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Abbreviations s 

1AA A 

3-MA A 
4AA A 

4E-BP1 1 
AGS3 3 
AICA R R 
AM P P 
AT P P 
AMP K K 
APG G 
ApnA A 
AU T T 
Beclin-1 1 
CH O O 
CI I 
Cvt t 
DH A A 
DHA P P 
eEF2 2 
eIF2« « 
eIF4E E 
ER R 
ERK K 
G6Pase e 
Ga+b Ga+b 
GAI P P 
GAPP P 
GpL L 
GCN2 2 
GCN4 4 
gdm m 
GDP P 
GP P 
GPa a 
GPb GPb 
GS S 
GSa a 
GSb GSb 
GSa+b GSa+b 
GSK-3p* * 
GTP P 
H A A 
HEK293 3 
Hi s s 
HPL C C 
HT-29 9 

aa complete mixture of all amino acids each at a concentration 
thee portal vein of a starved rat 
3-methyladenine e 
aa complete mixture of all amino acids each at a concentration 
foundd in the portal vein of a starved rat 
4EE binding protein 1 
activatorr of G protein signaling 3 
5-Amino-imidazole-4-carboxarnide-11 -B-D-ribofuranoside 
adenosinee monophosphate 
adenosinee triphosphate 
AMP-activatedd protein kinase 
autophagyy genes 
diadenosinee polyphosphates 
autophagocytosiss genes 
coiled-coill  myosin-like BCL2 interacting protein 
chinesee hamster ovary cell line 
calpainn inhibitor I 
cytoplasm-to-vacuolee targeting 
dihydroxyacetone e 
dihydroxyacetonephosphate e 
eukaryoticc elongation factor 2 
eukaryoticc translation initiation factor 2 alpha 
eukaryoticc translation initiation factor 4E 
endoplasmicc reticulum 
extracellularr signal-regulated kinase 
glucosee 6-phosphatase 
totall  GP 
G-aiphaa interacting protein 
glutamate-activatedd protein phosphatase 
G-proteinn beta subunit like protein 
eIF22 a protein kinase 
transcriptionall  activator of amino acid biosynthetic genes 
gg dry mass of cells 
guanosinee diphosphate 
glycogenn phosphorylase 
activee (phosphorylated) GP 
inactivee (dephosphorylated) GP 
glycogenn synthase 
activee (dephosphorylated) GS 
inactivee (phosphorylated)GS 
totall  GS 
glycogenn synthase kinase-3p 
guanosinee triphosphate 
hemagglutinin n 
humann embryonic kidney cell line 
polyhistidine e 
highh performance liquid chromatography 
humann colon cancer cell line 

occuringin n 
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IL-1 3 3 
IPT G G 
IRS-1 1 
kd d 

KM M 

LC 3 3 
LD H H 
LY294002 2 
Mek l / 2 2 
MCF 7 7 
mRNA A 
mTO R R 
My r r 
N A D H H 
p3gMAPK K 

P70S66 kinase 
p 9 0 R S K K 

PAS S 
PCR R 
PDK1 1 
PEP P 
PERK K 

PII  3-kinase 
PKB B 
PMSF F 
polyP P 
PP2A A 
Ptdlns s 
PtdIns(3)P P 
PtdIns(3,4)P2 2 

PtdIns(3,4,5)P3 3 

PTEN N 
Rapamycin n 
Raptor r 
Ras s 
Rheb b 
RV D D 
S6 6 
SDS-PAGE E 
SNARE E 

Tap42 2 
TL C C 
tRN A A 
TSC1/2 2 
UBL L 
Wortmanni n n 
WD-repeat t 

interleukinn 13 
isopropyl-f3-D-thiogalactopyranoside e 
insulinn receptor substrate 1 
kinasee dead 
Michaeliss constant 
microtubule-associatedd protein 1 light chain 3 
lactatee dehydrogenase 
inhibitorr of PI 3-kinase 
MAPK(mitogen-activatedd protein kinase) kinase 1 /2 
humann breast cancer cell line 
messengerr ribonucleic acid 
mammaliann target of rapamycin 
myristoylated d 
nicotinamidee adenine dinucleotide reduced form 
p388 mitogen-activated protein kinase 
p700 ribosomal S6 protein kinase 
p900 ribosomal S6 kinase 
pre-autophagosomall  structure 
polymerasee chain reaction 
phosphoinositide-dependentt kinase-1 
phosphoenolpyruvate e 
PKR(double-strandedd RNA-activated protein kinase)-like endoplasmic 
reticulum-residentt kinase 
phosphatidylinositoll  3-kinase 
proteinn kinase B 
phenylmethanesulfonyll  fluoride 
inorganicc polyphosphate 
proteinn phosphatase 2A 
phosphatidylinositol l 
phosphatidylinositoll  3-phosphate 
phosphatidylinositoll  3,4-bisphosphate 
phosphatidylinositoll  3,4,5-trisphosphate 
phosphatasee and tensin homologue 
inhibitorr of mTOR 
regulatoryy associated protein of mTOR 
smalll  GTPase first isolated from rats with sarcoma 
rass homologue enriched in brain 
regulatoryy volume decrease 
aa ribosomal protein 
SDSS polyacrylamide gel electrophoresis 
solublee N-ethylmaleimide-sensitive factor [NSF] attachment protein 
[SNAP]]  receptor 
proteinn associated with protein phosphatases SIT4P and PP2A 
thinn layer chromatography 
transferr RNA 
tuberouss sclerosis complex 
ubiquitin-likee system 
inhibitorr of PI 3-kinase 
conservedd repeat that ends with the amino acids tryptophan (W) and 
asparticc acid (D) 

wtt wild-type 
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ChapterChapter 1 

Thee balance between protein synthesis and protein degradation controls cell homeostasis 

andd cell growth. Most research has focused on the role of protein synthesis, but protein 

degradationn has proved to be of equal importance, if not more so. In this thesis, studies on 

mechanismss involved in the regulation of autophagic protein degradation in mammalian cells are 

described. . 

Mammaliann cells possess two major pathways for protein degradation: the proteasomal 

andd the lysosomal system. Proteasomes are specialized in the selective breakdown of short-lived 

proteinss [1], and lysosomes are responsible for the turnover of long-lived proteins [2]. Proteins 

destinedd for proteasome-mediated destruction are marked by covalent attachment of ubiquitin 

moleculess [3] (Fig. 1). For an extensive discussion of proteasome-mediated protein degradation 

thee reader is referred to Hershko and Ciechanover [1] and Ulrich [3]. 

Modifier Modifier 

Activating Activating 
enzyme enzyme 

E1 E1 

Conjugating Conjugating 
enzyme enzyme 

E2 E2 

Ligase Ligase 
E3 E3 

Substrate Substrate 

Function Function 

Ubiquiti n n 

jr jr 
>> + ppr -H 

E1 1 

CHJ J 

Apg12 2 

(W) ) 

Proteasom ee dependen t 
proteolysi s s 

(Apgio ) ) 

Autophagi cc proteolysi s 

Figg 1. Ubiquitin-lik e reactions involved in yeast durin g autophagy. Apg8 andd Apgl2 are 
ubiquitin-likee proteins. Apg7 is an El-lik e enzyme whereas Apg3 and ApglO are E2-like. No E3-like protein has 

beenn discovered yet in yeast. See text and table 1 for details. Modified from [4], 

8 8 



Introduction Introduction 

Forr the transport of cytoplasmic material to the lysosome, four different routes are 

known:: macroautophagy, microautophagy, chaperone-mediated autophagy, and crinophagy [2]. 

Inn this chapter, the lysosomal pathways of protein degradation and the involvement of amino 

acidss in the regulation of this process are discussed. Macroautophagy (hereafter referred to as 

"autophagy")) which is, quantitatively, the most important process responsible for the lysosomal 

degradationn of cytosolic material, is discussed in detail and microautophagy, chaperone-mediated 

autophagyy and crinophagy are described briefly. Studies on autophagy have been carried out both 

inn mammalian cells, and more recently, in yeast cells. These will be both discussed in this chapter. 

Autophagy y 

Duringg autophagy, a small part of the cytoplasm is sequestered by a double isolation 

membrane,, leading to the formation of an autophagosome (from Greek: auto, self; phagos, to eat; 

soma,soma, body) [5] (Fig. 2). An autophagosome fuses with a lysosome to form an autophagolysosome 

orr it fuses with an endosome to form an amphisome, followed by fusion with a lysosome to form 

ann autophagolysosome [6,7]. When fusion is complete, the outer membrane of the 

autophagosomee is incorporated into the membrane of the lysosome, resulting in a single-

membranee vesicle, the autophagic body, which is degraded inside the autophagolysosome [2,8-

10]. . 

ER R 
__ Golg i 

Phagophor e e 
DeDe novo  (PAS-like ) 

isolatio nn membran e 

Figg 2. The 
autophagic c 
lysosomal l 
proteolyti c c 
pathway. . 
Cytoplasmicc material 

iss sequestered by an 

isolationn membrane. 

