiments camed out with three different hepatocyte preparations. *, significantly different from the control condition ( P < 0.05).



Table 2. Effect of wortmannin and LY294002 on the volume density of autophagosomes. Rat hepatocytes ( 5 mg dry cells . ml-') were incubated for 60 min in Krebs-Henseleit bicarbonate buffer plus 20 mM glucose and 50 pM vinblastin. Samples for electron microscopy were prepared and analyzed as described in the Materials and Methods section. Values of control incubations and incubations in the presence of wortmannin (100 nM) are the means (LSE) of four different hepatocyte preparations. Values of incubations receiving either amino acids (4X complete mixture) or LY294002 (100 pM) are the means (? range) of two different hepatocyte preparations. Additions



Volume density of autophagosomes % of cytoplasmic volume



None Wortmannin LY294002 Amino acids



2.06i-0.10 0.17 2 0.04 0.15 50.02 0.22 2 0.03



We next investigated the effects of wortmannin and LY294002 on the sequestration step of the autophagic pathway, as measured by sequestration of electroinjected cytosolic ['4C]sucrose. Jn the absence of amino acids, when the rate of autophagic sequestration was maximal, the addition of either 100 nM wortmannin or 100 pM LY294002 strongly inhibited sequestration of ['4C]sucrose (Fig. 2). Inhibition was comparable to that obtained with 3-methyladenine or with high concentrations of amino acids (Fig. 2). The results on autophagic sequestration were supported by electron microscopy. The volume density of autophagosomes was measured in cells that were incubated in the absence of amino acids to ensure maximal autophagic flux. To prevent degradation of newly formed autophagosomes, vinblastin was



c Fig. 3. Inhibition of autophagosome formation by wortmannin and LY294002. Electron micrographs of isolated rat hepatocytes that were incubated for 60 min (5 mg dry cells . ml-') with 50 pM vinblastin alone (A, B) or in the presence of 50 pM vinblastin plus 100 nM wortmannin (C). Autophagosomes in A are indicated by arrowheads. The area in A, indicated by the arrow, is enlarged in B. The vacuole-like structures in C are fat droplets. Magnifications: A and C, X3200; B, X15000.



added to the incubations. This compound inhibits fusion between autophagosomes and lysosomes without having an effect on autophagic sequestration [31]. Under these conditions, autophagosomes accumulated to up to 2% of the total cytoplasmic volume (Table 2). As illustrated in Fig. 3, autophagosomes could hardly be detected in cells that were incubated in the presence of 100 nM wortmannin (Fig. 3 C) compared to cells incubated under maximal autophagic conditions (Fig. 3 A and B). Morphometric analysis of cells incubated in the absence or presence of either 100 nM wortmannin or 100 pM LY294002 (Table 2) revealed a strong inhibitory effect of both compounds on the volume density of autophagosomes. Inhibition was comparable to the effect of high concentrations of amino acids (Table 2).
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Fig. 4. Inhibition of PtdIns 3-kinase by wortmannin and LY294002. In A, hepatocytes (5 mg dry cells . mi-') were incubated for 60 min in the absence or presence of wortmannin at the concentrations indicated. The activity of Ptdlna 3-kinase was measured in cell lysates as described in the Materials and Methods section. In B, cells were incubated for 60 min in the absence of inhibitor, lysed, and the activity of PtdIns 3kinase was tested in vifro in the presence of either wortmannin (A) or LY294002 (0)at the concentrations indicated. In A, values are the means (2SE) of experiments carried out with three different hepatocyte preparations. In B, each value is the mean 5 the range of two experiments with different hepatocyte preparations.