Thee origin of the 

isolationn membrane 

couldd be ER or 

Golgi;; another option 

iss a pre-existing 

membrane,, called the 

phagophore,, or de 

novonovo synthesis. The 

autophagosome e 

maturess into an 

autophagolysosomee either direcdy by fusion with an lysosome or via fusion with a amphisome followed by a fusion 

withh a lysosome. The lysosome provides the acid hydrolases (AH) which are necessary for degradation of the 

engulfedd material. Modified from [11]. 

autophagolysosom e e neww buildin g 
block s s 
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Inductionn of autophagy 

Autophagyy is up-regulated during starvation and down-regulated by feeding. When 

nutrientss are limited, autophagy is largely non-selective, i.e. the same concentrations of material 

foundfound in the cytoplasm can be found in the newly formed autophagosomes [12,13]. In many cells, 

autophagyy is inhibited by amino acids [8,14] (see section "Amino acid regulation of autophagy") 

andd this inhibition can be reversed by rapamycin [15], a compound which blocks the activity of 

thee protein kinase mTOR (mammalian target of rapamycin) [16] (see section mTOR/Tor). This 

effectt was later confirmed in yeast where, under nutrient-rich conditions, rapamycin also induced 

autophagyy via inhibition of Tor [17]. 

Thee biogenesis and formation of autophagosomes 

Ass mentioned above, upon induction of autophagy, cytoplasmic material with or without 

organelless is sequestered by a double isolation membrane, which leads to the formation of 

autophagosomes.. However, the origin of diis isolation membrane is still under debate and for 

mammaliann cells several options have been proposed. One of these was that the double isolation 

membranee originates from the ribosome-free parts of the rough endoplasmic reticulum (ER) [18]. 

Immunoblottingg studies revealed that the autophagosomal membranes did indeed contain the 

proteinss cytochrome P450 and NADPH-cytochrome c reductase which are both markers of the 

roughh ER [19]. Other candidates for die origin of the double isolation membrane are the trans-

Golgii  network [20,21] and a pre-existing membrane called the phagophore [22]. 

AA problem in studies on the origin of the double isolation membrane has been the lack of 

goodd marker molecules caused by the low numbers of transmembrane proteins and peripheral 

surface-membranee proteins, as demonstrated by freeze-fracture electron microscopy [23]. 

Fortunately,, this problem can now be approached by using the large amount of information on 

diee molecular mechanism of autophagy obtained from genetic studies with the yeast Saccharomyces 

cerevisiae.cerevisiae. For example, yeast mutants deficient in autophagy were generated by selecting cells that 

weree unable to survive under nutrient-deficient conditions. At least 16 genes involved in 

autophagosomee formation were identified by two different groups: the APG (autophagy) genes 

byy Tsukada eta/. [24] and die^UT(autophagocytosis) genes by Thumm eta/. [25] (Table 1). Light 

microscopyy was used to identify the apg mutants, which were unable to accumulate autophagic 

bodiess in a PMSF-containing nitrogen starvation medium (PMSF is a lysosomal protease 

inhibitor)) [24]. An immunological approach was used to identify die aut mutants, which were in 

thee first place unable to degrade fatty acid synthase in the vacuole (the yeast lysosome) during 

nutrientt starvation and which were subsequentiy selected on the loss of accumulating autophagic 

bodiess in die presence of PMSF [25]. 

10 0 
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Mammaliann counterparts were found for most of the APG/AUTgenes (Table 1) and are 

noww used to unravel the mechanisms involved in autophagy. For example, in mouse embryonic 

stemm (ES) cells, Apg l2 and Apg5 proteins were found on the initial isolation membrane [28]. 

Thesee two proteins were known to be covalendy attached to each other via a conjugating system, 

inn which Apg7 (El-like) and ApglO (E2-like) proteins are involved, similar to the ubiquitin 

systemm involved in proteasome-dependent proteolysis [29] (Fig. 1). I t was further found that the 

Apgl2-Apg55 complex is essential for autophagy [28], With the help of a green fluorescent 

protein-taggedd Apg5 it was demonstrated that in mouse ES cells punctated structures are the 

precursorss of the initial isolation membrane and that these small membranes are probably not 

derivedd from pre-existing membranes such as the ER [28]. Whether or not these isolation 

membraness are identical to the phagophores described by Seglen et al. [22] is not known and 

whetherr or not these isolation membranes are formed de novo in mammalian cells, like in yeast 

[30],, is also still unknown. 

Studiess with mice showed that Apgl2-Apg5 forms a complex with the mammalian 

homologuee of yeast Apg ló, named Apgl6-l ike protein (ApglóL), a protein of approximately 800 

kDaa [31]. Apg lóL is the functional counterpart of yeast Apg ló, although it is much larger 

becausee its C-terminal region has additional WD repeats. WD repeats serve as a platform on 

whichh multiple proteins can interact with each other [32]. This suggests that Apg lóL may interact 

withh proteins other than Apg l2 and Apg5. Most of the Apg lóL is free in the cytosol but amino 

acidd starvation leads to the formation of Apg lóL dots. During elongation of the isolation 

membrane,, Apg lóL was found on the outside of cup-shaped isolation membranes [31], like the 

Apgl2-Apg55 complex before [28]. Upon completion of autophagosome formation, the Apg l2-

Apg5Apg l6LL complex dissociates from the membrane [26] (Fig. 3). 

Apg12-Apg5Apg16LL  , LC3 

,, o o° Jrig 3. Representat ion 

off  autophagosome 

formatio nn in the 

mammal iann cell. The 

Apgl2-Apg5-ApglóL L 

complexx is localized on the 

isolationn membrane during 

Isolationn membrane Autophagosome Autophagolysosome s e 1 u e s t r a t l o n . i u s t H k e L C 3 -

Uponn completion of the 

autophagosome,, the Apgl2-

Apg55 Apgl 6L complex 

dissociatess from the 

autophagosomee membrane in contrast to LC3 which remains on the autophagosome. Modified from [33]. 

/ / 
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Inn yeast, in another ubiquitin-like system (UBL), Apg8 is involved in the regulation of 

autophagosomee formation [34] (Fig. 1). In mammals, three Apg8 homologues exist: microtubule-

associatedd protein 1 light chain 3 (LC3) [35], Golgi-associated ATPase Enhancer of 16kD 

(GATE-16)) [36] and Y-aminobutyric acid (GABA)A-receptor-associated protein (GABARAP) 

[37],, Of these three homologues only LC3 appears to be involved in the formation of 

autophagosomess [38]. Unlike the Apgl2-Apg5 ApglóL complex, which can only be found 

temporarilyy on isolation membranes during elongation of the isolation membrane, LC3 can also 

bee detected on the membranes of the autophagosome (Fig.3) [28,33,38]. For example, in rat, LC3 

iss localized on autophagomes and is processed after synthesis by cleavage of its C-terminal part 

[38].. This modification is similar to that of the yeast Apg8 [39]. The cleavage is catalysed by the 

mammaliann Apg4 homologue and leads to the formation of LC3-I with a glycine residue at die 

C-terminall  end [26]. Subsequently, Apg7 (El-like) activates LC3-I so that it can be transferred to 

Apg33 [40] (E2-like). This is followed by the formation of an LC3-II conjugate with an unknown 

substrate,, perhaps phosphatidylethanolamine (PE) as in yeast [39] (Fig. 1). After conjugation, 

LC3-III  tighdy binds to the autophagosomal membrane and behaves differently from LC3-I on 

SDS-PAGEE [38]. 

Thee two UBL systems are connected to each other not only by sharing Apg7 but also by 

thee fact that Apg5 is needed for the generation of LC3-II, which notion was confirmed by die 

findingfinding that in ES apg5~r cells LC3 is exclusively located in the cytosol [28]. 

Autophagicc sequestration of cytoplasmic material is blocked by die classical autophagy 

inhibitorr 3-methyladenine [41] via inhibition of phosphatidyünositol 3-kinase (PI 3-kinase) [42]. 

Twoo other structurally unrelated PI 3-kinase inhibitors, LY294002 and wortmannin, are also able 

too block autophagic sequestration [42], indicating that PI 3-kinase family members are involved in 

diee sequestration step (see also section "Regulation of autophagy by signalling", part 

"Phosphatidyünositoll  3-kinase")- This conclusion was supported by studies with a human colon 

cancerr cell line, HT-29, in which autophagic sequestration could be enhanced either by feeding 

diee cells the product of class II I PI 3-kinase, phosphatidyünositol 3-phosphate (PtdIns(3)P), in a 

syntheticc form (dipalmitoylphosphatidylinositol 3-phosphate) or by overexpressing the pi 50 

adaptorr of class II I PI 3-kinase [43]. Additional proof came from experiments carried out with 

greenn fluorescent protein-tagged Apg5 in ES cells (see above), which showed diat the formation 

off  the precursors of the isolation membrane was prevented by the different inhibitors of PI 3-

kinasee [28]. In yeast cells, PI 3-kinase exists as a complex made up of Vps34 (a PI 3-kinase class 

II II  homologue), Vpsl5 (a pl50 adaptor homologue), Apg6/Vps30 and Apgl4 which are all 

neededd for the formation of die pre-autophagosomal structure (PAS) [44]. This complex is 

localizedd near the yeast vacuole from which the autophagosome seems to be generated [45]. 

Whetherr a PAS-like structure also plays a role in autophagosome formation in mammalian cells is 

nott known. Until now, the mammalian homologue of Apgl4 is still missing, but Beclin-1 was 

identifiedd as mammalian Apg6/Vps30 [46], so that almost all components for PAS formation are 

presentt in mammals. In HeLa cells, the Becün-1/PI 3-kinase class II I complex is localized at the 

trans-Golgii  network and produces phosphatidyünositol 3-phosphate (PtdIns(3)P) [47]. Data from 

13 3 
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Nicee et al. strongly suggest that PtdIns(3)P is required in the formation of die PAS in yeast [48]. 

Whetherr PtdIns(3)P is direcdy involved in supplying membrane components to the autophagic 

pathwayy and/or recruiting proteins from the cytosol for autophagosome formation is not known. 

Althoughh much information has been obtained about the mechanism of autophagosome 

formation,, many questions still remain to be answered. These include the origin of the 

componentss for de novo synthesis of the autophagosomal membrane, the origin of the membrane 

iff  it is not synthesized de novo, and the exact mechanism of the two UBL systems, Apgl2-Apg5 

andd Apg8, in connection with the elongation step of the isolation membrane. 

Formationn of the autophagolysosome 

Whenn cell material is engulfed by the autophagosome it has to be delivered to the 

lysosomee for fusion. Nocodazole, a compound that destabilizes microtubules, blocks diis fusion 

stepp [49]. likewise, the microtubuli inhibitor vinblastin inhibits fusion [50].These observations 

indicatee that an intact cytoskeleton is needed for autophagolysosome formation. In yeast, the 

SNAREE machinery is needed for fusion of autophagosomes with the vacuole [51] and one of the 

componentss of this machinery is Seel 8 (N-ethylmaleimide-sensitive fusion protein, NSF). NSF is 

onee of the most studied members of the AAA (ATPases associated with cellular activities)-type 

ATPasess family and its involvement in autophagolysosome formation was confirmed in studies 

withh temperature-sensitive yeast mutants [52]. In HeLa cells overexpressing a dominant negative 

mutantt of mouse SKD1 (suppressor of potassium transport growth defect 1 protein) [53], which 

iss another AAA-ATPase family member and a key regulator of endosome sorting, normal 

transportt from endosome to autophagosome was disturbed, which led to impairment of 

autophagolysosomee formation [54]. 

Formationn of a complete autophagolysosome requires the contribution of elements that 

controll  intracellular trafficking from the ER (SNARE machinery) and from Golgi compartments 

(PII  3-kinase class III ; see section The biogenesis and formation of autophagosomes), suggesting 

thatt different membrane pools converge to form a PAS. This would agree with the different 

originss reported in the literature for the autophagosomal membrane. 

Finall  step in autophagy: degradation 

Whenn cargo protein is delivered to die lysosome, it will be degraded by different 

proteases,, such as proteinase A and proteinase B, which need an acidic environment for proper 

activityy (see, e.g. [55,56], with regard to the yeast system). However, before these proteases can 

gett access to their substrates, lipase activity is required for breakdown of the membrane 

surroundingg the autophagic bodies inside the autophagolysosome. One of die lipases involved 

mightt be encoded by the AVT5 gene found in yeast. Aut5 is a protein that contains an essential 

domainn found in many lipases and by site-directed mutagenesis the lipase-active site in this 

14 4 



Introduction Introduction 

domainn was shown to be crucial for degradation of the autophagic body [57,58], Autophagic 

bodyy accumulation, such as takes place in aut5 mutants, also occurred in aut4 mutants [59]. Aut4 

iss a multispanning transmembrane protein and can be found on the vacuolar membrane. Not 

muchh is known about its function buty4l/T4-deleted yeast cells grow on nutrient-rich medium 

likee wild-type yeast. Perhaps Aut4 functions as an efflux transporter due to its limited homology 

too permeases [59], but the substrate of Aut4 is not known. No mammalian Aut5 or Aut4 

homologuee has been found yet. 

Connectionn of the autophagic pathway with the cytoplasm-to-vacuole 

targetingg pathway 

Surprisingly,, in yeast, the autophagic machinery shows overlap with the cytoplasm-to-

vacuolee targeting (Cvt) pathway [60,61] in that cvt mutants partially overlap with apg/aut mutants 

(Tablee 1). Under nutrient-rich conditions, the Cvt pathway is needed for proper delivery to the 

vacuolee of the hydrolases oc-mannosidase (Amsl) [62] and aminopeptidase I (Apel) [63]. Just like 

autophagosomes,, Cvt vesicles have a double membrane and fuse with the vacuole. However, the 

Cvt-mediatedd Apel transport is a constitutive process, whereas autophagy is inducible. In 

addition,, Cvt vesicles are much smaller than autophagosomes (140-160 nm versus 300-900 nm) 

[64].. It is not known whether the origin of the two vesicles is the same. A Cvt pathway has not 

yett been discovered in higher eukaryotic cells; although homologues of Apel and Amsl have 

beenn detected, not much is known about their localization [65]. 

Att present, more and more information is becoming available about the molecular 

machineryy of autophagosome formation and the degradation of sequestered material in the 

autophagolysosome.. In this thesis, the next step is descrided, i.e. using this informationn to 

unravell  signal transduction pathways controlling the autophagic process and the involvement of 

aminoo acids in the regulation of the different steps in autophagy. 

Aminoo acid regulation of autophagy 

Sincee amino acids are the end products of autophagy, it is not surprising that they are 

effectivee inhibitors of this process. The system is also controlled by hormones, especially insulin 

(inhibiting)) and glucagon (stimulating) [8,14]. In the liver, insulin and glucagon are only effective 

ass modulators of autophagy at intermediate, but not at either very low or very high, amino acid 

concentrationss when autophagic flux is maximal or minimal, respectively [8,14]. Amino acids 

exertt their inhibitory effect by blocking the sequestration step [8,14], but they can also interfere 

withh post-sequestrational steps, as was found in experiments with rat hepatocytes in which amino 

acidsacids completely inhibited autophagic proteolysis while inhibition of electro-injected cytosolic 

[14C]]  sucrose sequestration was not complete [66]. 
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Muchh attention has been paid to the specificity of amino acid inhibition of autophagic 

sequestration.. Studies performed with perfused rat liver showed that the amino acids leucine, 

phenylalanine,, tyrosine, glutamine, proline, histidine, tryptophan and methionine form a group 

knownn in the literature as the "regulatory amino acids". This group of amino acids together with 

alanine,, which by itself has no effect on autophagy but acts as a synergistic coregulator, was able 

too inhibit autophagy as strongly as a complete physiological mixture of amino acids [67-69]. An 

almostt identical group of regulatory amino acids was identified in experiments in which 

sequestrationn of cytosolic [14C] sucrose was measured in isolated hepatocytes, except that 

asparaginee replaced methionine [70]. Studies with perifused hepatocytes showed that leucine in 

combinationn with alanine, glutamine, proline or asparagine, at near physiological concentrations, 

stronglyy inhibited autophagic proteolysis under steady-state conditions [71,72]. Leucine in 

combinationn with intracellularly produced glutamate and/or aspartate from other amino acids is 

probablyy sufficient to inhibit autophagy maximally [72]. Studies with cultured hepatocytes 

obtainedd from rats at various stages of development, with different autophagic capacities, 

revealedd that leucine, phenylalanine, tyrosine and lysine were involved in the regulation of 

autophagyy [73]. 

Consideringg all these data on the inhibition of autophagy by specific amino acids, it was 

concludedd that leucine, phenylalanine and tyrosine in combination with a few other amino acids, 

suchh as alanine and glutamine, are the most likely candidates for regulation of autophagic 

proteolysiss [2]. 

Thee same amino acids that inhibit autophagy in liver also inhibit autophagy in other 

tissues.. In kidney, leucine and phenylalanine are most important [74] while in the heart only 

leucinee is involved [75], In skeletal muscle, leucine and glutamine are potent inhibitors of 

proteolysiss [76]. In myotubes of the cell line C2C12, autophagic proteolysis was induced by 

leucinee limitation and was 3-MA sensitive [77]. Rat-muscle proteolysis, measured by the 

productionn of 3-methylhistidine from myofibrillar proteins, was inhibited after oral feeding of 

proteinss or of leucine alone [78,79]. Although it has always been assumed that myofibrillar 

proteolysiss occurs by an extralysosomal pathway that is not controlled by amino acids [80,81], 

perhapss this idea needs to be reconsidered. 