To test whether wortmannin, at the concentrations used, inhibited PtdIns 3-kinase in the cells, the activity of the enzyme was measured in lysates of cells after prior incubation of the cells with different concentrations of wortmannin. Since wortmannin inhibits the enzyme irreversibly by covalent binding [32], its effect on intact cells can still be observed in an in vitro assay. The gradual inhibition of proteolysis (Fig. 1A) was accompanied by a parallel inhibition of PtdIns 3-kinase (Fig. 4A). However, inhibition of proteolysis was maximal at a concentration of wortmannin (100 nM) that only inhibited 60% of total intracellular PtdIns 3-kinase activity. In contrast, the addition of wortmannin to PtdIns 3-kinase in vitro completely inhibited the enzyme (Fig. 4 B ) (see also Discussion section). The effect of LY294002 on PtdIns 3-kinase activity of intact hepatocytes could not be tested directly because inhibition by this compound is not by covalent binding, but is reversible, being competitive with ATP [33]. For this reason, the effect of LY294002 could only be tested in vitro. As shown in Fig. 4 B , PtdIns 3-kinase was almost completely inhibited at 50 pM LY294002. Since our data showed that both wortmannin and LY294002 inhibit autophagic sequestration, the possibility was tested whether the anti-sequestration effect of 3-methyladenine could also be ascribed to inhibition of Ptdlns 3-kinase. ?Methyladenine strongly inhibited in vitro PtdIns 3-kinase activity (Fig. 5A). Inhibition appeared to be competitive with ATP (Fig. 5B), which is mechanistically similar to that reported for LY294002 [33]. To demonstrate that PtdIns 3-kinase in the intact hepatocyte is also inhibited by 3-methyladenine and LY294002, we tested their effects on phosphorylation of ribosomal protein S6, which is known to require active PtdIns 3-kinase 1341. In the experiment shown in Fig. 6, hepatocytes were incubated in the presence of a complete mixture of amino acids to ensure a high degree of S6 phosphorylation 13.51. Both 3-methyladenine and LY294002 almost completely prevented S6 phosphorylation. Likewise, S6 phosphorylation was sensitive to inhibition by wortmannin. This indicates that PtdIns 3-kinase in intact hepatocytes was inhibited by 3-methyladenine and LY294002.
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Fig. 5. Inhibition of PtdIns 3-kinase by 3-methyladenine. Ptdlns 3kinase activity was measured in cell lysates as described in the legend to Fig. 4B. In the assay, the ATP concentration was either 50 pM (U). 250 pM (+) or 1000 pM (M). 3-Methyladenine was present at the concentrations indicated. Each value is the mean ? the range of two experiments with different hepatocyte preparations.
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Fig. 6. Inhibition of phosphorylation of ribosomal protein S6 by wortmannin, LY294002 and 3-methyladenine in intact hepatocytes. Phosphorylation of ribosomal protein S6 was measured as described in the Materials and Methods section in the absence or presence of a complete (1X ) amino acid mixture. Wortmannin, LY294002, and 3-methyladenine, if present, were added at concentrations of 100 nM, 100 pM and 5 mM, respectively.