Ann important and exciting discovery, first made in rat liver, was the fact that cell swelling 

mimicss many of the anabolic effects of insulin such as, stimulation of protein synthesis and 

glycogenn synthesis, and inhibition of proteolysis and glycogenosis [82]. Cell swelling can be 

inducedd by hypo-osmolarity of the extracellular environment or by an influx of amino acids via 

Na+-coupledd transporters. Production of the impermeant amino acids glutamate and aspartate 

mayy further enhance intracellular osmolarity and lead to even more cell swelling [83-85]. When 

thee cell volume is increased, the cell will try to restore its original size by a mechanism known as 

"regulatoryy volume decrease" (RVD): KC1 is released from the swollen cell [86], but the initial 

volumee is not fully restored, which leaves the cell in a slightly swollen state. Although these 

changess in cell volume are not great, the changes in intracellular ion concentrations can be high 

16 6 



Introduction Introduction 

andd can strongly influence enzyme activities. In rat hepatocytes this was shown for glycogen 

synthasee phosphatase, which becomes activated when intracellular chloride falls [84]. 

Inn contrast to glycogen synthesis, cell swelling has no effect on autophagy by itself but, 

likee insulin, it can potentiate the effect of low concentrations of amino acids [87-89]. Conversely, 

leucinee inhibits autophagy but has no effect on glycogen synthesis [88,90,91], Clearly, the 

mechanismss underlying the inhibition of autophagy and the stimulation of glycogen synthesis by 

aminoo acids are different. 

Regulationn of autophagy by signalling 

mTOR/Tor mTOR/Tor 

Thee first indications that mTOR might be involved in the regulation of autophagy came 

fromm studies with rat hepatocytes carried out by our own laboratory. In these studies, it was 

shownn that addition of amino acids to rat hepatocytes stimulated the phosphorylation of a 31 kD 

proteinn which was identified as ribosomal protein S6 [15,88] .A linear relationship was found 

betweenn the percentage of inhibition of autophagy and the degree of S6 phosphorylation when 

hepatocytess were incubated with different amino acid mixtures [15]. The effect of amino acids on 

S66 phosphorylation could be prevented by rapamycin, indicating the involvement of mTOR-

dependentt activation of p70S6 kinase, the protein kinase responsible for S6 phosphorylation. 

Surprisingly,, rapamycin also partly reversed the inhibitory effect of amino acids on autophagy 

[15]. . 

S66 phosphorylation is required for the translation of a specific family of mRNA 

moleculess known as TOP (terminal oligopyrimidine) mRNAs, which encode proteins belonging 

too the protein-translation machinery [92]. An interesting hypothesis is that S6 phosphorylation 

promotess ribosome binding to the ER, so that less ribosome-free ER membrane is available for 

autophagosomee formation and at the same time S6 phosphorylation stimulates ER-linked protein 

synthesiss [15]. 

Inn yeast, autophagy can also be induced by rapamycin inhibition of Tor proteins [17]. In 

thiss organism, active Tor blocks the protein phosphatase PP2A via the protein Tap42 which, if 

phosphorylatedd via Tor, forms a complex with PP2A, which then becomes inhibited. This 

processs can be reversed by rapamycin [93]. In hepatocytes, autophagy could be blocked by the 

PP2AA inhibitor okadaic acid at the sequestration step [94], although S6 phosphorylation was not 

affectedd [15]. 

Anotherr target of Tor in yeast that is related to autophagy is Apgl3, which becomes 

hyperphosphorylatedd under nutrient-rich conditions. This prevents the interaction of Apgl3 with 

thee Ser/Thr protein kinase Apgl [95,96] which is essential for autophagy and die Cvt pathway. 

Whetherr or not kinase activity of Apgl is important for autophagy is under debate: one group 
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claimedd that Apgll  kinase activity for autophosphorylation was inhibited during autophagy [97], 

whilee another group found that kinase activity was increased towards the artificial substrate 

myelinn basic protein under autophagic conditions [95]. More information about Apgl came from 

studiess in which it was shown that inhibition of the Apgl kinase activity did not interfere with 

autophagy,, whereas kinase activity was needed for Apel trafficking through the Cvt pathway [98]. 

Inn the same study it was found that increased interaction of Apgl 3 with Apgl upon rapamycin 

treatmentt or nutrient limitation resulted in a conformational change in Apgl which is important 

forr autophagy. Apgl controlled by Tor seems to act as a switch between the Cvt pathway and the 

autophagyy pathway. Two mammalian homologues of Apgl exist [99] but their role in autophagy 

iss still to be examined. No mammalian homologue has yet been found for Apgl 3. Whether or 

nott an Apgl/Apgl 3 switch system between Cvt and autophagy similar to that in yeast is present 

inn higher eukaryotes is not known. Apg8 (see above) is highly upregulated in yeast during 

starvationn or rapamycin addition [100,101], again indicating that Tor is involved. The induction 

off  Apg8 during starvation is not necessary for autophagy, as was demonstrated with protein 

synthesiss inhibitors [96], but the size of the formed autophagosomes was much smaller under 

thesee conditions, which suggest that induction Apg8 is needed for proper vesicle expansion. 

Phospbatidylinositol3-kinase Phospbatidylinositol3-kinase 

Inn rat hepatocytes, the stimulation of S6 phosphorylation by amino acids could be 

preventedd not only by rapamycin but also by PI 3-kinase inhibitors [42]. Unexpectedly, this did 

nott accelerate autophagy in contrast to the effect of rapamycin. To explain this result, it was 

speculatedd that two classes of PI 3-kinase enzymes are involved in the regulation of autophagy 

[42].. It was proposed that class II I PI 3-kinase, which constitutively produces PtdIns(3)P, is 

neededd for autophagy (see section "The biogenesis of the autophagosome"). The basis for this 

proposall  was the situation in yeast, where VPS34p, the homologue of the pi 10 catalytic subunit 

off  mammalian PI 3-kinase which is involved in membrane flow [102], can only use Ptdlns but 

nott Ptdlns (4)P or Ptdlns (4,5)P2 as a substrate. Furthermore, it was speculated that the 

productionn of PtdIns(3,4)P2 and Ptdlns(3,4,5)P3 by class I PI 3-kinase, which does not occur in 

yeastt cells, might be involved in the control of S6 phosphorylation [42]. If the PI 3- kinase 

inhibitorss could not discriminate between the two PI 3-ldnase enzymes, that would explain why 

S66 phosphorylation and autophagy would be inhibited simultaneously. An elegant study with HT-

299 cells proved the hypothesis to be correct [43]. Addition of PtdIns(3)P accelerated autophagic 

sequestrationn and proteolysis in die presence of 3-methyladenine, the classical autophagy 

inhibitor,, which turned out to be an inhibitor of PI 3- kinase [42,43]. The addition of 

PtdIns(3,4)P22 and PtdIns(3,4,5)P3 or stimulation of class I PI 3-kinase activity by interleukin-13 

inhibitedd autophagic sequestration and proteolysis in HT-29 cells [43]. Tassa eta/. [103] recendy 

showedd that in C2C12 myotubes, autophagy induced by amino acids depletion was accompanied 

byy an increase in Beclinl-associated PI 3-kinase class II I activity. This demonstrates that 

productionn of PtIns(3)P for autophagy is direcdy controlled by amino acids. 
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Thee products of class I PI 3-kinase can bind to the pleckstrin homology domains of 

proteinn kinase B (PKB) and phosphoinositide-dependent kinase-1 (PDK1) [104], components of 

thee insulin-stimulated signal-transduction pathway (see chapter 7). Studies with HT-29 cells have 

shownn that expression of a consotutively active construct of PKB [105] and of PDK1 (P.Codogno, 

personall  communication) also inhibit autophagy. mTOR, located downstream of PI 3-kinase, also 

participatee in this mechanism in HT-29 cells: autophagy in HT-29 cells harbouring a rapamycin 

insensitivee mutant of mTOR, was completely inhibited by amino acids and could not be 

reactivatedd by rapamycin (P.Codogno, personal communication). Whether or not p70S6 kinase controls 

autophagyy in HT-29 cells is not known yet. 

Whetherr or not amino acids can direcdy stimulate PI 3- kinase class I activity, and thereby 

stimulatee p70S6 kinase activation and inhibit autophagy, is still controversial. Some groups have 

foundd transient activation of PI 3- kinase by amino acids [106,107], while others have failed to 

showw direct activation of PI 3-kinase class I by amino acids [108-110]. PKB, which is 

downstreamm of PI 3-kinase class I, is not stimulated by amino acids [111] (see also chapter 7). 

PTEN N 

PTENN (phosphatase and tensin homologue), also known as MMAC1 (mutated in 

multiplee advanced cancers) or TEP1 (TGFfJ-regulated and epithelial cell-enriched phosphatase), 

iss a dual protein/lipid phosphatase which removes the 3-phosphate from PtdIns(3,4,5)P3 

[112,113].. PTEN is a tumor supressor gene which is mutated in a wide variety of cancers. 

Decreasingg the level of PtdIns(3,4,5)P3 in HT-29 cells by overexpression of the PTEN gene 

counteractedd the inhibitory effect of IL-13 on autophagic sequestration and proteolysis [105] (see 

alsoo chapter 2). Under these conditions, PI 3- kinase-mediated activation of PKB by 11-13 was 

blocked.. These experiments provided additional experimental support of the importance of PI 3-

kinasee products in the control of autophagy. 