DISCUSSION Wortmannin and LY294002 are potent inhibitors of mammalian PtdIns 3-kinase, but their mechanisms of action are different. Wortmannin covalently binds to the enzyme, which is then irreversibly inhibited [32]. By contrast, LY294002 binds to the enzyme in a reversible manner, inhibition being competitive with ATP, presumably because LY294002 and ATP have structural resemblance [33]. Both wortmannin and LY294002 were potent inhibitors of autophagic sequestration in hepatocytes. This suggests that PtdIns 3-kinase activity is required for this process, which is in agreement with the requirement for the enzyme of membrane-flow-dependent processes (see Introduction section). Although wortmannin is a potent inhibitor of PtdIns 3-kinase, this compound may not be entirely specific. Thus, wortmannnin also inhibits PtdIns 4-kinase [36].It is unlikely, however, that inhibition of PtdIns 4-kinase was responsible for inhibition of autophagic sequestration by wortmannin because LY294002, which either does not affect PtdIns 4-kinase [33] or inhibits the enzyme at concentrations much higher than those used in our study [37], similarly inhibited autophagic sequestration. Previous work by Seglen and Gordon [I 8, 191 has resulted in the identification of 3-methyladenine, a now widely used potent inhibitor of autophagic sequestration. However, the mechanism of its action has remained unclear. Our data indicate that Ptdlns 3-kinase is a likely target for 3-methyladenine action (Figs 5 and 6). Remarkably, 3-methyladenine also inhibits endocytosis [ 38, 391, a process requiring PtdIns 3-kinase activity [ I l , 12, 401. Even more striking, both 3-methyladenine [39] and wortmannin
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[40] appear to inhibit late in the endocytic pathway. This strongly suggests that in endocytosis the 3-methyladenine effect can also be ascribed to its ability to inhibit PtdIns 3-kinase activity. It must be pointed out that in our experiments hepatocytes were incubated under conditions of maximal autophagic flux, i.e. in the absence of stimuli of signal transduction. Apparently, basal activity of PtdIns 3-kinase, which produces phosphatidylinositol 3-phosphate [PtdIns(3)P] and not phosphatidylinositol 3,4-bisphosphate [PtdIns(3,4)P2] and phosphatidylinositol 3,4,5trisphosphate [PtdIns(3,4,5)P3] [7,41], is essential and sufficient to allow maximal autophagic sequestration. A similar situation can be found in yeast where the homologue of the pl10 catalytic subunit of the mammalian PtdIns 3-kinase, VPS34p, is a lipid kinase with substrate specificity towards PtdIns [17]. It cannot form Ptdlns(3,4)P2 or PtdTns(3,4,5)P3 and inactivation of the VPS34 gene results in disturbance of membrane flow [16]. It is noteworthy that in intact hepatocytes wortmannin effectively inhibited autophagic proteolysis at lower concentrations than required for complete suppression of all intracellular PtdIns 3-kinase activity. Thus, 100 nM wortmannin completely prevented autophagy (Figs lA, 2 and 3) whereas PtdIns 3-kinase activity of intact hepatocytes was only 60% inhibited at this concentration of the inhibitor, as measured by direct enzyme assay (Fig. 4A). Incomplete inhibition of PtdIns 3-kinase in intact cells by wortmannin at these concentrations has also been observed by others [34, 421. By contrast, 100 nM wortmannin completely inhibited in vitro PtdIns 3-kinase activity that was immunoprecipitated from cells incubated in the absence of the inhibitor (Fig. 4B). Apparently, part of the total enzyme activity in intact cells is less affected by the inhibitor. This may be the result of subcellular enzyme distribution. In other cell types, PtdIns 3-kinase activity is both associated with low density membranes and present in the cytosol [41, 431. It is likely that wortmannin, a highly lipophilic molecule, affects autophagic sequestration at intracellular membrane sites. Possibly, these sites are the ribosome-free parts of the rough endoplasmic reticulum that are considered to be the origin of the autophagosomal membranes [44]. The cytosolic wortmannin concentration can be expected to be low, compared to its concentration in the membranes. This would thus account for the fact that very high concentrations of wortmannin are required to inhibit all PtdIns 3kinase activity in the cells completely (Fig. 4A). In summary, three structurally unrelated compounds, wortmannin, LY294002 and 3-methyladenine all inhibit PtdIns 3-kinase and simultaneously inhibit autophagy in hepatocytes at the sequestration step. It is proposed that PtdIns 3-kinase is required for autophagic sequestration. This study was supported in part by a grant (project no. 900-523168) from the Netherlands Organization for Scientific Research (NWOGMW). U. Krause was a fellow of the European Program ‘Human Capital and Mobility’ (grant CHRX-CT93-0242). The authors are grateful to Professor Dr L. Hue for his interest and to George van Woerkom for his excellent technical assistance.



REFERENCES 1. Cross, D. A. E., Alessi, D. R., Vandenheede, J. R., McDowell, H. E., Hundal, H. S. & Cohen, P. (1994) The inhibition of glycogen synthase kinase-3 by insulin or insulin-like growth factor 1 in the rat skeletal muscle cell line L6 is blocked by wortmannin, but not by rapamycin. Evidence that wortmannin blocks activation of the mitogen-activated protein kinase pathway in L6 cells between Ras and Raf, Biochem J. 303, 21-26. 2. Kapeller, R. & Cantley, L. C. (1994) Phosphatidylinositol 3-kinase, Bioessays 8, 565-576.