G-proteins G-proteins 

Thee first indications for a possible involvement of heterotrimeric G-proteins (apv) in the 

controll  of autophagy came from studies with oc-toxin-permeabilized rat hepatocytes, in which it 

wass shown that GTPyS, a nonhydrolyzable GTP analogue, completely prevented autophagic 

vacuolee formation [114]. Transfection studies widi HT-29 cells provided evidence that 

autophagicc sequestration is under the control of the trimeric GB protein [115]. When the a-

subunitt of Gl3 (G^) is bound to GTP, sequestration is inhibited, while when it is bound to GDP, 

thee process is stimulated [116], Autophagy is also reduced in HT-29 cells transfected with the 

G203AA mutant of G ^ which is impaired in the dissociation of the J3y dimer from the GTP-

boundd G^—subunit [116]. Transfection studies with chimaeric God proteins showed that the G,̂  

proteinn must be localized near Golgi and ER membranes in order to be able to control 
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autophagicc sequestration [117]. When G^is ectopically expressed at the plasma membrane, it no 

longerr has an effect on autophagy [117]. 

Thee GTPase activity of the G^ protein is increased by the G-alpha interacting protein 

(GAIP)) [118] which belongs to the protein family of regulators of G protein signalling (RGS) 

[119].. Autophagic sequestration could be stimulated in HT-29 cells by overexpression of GAIP, 

butt was inhibited by GAIP antisense transfection [118]. Interestingly, differentiated HT-29 cells 

havee a lower autophagic capacity than undifferentiated HT-29 cells, which correlates with lower 

expressionn levels of GAIP in differentiated HT-29 cells [118]. GAIP activity towards G^ is 

stimulatedd by phosphorylation of a conserved serine residue and this phosphorylation of GAIP is 

preventedd by amino acids via inhibition of the MAP kinases ERK1/2 [120]. Further research 

showedd that amino acids reduced the kinase activity of Raf-1 by stimulation of phosphorylation 

onn Ser259, resulting in a loss of Raf-1 kinase activity towards the ERK1/2 kinase MEK1/2 [121]. 

I tt must be pointed out that inhibition of MAPK by amino acids was not found in other cell 

types,, such as hepatocytes [11] or CHO-IR cells [108]. 

Moree proof in favour of the involvement of G^ in autophagy came from studies carried 

outt with AGS3, a protein which acts as a guanosine nucleotide dissociation inhibitor towards the 

G ĵj  protein [122]. AGS3 contains four GoLoco motifs in its carboxyl-terminal part and seven 

TPRR repeats in its amino-terminal part. Via its GoLoco motifs, AGS3 selectively interacts with 

thee GDP-bound form of Gai3 proteins and inhibits the association of GDP-bound Goi3 proteins 

withh Py dimers [123-125]. In HT-29 cells, autophagy is stimulated by AGS3 overexpression, 

whichh is in accordance with die requirement of the GDP-bound form of G^ for autophagy 

[126].. In contrast, overexpression of the non-G^-interacting amino-terminal part or of the Gai3-

interactingg carboxyl-terminal part inhibited autophagy, probably by competing with endogenous 

AGS33 for binding with G^. This suggests that in HT-29 cells the full-length form of AGS3 is 

neededd for stimulation of autophagy. Immunofluorescence studies showed that a fraction of 

AGS33 co-localizes with Gai3and GAIP on ER and Golgi membranes [117,126], both of which are 

possiblee sources for the isolation membrane, as discussed earlier. AGS3 does not co-localize with 

autophagosomess and the intracellular distribution of AGS3, G^ and GAIP is not changed during 

nutrient-deprivation-inducedd autophagy, which would suggest that these proteins are involved in 

ann early step along the autophagic pathway [126]. 

AMP-activatedAMP-activated protein kinase (AMPK) 

Hepaticc autophagy is inhibited by AMP and by the AMP analogue AICAriboside 

(AICAR),, suggesting that AMPK negatively regulates autophagy [127,128]. Activation of AMPK 

resultss in the inhibition of ATP-consuming processes (such as protein synthesis, cholesterol 

synthesiss and fatty acid synthesis) and in the stimulation of ATP producing processes (such as 

glycolysiss and ^-oxidation of fatty acids) [129,130]. Because autophagy is an ATP-dependent 

processs [131,132], the physiological relevance of the inhibition by AMPK of autophagy might be 

too shut down this energy-requiring process when the ATP/AMPP ratio declines [127]. 
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Recently,, we and others discovered that in hepatocytes and muscle cells stimulation of the 

mTOR/p70S66 kinase pathway by amino acids and insulin is inhibited by AMPK [133 136] (see 

alsoo chapter 4). One would expect this to result in stimulation of autophagy. Why this is not the 

casee in hepatocytes is not known, but in yeast the AMPK homologue Snfl is, indeed, required 

forr autophagy [137]. 

eIF2oieIF2oi (GCN2) 

Inn yeast, amino acid starvation leads to activation of the eIF2a kinase GCN2 which 

phosphorylatess the GTP-binding protein eIF2a on Ser51. This is followed by increased synthesis 

off  the transcriptional activator of amino acid biosynthetic genes, GCN4 [138], Microarray 

analysiss in yeast has revealed that at least three APG genes (APG1, APG13 and APG14) are 

GCN44 targets, although GCN4-deleted yeast cells still produced autophagic bodies [139]. By 

contrast,, Talloc2y eta/. [140] showed inhibition of autophagic body formation by nitrogen 

starvationn or rapamycin addition in GCAW-deleted yeast cells. Another study in yeast showed that 

phosphorylationn of GCN2 at Ser577, blocking kinase activity, and blocking eIF2a 

phosphorylationn are all three affected by rapamycin in a Tor/TAP42-dependent manner [141]. 

Unexpectedly,, in GCN2-deleted yeast cells nitrogen starvation could not induce autophagy, 

whereass rapamycin was still able to do so [140]. Therefore, the issue of whether or not GCN2 is 

downstreamm of Tor remains to be clarified (see also chapter 7). 

Inn mammals, four eIF2oc kinases are known : GCN2, PKR, PERK and HRI, which are all 

capablee of phosphorylating eIF2a on Ser51 although they are activated under different conditions 

[142].. In mammalian cells, PKR becomes activated after viral infection and is involved in both 

inhibitionn of translation and activation of autophagy. Furthermore, PKR can rescue autophagy in 

GGV2-deletedd yeast cells during nitrogen starvation. These data indicate that autophagy is used 

ass a defence mechanism against viral infections [140]. It must be stressed, however, that some 

virusess can also use the autophagic pathway to replicate [143]. 

Selectivityy of autophagy 

Autophagyy is generally considered to be nonselective under conditions of starvation, but 

thee process can be selective under other conditions. 

Inn yeast, selective degradation of peroxisomes, named pexophagy, was found when cells 

weree transferred from a medium containing methanol, a peroxisomal substrate, to a medium 

containingg glucose [144]. Mitochondria are not affected under these conditions [145]. Pexophagy 

cann occur by micropexophagy, during which peroxisomes are directly taken up by the vacuole, or 

byy macropexophagy, when peroxisomes are first enclosed by a double sequestering membrane 

andd then fuse with die vacuole [146]. Many genes involved in pexophagy are also required for 

autophagyy and the Cvt pathway; this shows that these processes use the same machinery [65]. 

21 1 



ChapterChapter 1 

Pexophagyy was also found in hepatocytes from rats treated with clofibrate, a peroxisome 

proliferated,, after withdrawal of the compound [147]. In vitro, autophagy of peroxisomes in 

hepatocytess could be prevented by addition of long-chain, but not of short-chain, fatty acids 

[147].. Because long-chain fatty acids, but not short-chain fatty acids are oxidised by peroxisomes, 

thiss indicates that peroxisomes are degraded by autophagy when they are functionally redundant 

[147],, In the presence of [1-14C] palmitate, a 69-kD membrane protein was palmitoylated and it 

waswas suggested that this might protect the peroxisome against autophagic degradation [148]. 

Inn studies carried out with the perfused liver, glucagon accelerated autophagic protein 

breakdownn but did not influence degradation of ribosomal RNA [149], Selective degradation of 

smoothh ER was found in rats pretreated with phenobarbital followed by removal of the drug 

[148];; the decrease in smootiS ER components under these conditions was not due to decreased 

synthesiss [148]. 

Whenn mitochondria become depolarized by a process known as "mitochondrial 

permeabilityy transition" (MPT) [150], mitochondrial autophagy is initiated and the depolarized 

mitochondriaa are sequestered by the autophagic system [151]. When apoptotic cells are treated 

withh caspase inhibitors, mitochondria are also selectively taken up by the autophagic system 

[152].. In liver biopsies of patients with Reye's syndrome, selective degradation of damaged 

mitochondriaa was found [153] as was also the case in liver of an Influenza B virus mouse model 

off  Reye's syndrome [154]. Interestingly, compounds which are thought to be involved in the 

pathogenesiss of Reye's syndrome (e.g. aspirin) are also involved in induction of MPT [155]. 