245



3. Monfar, M., Lemon, K. P., Crammer, T. C., Cheatham, L., Chung, J. K., Vlahos, C. J. & Blenis, J. (1995) Activation of pp70/85 S6 kinases in interleukin-2-responsive lymphoid cells is mediated by phosphatidylinositol 3-kinase and inhibited by cyclic AMP, Mol. Cell Biol. 15, 336-331. 4. Shepherd, P. R., NavC, B. T. & Siddle, K. (1995) Insulin stimulation of glycogen synthesis and glycogen synthase activity is blocked by wortmannin and rapamycin in 3T3-Ll adipocytes. Evidence for the involvement of phosphoinositide 3-kinase and p70 ribosomal protein36 kinase, Biochem. J. 305, 25-28. 5. Yamamoto-Honda, R., Tobe, K., Kaburagi, Y., Ueki, K., Asai, S., Yachi, M., Shirouzu, M., Yodoi, J., Akanuma, Y., Yokoyama, S., Yazaki, Y. & Kadowaki, T. (1995) Upstream mechanisms of glycogen synthase activation by insulin and insulin-like growth factor-I - Glycogen synthase activation is antagonized by wortmannin or LY294002 but not by rapamycin or by inhibiting p2l(ras), J. Biol. Chem. 270, 2729-2734. 6. Welsh, G. I., Foulstone, E. J., Young, S. W., Tavar6, J. M. & Proud, C. G. (1994) Wortmannin inhibits the effects of insulin and serum on the activities of glycogen synthase kinase-3 and mitogen activated protein kinase, Biochem. J. 303, 15-20. 7. Sheperd, P. R., Reaves, B. J. & Davidson, H. W. (1996) Phosphoinositide 3-kinases and membrane traffic, Trends Cell Biol. 6, 92-97. 8. Quon, M. J., Chen, H., Ing, B. L., Liu, M. L., Zarnowski, M. J., Yonezawa, K., Kasuga, M., Cushman, S. W. & Taylor, S. I. (1995) Roles of 1-phosphatidylinositol 3-kinase and ras in regulating translocation of GLUT4 in transfected rat adipose cells, Mol. Cell. Biol. 15, 5403-5411. 9. Clarke, J. F., Young, P. W., Yonezawa, K., Kasuga, M. & Holman, G. D. (1994) Inhibition of the translocation of GLUT1 and GLUT4 in 3T3-Ll cells by the phosphatidylinositol 3-kinase inhibitor, wortmannin, Biochem. J. 300, 631 -635. 10. Clague, M. J., Thorpe, C. & Jones, A. T. (1995) Phosphatidylinositol 3-kinase regulation of fluid phase endocytosis, FEBS Lett. 367, 272- 274. 1. Li, G. P., D’Souza-Schorey, C., Barbieri, M. A., Roberts, R. L., Klippel, A., Williams, L. T. & Stahl, P. D. (1995) Evidence for phosphatidylinositol 3-kinase as a regulator of endocytosis via activation of Rab5, Proc. Nut1 Acad. Sci. USA 92, 10207-10211. 2. Jones, A. T. & Clague, M. J. (1995) Phosphatidylinositol 3-kinase activity is required for early endosome fusion, Biochem. J. 311, 31-34. 3. Brown, W. J., De Wald, D. B., Emr, S . D., Plunter, H. & Balch, W. E. (1995) Role for phosphatidylinositol 3-kinase in the sorting and transport of newly synthesized lysosomal enzymes in mammalian cells, J. Cell Biol. 130, 781-796. 14. Davidson, H. W. (1995) Wortmannin causes mistargeting of procathepsin D. The involvement of a phosphatidylinositol 3-kinase in vesicular transport to lysosomes, J. Cell Biol. 130, 797-805. 15. Cardone, M. & Mostov, K. (1995) Wortmannin inhibits transcytosis of dimeric IgA by the polymeric immunoglobulin receptor, FEBS Lett. 376, 74-76. 16. Schu, P. V., Takegawa, K., Fry, M. J., Stack, J. H., Waterfield, M. D. & Emr, S. D. (1993) Phosphatidylinositol 3-kinase encoded by yeast VPS34 gene essential for protein sorting, Science 260, 8891. 17. Stack, J. H. & Em, S. D. (1994) VPS34p required for yeast vacuolar protein sorting is a multiple specificity kinase that exhibits both protein kinase and phosphatidylinositol-specificPtdIns 3-kinase activities, J. Biol. Chem. 269, 31 552-31 562. 18. Seglen, P. 0. &Gordon, P. B. (1984) Amino acid control of autophagic sequestration and protein degradation in isolated rat hepatocytes, J. Cell Biol. 99, 435-444. 19. Seglen, P. 0. & Gordon, P. B. (1982) 3-Methyladenine: specific inhibitor of autophagic/lysosomal protein degradation in isolated rat hepatocytes, Proc. Nntl Acad. Sci. USA 79, 1889-1892. 20. Groen, A. K., Sips, H. J., Vervoorn, R. C. & Tager, J. M. (1982) Intracellular compartmentation and control of alanine metabolism in rat liver parenchymal cells, Eul: J. Biochem. 122, 87-93. 21. Leverve, X. M., Caro, L. H. P., Plomp, P. J. A. M. & Meijer, A. J. (1987) Control of proteolysis in perifused hepatocytes. FEBS Lett. 219,455-458.