Thee data described above indicate that autophagy can selectively remove damaged 

organelles,, which contributes to cellular homeostasis. In this context, it is of interest to note that 

thee autophagic capacity declines during aging [156]. Restricting caloric intake in rats increased 

autophagicc proteolysis and may contribute to increased longevity [156]. In contrast, overfeeding 

mayy inhibit autophagic proteolysis because plasma levels of amino acids and insulin will increase 

underr diis condition [157]. In the fat-specific insulin receptor knockout (FIRKO) mouse it was 

foundd mat longevity increased [158]. It is tempting to speculate that this can be explained by a 

higherr autophagic capacity in these mice. Also in the nematode Caenorbabditis elegans and in the 

fruitt fly Drosophila melongaster longevity was increased in mutants that reduce insulin signalling 

[159-163]. . 

Inn conclusion, apparently, the autophagic system is able to recognize cell structures that 

havee to be degraded because they are either functionally redundant or damaged. However, so far 

nothingg is known about the underlying recognition signals. 

Microautophagy y 

Microautophagyy is defined as the process in which portions of the cytoplasm are directly 

engulfedd by the lysosomal membrane [2]. In contrast to autophagy (see section "Amino acid 

regulationn of autophagy"), microautophagy is not inhibited by amino acids. There are indications 
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thatt the process declines under conditions of long-term starvation and that it is probably 

importantt for the degradation of long-lived proteins [164,165]. In vitro, experiments with 

lysosomess suggested that microautophagy is ATP-independent [166], but further research 

showedd that ATP is needed for the intra-lysosomal degradation of proteins taken up by 

microautophagyy [167]. More proof came from experiments carried out with a cell-free 

microautophagicc system derived from yeast, in which the authors showed that the vacuole 

invaginatedd fluorescent dyes in an ATP-dependent fashion [168]. A specialized structure called 

thee autophagic tube is involved in the uptake during microautophagy and is formed via an inverse 

buddingg mechanism [169]. Yeast APG mutants had fewer autophagic tubes, and wild-type yeast 

cellss had more autophagic tubes during starvation [169]. Components involved in homotypk 

vacuolee fusion, such as e.g. Seel 7, Seel 8 and SNAREs, which are needed for autophagy, are not 

involvedd in microautophagy, which would suggest that the two processes are mechanistically 

distinctt [168]. The function of microautophagy might be the regulation of vacuole membrane 

homeostasiss and the regulation of the size of the vacuole [169]. l ik e autophagy, microautophagy 

iss involved in the degradation of peroxisomes (see section "selectivity of autophagy"). A novel 

formm of selective microautophagy was found in yeast, in which the process is involved in the 

degradationn of nonessential parts of the nucleus; this process was called piecemeal 

microautophagyy of the nucleus (Pmn) [170]. Pmn is active during logarithmic growth and 

probablyy responds to the gradual depletion of carbon and nitrogen [170]. Apg7 is not needed for 

Pmn,, but it is essential for autophagy; however both processes are induced by rapamycin [170]. 

Almostt nothing is as yet known about how Pmn is regulated and whether or not the process is 

activee in mammalian cells. 

Chaperone-mediatedd autophagy 

Chaperone-mediatedd autophagy (Cma) involves direct targeting of specific cytosolic 

proteinss to the lysosomes for degradation [171]. All substrate proteins possess peptide sequences 

relatedd to KFERQ [172,173]. During Cma, the transported protein is in an unfolded state and the 

targetingg peptide is recognized in an ATP-dependent manner by the molecular chaperone heat-

shockk cognate protein hsc73 [174,175]. The complex so formed associates with the lysosomal 

receptorr lamp2a [176] and a lysosomal hsc73 protein is required to translocate the substrate into 

thee lysosome [177,178]. Cma is activated after serum withdrawal from confluent fibroblasts [173] 

andd in rat liver during prolonged starvation [179], but how the process is mechanistically 

activatedd is still unknown. Although inhibitors of PI-3kinase inhibit autophagy [42], they have no 

effectt on Cma [180]. During prolonged starvation, ketone bodies accumulate in the circulation of 

mammalss and the ketone body p-hydroxybutyrate activates Cma [180]. The physiological 

importancee of Cma is not yet clear, but it may be that during prolonged starvation dispensable 

proteinss or even specific harmful proteins must be degraded to keep homeostasis under a 

stressfull  situation[180]. Interestingly, during aging Cma activity declines, probably because of 
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lowerr lamp2a levels [181,182]. This is perhaps one of the reasons why more damaged proteins 

accumulatee during aging. 

Crinophagy y 

Directt fusion of lysosomes with secretory vesicles, a process known as crinophagy, results 

inn the degradation of secretory proteins. During crinophagy, mature secretory vesicles fuse with 

lysosomes,, autophagosomes, endosomes or amphisomes [14]. Studies performed with the cortex 

zonaa fasciculate of rats suggested that crinophagy is involved in the regulation of hormone 

secretionn in the pituitary-adrenal gland axis [183]. Crinophagy also proved to be involved in the 

degradationn of prolactin in mammotroph cells from ewes after lactation followed by 7 days of 

weaningg [184]. 

Scopee of this thesis 

Thee aim of this dissertation was to gain more information on the signal transduction 

pathwayy initiated by amino acids and insulin and their influences on autophagic protein 

degradationn and glycogen metabolism. Chapter 2 describes the effect of overexpression of the 

tumorr suppressor PTEN on autophagy and signal transduction in the human colon cancer cell 

linee HT-29. It was reported that PTEN negatively regulates the PI-3 kinase/PKB pathway and 

therebyy stimulates autophagy. In chapter 3 it is shown that in rat hepatocytes inhibitors of PI-3 

kinasee interfere with the regulation of glycogen metabolism probably by their anti-proteolytic 

effectt and by enhanching glycogenosis. Further it was found that PI-3 kinase class I is not 

involvedd in amino acid-stimulated glycogen production. Chapter 4 shows that activation of the 

mTOR/p70S66 kinase pathway by amino acids is regulated by the energy status of the cell via the 

AMP-activatedd protein kinase. Insulin signalling is not under the control of the AMP-activated 

proteinn kinase. Chapter 5 describes the interaction between amino acids and insulin in stimulating 

thee PI-3 kinase/PKB/mTOR/p70S6 kinase pathway in rat hepatocytes. In chapter 6 data is 

presentedd that the mTOR/p70S6 kinase pathway might be controlled by the degree of charged 

tRNAA and evidence was found that chloride might play a role as second messenger that could 

explainn some of the amino acid effects found in rat hepatocytes. 

Finally,, in chapter 7 mechanisms by wich amino acids can stimulate signalling are discussed. 
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Thee tumor suppressor  PTENN positively regulates macroautophagy 

byy inhibitin g the phosphatidylinositol 3-kinase/protein kinase B 

pathway y 

Abstract t 

Thee tumor suppressor PTEN is a dual protein and phosphoinositide phosphatase that negatively 

controlss the phosphatidylinositol (PI) 3-kinase/protein kinase B (Akt/PKB) signalling pathway. 

Interleukin-133 via the activation of the class I PI 3-kinase has been shown to inhibit the 

macroautophagicc pathway in the human colon cancer HT-29 cells. Here we demonstrate that the 

wild-typee PTEN is expressed in this cell line. Its overexpression directed by an inducible 

promoterr counteracts the interleukin-13 down-regulation of macroautophagy. This effect was 

dependentt upon the phosphoinositide phosphatase activity of PTEN as determined by using the 

mutantt G129E, which has only protein phosphatase activity. The role of Akt/PKB in the 

signallingg control of interleukin-13-dependent macroautophagy was investigated by expressing a 

constitutivelyy active form of the kinase ^^TKB). Under these conditions a dramatic inhibition of 

macroautophagyy was observed. By contrast a high rate of autophagy was observed in cells 

expressingg a dominant negative form of PKB. These data demonstrate that me signalling control 

off  macroautophagy overlaps with the well known PI 3-kinase/PKB survival pathway and that the 

losss of PTEN function in cancer cells inhibits a major catabolic pathway. 
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1.. Introductio n 

Macroautophagy,, a multistep process responsible for the degradation of long-lived 

proteinss and organelle renewal, starts with the formation of an autophagosome, which ultimately 

fusess with the endosomal/lysosomal compartment [1,2]. This pathway is known to be important 

inn the maintenance of cell functions during period of nutrient deprivation [3]. However, recent 

dataa have shed light on the importance of autophagy in human pathologies, including some 

formss of cardiomyopathy (Danon's disease) [4] and breast cancer [5]. 

Thee recent discovery of apg and aut genes in yeast and the identification of orthologous 

geness in human cells have increased our knowledge of the molecular machinery responsible for 

thee formation of autophagic vacuoles [6,7]. A better understanding of the control of 

macroautophagyy is also dependent upon the identification of signal transduction pathways that 

controll  the formation of autophagosomes [8-10]. 

Thee drug 3-methyladenine (3-MA), which inhibits die formation of autophagic vacuoles 

[11],, has been shown to target enzymes of the phosphatidylinositol 3-kinase (PI 3-kinase) family 

[12,13].. Class I and II I PI 3-kinases act antagonistically at different steps of autophagy [13]. Class 

II II  PI 3-kinase is probably engaged in the control of the formation of autophagic vacuoles by 

associationn with other proteins recruited to cytoplasmic membrane as suggested recendy for its 

yeastt homolog VPS34 [14]. By contrast, the plasma membrane-associated class I PI 3-kinase 

wouldd be required to transduce a negative signal for the biogenesis of the autophagic vacuole 

[13]. . 

Thee tumor suppressor PTEN is a dual protein/lipid phosphatase mutated in a variety of 

cancerss [15-17], which has been shown to dephosphorylate the 3' position of the class I PI 3-

kinasee product phosphatidylinositide (3,4,5)P3 [18] and consequendy down-regulates PI 3-

kinase/PKBB pathway [19]. In the present work we demonstrate that PTEN is expressed in 

humann colon cancer HT-29 cells and negatively regulates IL-13-dependent PI 3-kinase/PKB 

signalling.. Moreover PTEN, via its lipid phosphatase activity, is involved in the signalling control 

off  autophagy, together with the downstream acting Akt/PKB. These results add a new function 

too the PI 3-kinase/PTEN/PKB pathway and also provide a new link between the control of 

autophagyy and tumor progression. 

2.. Material s and methods 

2.1.. Cells and Material 

HT-299 cells were cultured as described previously [20], 3-MA, metri2amide, and other 

chemicall  products were from Sigma. Nitrocellulose membranes and the bicinchoninic acid (BCA) 

proteinn assay kit were purchased from Schleicher and Schuell (Dassel, Germany) and Pierce, 

respectively.. Enzymes, synthetic oligonucleotides, and cell culture reagents such as Geneticin 
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(G418)) and hygromycin B were purchased from lif e Technologies, Inc. (Eragny, France). The 

Superfect™™ transfection kit was from Qiagen (Courtaboeuf, France). Pfu DNA polymerase, the 

LacSwitch®® II-inducible mammalian expression system, and isopropyl-^D-thiogalactopyranoside 

(IPTG)) were from Stratagene (La Jolla, CA). Monoclonal antibody directed against polyhistidine 

tagg (C terminus), blasticidin and pcDNA6/V5-His A, B, C vectors were from Invitrogen 

(Carlsbad,, CA). Monoclonal antibody against the HA epitope was from Roche Molecular 

Biochemicalss (Mannhein, Germany). Rabbit anti-PTEN, rabbit anti-actin, rabbit anti-phospho-

Akt/PKBB (Thr308), sheep anti-Akt/PKB, sheep anti-phospho-GSK-3(3, and sheep anti-GSK-3p 

antibodiess were from Upstate Biotechnology (Lake Placid, NY). IL-13 and cDNA encoding for 

thee myristoylated and dead forms of HA-tagged Akt/PKB were kindly provided by A. Minty 

(Sanofii  Elf Biorecherche, Labege, France), Dr. T. F. Franke (Columbia University, New York, 

NY),, and Dr. P. N. Tsichlis (Fox Chase Cancer Center, Philadelphia, PA), respectively. L-[U 
14C]valinee (specific activity: 288.5 mCi/mmol) and enhanced chemiluminescence detection kit 

weree from Amersham Pharmacia Biotech (Les Ulis, France). 

2.2.. Expression Plasmids and Transfections 

Thee full-length PTEN cDNA was synthesized from total RNA derived from HT-29 cells 

byy PCR using pfu DNA polymerase and primers that add a 5' BamHl site (5'-

GCGGATCCATGACAGCCATCATCAAAGAGATCGTTAGC)) and a 3' Xbal site (5'-

CGCTCTAGATG*ACTTTTGTAATTTGTGTATGCC containing a mutated stop codon (*)). 

Thee resulting cDNA was subcloned into pcDNA6/V5-His, and the sequence was verified by 

automatedd sequencing using several pairs of primers at position 1-400, 365-800, 770-1000, and 

980-1300.. Histidine-tagged PTEN cDNA was then amplified by PCR and subcloned into 

pOPRSVI/MCSS operator vector from the LacSwitch® II-inducible mammalian expression 

system.. Histidine-tagged C124S and G129E PTEN mutants were generated by PCR-based site-

directedd mutagenesis and subcloned into the pOPRSVI/MCS operator vector. In a first set of 

experiments,, HT-29 cells were transfected with 5 ug of Lac-repressor-expressing vector and 

selectedd in the presence of 400 u,g/ml hygromycin B. In a second set of experiments, stable Lac-

repressor-expressingg HT-29 cells were transfected with 5 ug of each pOPRSVI/MCS operator 

vectorr constructions, including the empty vector, His-tagged wt-PTEN, C124S, and G129E 

PTENN mutants, and selected in the presence of 800 ng/ml G418 and 200 ug/ml hygromycin 

B.. Under these conditions, expression of inserted cDNA is repressed until inducer (5 raM IPTG) 

iss added to the media for 16 h. 

HT-299 cells were transfected with 5 ug each of pCMV6-HA-tagged, myristoylated, and dominant 

negativee Akt/PKB and selected in the presence of 800 (xg/ml G418. 
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2.3.. Immunoblottin g 

Beforee and after IPTG induction for 16 h, cells were washed twice with ice-cold 

phosphate-bufferedd NaCl solution and lysed in cold lysis buffer (20 mM Tris-HCl (pH 7.4), 

1500 mM NaCl, 1% Triton X-100, 0.5% Nonidet P-40, 1 mM EDTA, 1 mM EGTA, 5 uM 

phenylmethylsulfonyll  fluoride, 5 ug/ml of leupeptin, pepstatin A, and aprotinin, 1 mM Na3V04, 

22 mM NaF, and 2 mM Na4P07) for 30 min on ice. After centrifugation the protein concentration 

off  cell lysates was determined using the BCA reagent. One-hundred ug of protein were resolved 

byy 10% SDS-polyacrylamide gel electrophoresis and transferred onto a nitrocellulose membrane. 

Thee membranes were blocked with 5% nonfat dry milk in TBST (10 mM Tris-HCl (pH 8.0), 

1000 mM NaCl, and 0.05% Tween 20) for 1 h at room temperature and then incubated with the 

appropriatee primary antibody for 1 h at room temperature or overnight at 4 °C, followed by 

incubationn with horseradish peroxidase-conjugated secondary antibody at 1:3000 dilution for 1 h 

att room temperature. The polyclonal anti-PTEN, anti-phospho-Akt/PKB (Thr308), anti-

Akt/PKB,, anti-phospho-GSK-3£, and anti-GSK-3J3 antibodies were used at 1:1000 dilution. The 

monoclonall  anti-His and anti-HA antibodies were used at 1:2500 and 1:3000 dilution, 

respectively. . 

2.4.. Measurements of Autophagic Parameters 

Autophagicc sequestration of LDH and measurement of the degradation of long-lived 

proteinss were determined as reported previously [21]. Cells were cultured in complete medium 

containingg 5 mM IPTG for 16 h and then chased for 4 h h in nutrient-free medium (without amino 

acidss and in the absence of fetal calf serum) containing 5 mM IPTG. When used, 3-MA (10 mM) 

andd IL-13 (30 ng/ml) were added to the cells at the beginning of the chase period. 

3.. Results 

3.1.. PTEN Controls the IL-13-dependent Activation of PKB in HT-29 Cells 

Ass the PTEN phosphatase tumor suppressor is frequendy inactivated in several cancer 

cellss and in a series of related disorders that are characterized by a predisposition to cancer [15-

17],17], we have first determined whether wt-PTEN is expressed in HT-29 cells. As shown in Fig. 1, 

aa rabbit polyclonal antibody raised against a C-terminal peptide of PTEN recognized a Mr 

56,0000 protein in HT-29 cells. To investigate the presence of mutations of endogenous PTEN, 

wee analyzed its cDNA amplified by RT-PCR. After total sequencing, no mutation was detected 

onn PTEN, including the region corresponding to the common phosphatase P loop motif 

(HCXXGXX RR located at the position 123-130). To determine whether increased levels of wt-
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PTENN or inactive phosphatase mutants had effects on Akt/PKB activation in HT-29 cells, full-

lengthh cDNAs were subcloned into an eucaryotic expression pcDNA6/V5/His vector. 

WB B 

66 6 

46 6 

Fig.. 1. HT-29 cells express the 

wild-typ ee form of PTEN. 
Expressionn of the endogenous PTEN 

PTENN protein in HT-29 cells. Western blot (WB) 

analysiss using a polyclonal anti-PTEN 

antibodyy on whole cell lysates of HT-29 

cells. . 