246



Blommaart et al. (Eur: J . Biachem. 243)



22. Meijer, A. J., Gustafson, L. A,, Luiken, J. J. E P., Blommaart, P. J . E., Caro, L. H. P., van Woerkom, G. M., Spronk, C. & Boon, L. (1993) Cell swelling and the sensitivity of autophagic proteolysis to inhibition by amino acids in isolated rat hepatocytes, ELMJ . Biochem. 215. 449-454. 23. Williamson, J. R. & Corkey, B. E. (1969) Assays of intermediates of the citric acid cycle and related compounds by fluorometric enzyme methods, Methods Enzynzol. 13, 434-51 3. 24. Luiken, J. J. F. P., Aerts. J. M. F. G. & Meijer, A . J. (1996) The role of the intralysosomal pH in the control of autophagic proteolytic flux in rat hepatocytes, Eur: J . Bioclzem. 235, 564-573. 25. Meijer, A. J., Lof, C., Ramos, 1. C. & Verhoeven, A. J. (1985) Control of ureagenesis, Eur: J. Biochem. 148, 189 - 196. 26. Schworer, C. M. & Mortimore, G. E. (1979) Glucagon induced autophagy and proteolysis in rat liver: mediation by selective deprivation of intracellular amino acids, Proc. Narl Acad. Sci. USA 76, 3169- 3173. 27. Seglen, P. O., Gordon, P. B. & Poli, A. (1980) Amino acid inhibition of the autophagicllysosomal pathway of protein degradation in isolated rat hepatocytes, Bioclzim. Biophys. Acra 630, 103 118. 28. Seglen, P. O., Grinde, B. & Solheim, A. I. (1979) Inhibition of the lysosomal pathway of protein degradation in isolated rat hepatocytes by ammonia, methy lamine, chloroquine and leupeptin, Eur: J. Biochem. 95, 21 5 - 225. 29. Caro, L. H. P., Plomp, P. J. A. M., Wolvetang, E. J., Kerkhof, C. & Meijer, A. J. (1988) 3-Methyladenine, an inhibitor of autophagy, has multiple effects on metabolism, Eur: J. Biochem. 175, 325329. 30. Plomp, P. J. A. M., Wolvetang, E. J., Groen, A. K., Meijer, A. J., Gordon, P. B. & Seglen, P. 0. (1987) Energy dependence of autophagic protein degradation in isolated rat hepatocytes, Eur: J . Biochem. 164, 197-203. 31. Hoyvik, H., Gordon, P. B. & Seglen, P. 0. (1986) Use of a hydrolysable probe. ['T]lactose to distinguish between pre-lysosomal and lysosomal steps in the autophagic pathway, Exp. Cell. Rex 166, 1-14. 32. Powis, G., Bonjouklian, R., Berggren, M. M., Gallegos. A,, Abraham, R., Ashendel, C., Zalkow, L., Matter, W. F., Dodge, J., Grindey, G. & Vlahos, C . J. (1994) Wortmannin, a potent and selective inhibitor of phosphatidylinositol-3-kinase. Cancer Rex 54, 2419 -2423. 33. Vlahos, C. J., Matter, W. F., Kui, K. Y. & Brown, R. F. (1994) A specific inhibitor of phosphatidylinositol 3-kinase, 2-(4-morpholi-



34.



35.



36.



37.



38.



-



39.



40.



41.



42.



nyl)-8-phenyl-4H-benzopyran-4-one (LY294002), J. Bid. Chem. 269, 5241 -5248. Krause. U., Rider, M. H. & Hue, L. (1996) Protein kinase signalling pathway triggered by cell swelling and involved in the activation of glycogen synthase and acetyl-coA carboxylase in isolated rat hepatocytes, J. Biol. Chem. 271, 16668-16673. Blommaart, E. F. C., Luiken, J. J. F. P., Blommaart, P. J. E., van Woerkom, G. M. & Meijer, A. J. (1995) Phosphorylation of ribosomal protein S6 is inhibitory for autophagic proteolysis in isolated rat hepatocytes, J. Bid. Chern. 270, 2320-2326. Nakanishi, S., Catt, K. J. & Balla, T. (1995) A wortmannin-sensitive phosphatidylinositol 4-kinase that regulates hormone-sensitive pools of inositolphospholipids, Proc. Natl Acad. Sci. USA 92, 5317-5322. Downing, G. J., Kim, S., Nakanishi, S., Catt, K. J. & Balla, T. (1996) Characterization of a soluble adrenal phosphatidylinositol 4-kinase reveals wortmannin sensitivity of type 111phosphatidylinosito1 kinases, Biochemistry 35, 3587-3594. Hendil, K. B., Lauridsen, A. B. & Seglen, P. 0. (1990) Both endocytic and endogenous protein degradation in fibroblasts is stimulated by serumhmino acid deprivation and inhibited by 3-methyladenine, Biochem. J. 272, 577-581. Punnonen, E. L., Marjomaki, V. S. & Reunanen, H. (1994) 3Methyladenine inhibits transport from late endosomes to lysosomes in cultured rat and mouse fibroblasts, Eur: J. Cell Bid. 65, 14-25. Reaves, B. J., Bright, N. A,. Mullock, B. M. & Luzio, J. P. (1996) The effect of wortmannin on the localisation of lysosomal type 1 integral membrane glycoproteins suggests a role for phosphoinositide 3-kinase activity in regulating membrane traffic late in the endocytic pathway, J. Cell Sci. 109, 749-762. Kelly, K. L. & Ruderman, N. B. ( I 993) Insulin stimulated phosphatidylinositol 3-kinase: association with a 185-kDa tyrosine-phosphorylated protein (IRS-I) and localization in a low density membrane vesicle, J. B i d . Chem. 268, 4391 -4398. Martys, L. J., Wjasow, C., Gangi, D. M., Kielian. M. C., McGraw, T. E. &Jonathan, M. B. (1996) Wortmannin sensitive trafficking pathways in chinese hamster ovary cells Differential effects on endocytosis and lysosomal sorting, J. Riol. Chem. 271, 1095310962. Kelly, K. L., Ruderman, N. B. & Chen, K. S. (1992) Phosphatidylinositol-3-kinase in isolated rat adipocytes - Activation by insulin and subcellular distribution, J. Biol. Chem. 267. 3423 -3428. Dunn, W. A. (1990) Studies on the mechanisms of autophagy: formation of the autophagic vacuole, J. Cell Bid. 110, 1923-1933. -



43. 44.



























[image: Inhibitors of IMPDH enzyme]
Inhibitors of IMPDH enzyme












[image: Gyrase inhibitors and uses thereof]
Gyrase inhibitors and uses thereof












[image: Inhibitors of IMPDH enzyme]
Inhibitors of IMPDH enzyme












[image: Proton pump inhibitors affect the gut microbiome]
Proton pump inhibitors affect the gut microbiome












[image: beta lactamase inhibitors pdf]
beta lactamase inhibitors pdf












[image: 043098 HIV-Protease Inhibitors]
043098 HIV-Protease Inhibitors












[image: Calcineurin Inhibitors: Friend of Foe?]
Calcineurin Inhibitors: Friend of Foe?












[image: P-glycoprotein inhibitors and their screening: a ...]
P-glycoprotein inhibitors and their screening: a ...












[image: Redesigning Kinase Inhibitors to Enhance Specificity]
Redesigning Kinase Inhibitors to Enhance Specificity












[image: Leadership On Demand: Followers as initiators and inhibitors of ...]
Leadership On Demand: Followers as initiators and inhibitors of ...












[image: 2011-03-15 Clariant_Corrosion Inhibitors and Corrosion Inhibitor ...]
2011-03-15 Clariant_Corrosion Inhibitors and Corrosion Inhibitor ...












[image: Leadership On Demand: Followers as initiators and inhibitors of ...]
Leadership On Demand: Followers as initiators and inhibitors of ...












[image: 1-(4-sulfamyaryl)-3-substituted-5-aryl-2-pyrazolines and inhibitors of ...]
1-(4-sulfamyaryl)-3-substituted-5-aryl-2-pyrazolines and inhibitors of ...












[image: The Task of the Referee]
The Task of the Referee















The phosphatidylinositol 3-kinase inhibitors ...






Values are the means ( + SE) of 3-7 different hepatocyte preparations. ... significantly different (P 






 Download PDF 



















 870KB Sizes
 5 Downloads
 247 Views








 Report























Recommend Documents







[image: alt]





Inhibitors of IMPDH enzyme 

Jan 24, 2003 - RELATED U.S. APPLICATION DATA ... sis pathWay or the salvage pathWay. ... rather than salvage pathWay to generate suf?cient levels of.














[image: alt]





Gyrase inhibitors and uses thereof 

Apr 28, 2004 - in DNA transcription, repair and recombination. Gyrase is one of ... classes of antibiotics, bacteria exposed to earlier compounds ... Ar is a ?ve membered heteroaryl, heterocyclyl, or car bocyclyl ... form of any basic nitrogen.














[image: alt]





Inhibitors of IMPDH enzyme 

Jan 24, 2003 - Synthetic Scheme 3 (see above). Asubstituted ... oxazolyl aniline as shoWn in General Synthetic Scheme 2. ..... HPLC retention times.














[image: alt]





Proton pump inhibitors affect the gut microbiome 

Dec 9, 2015 - was analysed separately in each cohort, followed by a meta-analysis. ..... In the meta-analysis, all microbiome data were cor- rected for age ...














[image: alt]





beta lactamase inhibitors pdf 

Whoops! There was a problem loading more pages. Whoops! There was a problem previewing this document. Retrying... Download. Connect more apps.














[image: alt]





043098 HIV-Protease Inhibitors 

There are limited data on central nervous system ...... Conference on Antimicrobial Agents and Chemotherapy, Toronto, Sep- .... Recovery of replication-.














[image: alt]





Calcineurin Inhibitors: Friend of Foe? 

Sep 16, 2011 - 2. Deceased and Living Donor. Renal Graft Survival. 0. 2. 4. 6. 8. 10. 12. 14. 16. 1989 .... These equivocal results plus sirolimus' side effect profile has .... Aim: Another arm to evaluate low-dose CSA versus standard dose CSA ...














[image: alt]





P-glycoprotein inhibitors and their screening: a ... 

fax: +91-172-214-692. E-mail address: [email protected] (R. Panchagnula). ...... Hiastand PC. Pharmacologic interactions between the resistance-.














[image: alt]





Redesigning Kinase Inhibitors to Enhance Specificity 

most successful anticancer drug imatinib (STI571, 1),3,13 with ... In principle, most kinase inhibitors can be turned into selective ...... (15) Rini, B. I. Sorafenib.














[image: alt]





Leadership On Demand: Followers as initiators and inhibitors of ... 

leaderâ€”follower processes, and especially how they can be involved in the very .... and then inter- vene. Again, in both cases, it is the manager's/leader's privi- ..... leadership (Kerr & Jermier, 1978), one could say that an initial or gradual ..














[image: alt]





2011-03-15 Clariant_Corrosion Inhibitors and Corrosion Inhibitor ... 

2011-03-15 Clariant_Corrosion Inhibitors and Corrosion Inhibitor Selection.pdf. 2011-03-15 Clariant_Corrosion Inhibitors and Corrosion Inhibitor Selection.pdf.














[image: alt]





Leadership On Demand: Followers as initiators and inhibitors of ... 

number of (for EHT) useful patents and keeping service levels .... Defence and protection are needed ...... Academy of Management Review, 35(4), 627â€”647.














[image: alt]





1-(4-sulfamyaryl)-3-substituted-5-aryl-2-pyrazolines and inhibitors of ... 

Jul 29, 2003 - Cyclooxygenasei2â€�, Database CAS online on STN (Colum bus, Ohio) AN 199:78401, Doc. No. 132:12302, WO. 99/62884, Dec. 12, 1999.














[image: alt]





The Task of the Referee 

own papers, and by reading referee reports written by others. ... actually subtract from the general store of ... You should also make the strength of your opinions ...


























×
Report The phosphatidylinositol 3-kinase inhibitors ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