Preliminaryy attempts to select clones of HT-29 cells overexpressing wt-PTEN were 

unsuccessful,, probably because of the induction of cell death induced by the forced expression of 

PTENN as reported previously [22]. To circumvent this difficulty, His-tagged constructs 

expressingg either wt-PTEN or an inactive phosphatase mutant (C124S) or the G129E 

phosphoinositidee phosphatase-deficient mutant were transfected after insertion into the IPTG-

induciblee pOPRSVI/MCS operator vector together with a Lac-repressor-expressing vector. HT-

299 cells overexpressing the pOPRSVI/MCS operator vector with no insert were used as a 

control.. G418- and hygromycin B-resistant clones were selected, and PTEN expression was 

measuredd at different times after the addition of 5 mM IPTG. After 16 h of induction, expression 

off  PTEN in the selected clones was detected by immunoblotting using a monoclonal antibody 

directedd against the polyhistidine tag (Fig. 2A). Under these conditions no detectable signs of cell 

deathh were observed, and a 2.5-fold increase of PTEN proteins was detected using an anti-PTEN 

antibodyy (data not shown). IL-13 is known to activate Akt/PKB in HT-29 cells in a class I PI 3-

kinase-dependentt manner [13,23]. When wt-PTEN-expressing cells were challenged with IL-13 

afterr IPTG addition, we observed a decrease in Akt/PKB phosphorylation when compared with 

thee control cells (Fig. 2B). In contrast, a robust Akt/PKB phosphorylation was observed either in 

C124S-- or G129E-expressing cells after IPTG addition. Whatever the cell population considered 

noo modification of the PI 3-kinase activity was observed in presence or absence of IPTG (data 

nott shown), demonstrating that PTEN functions downstream of PI 3-kinase as expected. 
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B B vectorr wt-PTEM C12,S G1 2* 

ectorr wt-PTEN C ^S G™!. 

-- +  + Fig. 2. Effect of 

overexpressionn of PTEN 

onn IL-13-dependent 

phosphorylationn of 

Akt/PK BB in HT-29 cells. 

A,, induction of PTEN 

,™,, expression in HT-29-Lac-
IflLrIflLr  + + + + + + + + 

11.1311.13 . + . + . + . + repressor-expressing cells 

containingg IPTG-inducible 

pOPRSVT/MCSS PTEN cDNA 

expressionn constructs (His-

taggedd wt-PTEN, C124S, and 

G129EE PTEN mutants). Expression levels were compared after 16-h culture in the presence (+) or absence (~) of 

55 mM IPTG by Western blot using a monoclonal anti-His antibody (top). HT-29-Lac-repressor-expressing cells 

containingg IPTG-inducible pOPRSVI/MCS operator vector with no insert were used as control (vector). Control 

blott with antibody against actin was performed (bottom). B, effect of PTEN on Akt /PKB phosphorylation. Cell 

populationss were first induced for 16 h with 5 mM IPTG and then cultured in the presence (+) or absence (—) of 

300 ng/ml IL-13 for 4 h. Levels of phosphorylated (top) and total (bottom) Akt /PKB protein were measured by 

Westernn blot using an anti-phospho-Akt/PKB (Thr308) antibody and a pan-Akt/PKB antibody that recognizes 

Akt /PKBB independent of its phosphorylation status. Note that the phosphorylation of Akt /PKB is dependent on 

PTENN expression and functional phosphatase activity. 

Akt/PKBB Vs 

Akt/PKB B 

3.2.. Up-regulation of Autophagy Is Dependent upon the Lipi d Phosphatase Activit y of 

PTEN N 

Wee have shown previously that stimulation of class I PI 3-kinase by IL-13 decreased the 

autophagicc capacities of HT-29 cells [13] in a similar way to that observed after treatment with 3-

MA,, an inhibitor of autophagy [11]. By contrast, in wt-PTEN-overexpressing cells autophagy was 

noo longer sensitive to IL-13 treatment but still sensitive to 3-MA as determined by the 

degradationn of [14C]valine-labeled long-lived proteins (Fig. 3) and the rate of sequestration of the 

cytosolicc enzyme LDH into autophagic vacuoles (Table I). The increase of autophagic capacity 

observedd in wt-PTEN-overexpressing cells after treatment with IL-13 could be due to the 

reductionn of basal level of phosphatidylinositide (3,4,5)P3 in this cell population. As expected 

autophagyy was reduced by IL-13 in C124S PTEN-expressing cells in the presence of IPTG. More 

importantlyy IL-13 also decreased the rate of autophagy in cells expressing the G129E mutant, 

whichh has only retained the protein phosphatase activity of PTEN. From these results we 

42 2 



TheThe tumor suppressor VTENpositively regulates macroautophagy 

concludedd that the lipid phosphatase activity of P T EN is required to control autophagy. 

Fig.. 3. Th e 

phosphatidyl inosit ide e 

phosphatasee activit y of 

P T E NN is required to 

controll  autophagy i n 

HT-2 99 cel ls. HT-29-Lac-

repressor-expressingg cells 

containingg IPTG-inducible 

pOPRSVI/MCSS PTEN cDNA 

expressionn constructs (His-

taggedd wt-PTEN, C124S, and 

G129EE PTEN mutants) were 

radiolabeledd with 0.2 uCi/ml 

[14C]]  valine for 16 h in complete 

mediumm containing 5 mM IPTG and chased for 4 h in nutrient-free medium containing 5 mM cold valine and 5 mM 

IPTG.. When used 3-MA (10 mM) and IL-13 (30 ng/ml) were present during the chase period. The values reported 

aree the means of three independent experiments  S.D. 

3.3.. Activatio n of Ak t /PK B Negat ive ly Regulates the Autophagic Signall ing 

Too demonstrate the role of A k t / P KB in the control of autophagy, HT-29 cells were 

stablyy transfected with the HA-tagged constitutively active form of Ak t /PKB (MyTKB) or the 

HA-taggedd dominant negative mutant of A k t / P KB ("PKB), and expression of both proteins was 

detectedd using a monoclonal antibody raised against the HA-tag and a polyclonal ant i -Akt /PKB 

antibodyy (Fig. 4A). Moreover, the constitutive active form of Ak t /PKB was operative as 

determinedd by the analysis of the phosphorylation of GSK-3J3 using a polyclonal phospho-GSK-

3pp antibody, a direct substrate of A k t / P KB [24]. As shown in Fig. 4B, GSK-3[3 was 

phosphorylatedd in cells transfected with the MyrPKB construct, whereas phosphorylation of GSK-

3pp was not detected in cells transfected with the k dPKB construct or in control cells. Autophagic 

parameterss (proteolysis, see Fig. 4C, and the rate of L D H sequestration, see Table I) were 

dramaticallyy decreased in MyrPKB-expressing cells when compared with control cells. By contrast, 

3-MA-sensitivee autophagy was up-regulated in kdPKB-expressing cells, demonstrating that 

activationn of Ak t /PKB negatively regulates the autophagic signalling pathway. 

Q Q 

vectorr wt-PTEN C124S G129E 

10 0 

8 8 

6 6 

XX f 

Jöii i 
ftft  fl 

i l ll UOi llo 
IL-13IL-13 - + " • + " - + " • + • 
3-MA3-MA - - + - - + - - + - - + 

IPTOIPTO + + + + + + + + + + + + 
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Tablee I 

Autophagicc sequestration of LD H in HT-29 cell populations 

Transfectedd construct Sequestration of LDH" 

Control15 5 

Control15++ IL-13 

Control155 + 3-MA 

wt-PTENc c 

wt-PTENcc + IL-13 

wt-PTENcc + 3-MA 

C124SS PTENC 

C124SPTENCC + IL-13 

G129SS PTENC + 3-MA 

G129EE PTENC 

G129EE PTENC + IL-13 

G129EE PTENC + 3-MA 

Controld d 

Control411 + 3-MA 
MytPKB B 
MyTKBB + 3-MA 
kdPKB B 
kdPKBB + 3-MA 

%/h %/h 

3.99 5 

1.99 3 

1.66 3 

4.33 6 

6.22  0.7 

1.88 4 

3.66 4 

1.88 3 

1.77 3 

3.88 4 

2.00 4 

1.55 5 

3.99 6 

1.77 3 

1.55 2 

1.55 1 

6.55 6 

1.88 3 

Valuess are the mean  S.D. (n = 3). 
bb Empty pOPRS VI/MCS operator vector. 
cc Cells are treated with 5 mM IPTG for 16 h before and during LDH sequestration 

measurement. . 
dd Empty pCMV6 vector. 
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B B 

vectorr " T E E "PKB vectorr M>*PKB WPKB 

Phospho-GSK-3p p 

GSK-3p p 

o o 
2 2 
ff ff 
P P 
e e 
J J 
« « 

10 0 

88 . 

66 . 

4 4 

22 -

00 . 

3-MA 3-MA 

vectorr M*PKB UPKB 

DD CD 
++ - + - + 

Fig.. 4. Activation of Akt/PK B negatively regulates the autophagic pathway. A, HT-29 cells 
weree transfected with HA-tagged pCMV6 Akt /PKB expression constructs (constitutive active form of Akt /PKB 

(MyrpKB)) or dominant negative mutant of Akt /PKB (^PKB)). HA-tagged pCMV6 with no insert was used as 

controll (vector). Levels of transfected Akt /PKB proteins were measured by Western blot using an anti-HA antibody 

(top)) and pan-Akt/PKB antibody (bottom). Note that this latter antibody recognizes both endogenous and HA-

taggedd Akt/PKB proteins. B, measurement of Akt /PKB activity. Levels of phospho-GSK-3|3 and total GSK-3(3 

weree measured by Western blot using an anti-phospho-GSK-3£S antibody and a pan-GSK-3[3 antibody. C, 

measurementt of [14C]valine long-lived protein degradation in cells transfected without (vector) or with Akt /PKB 

constructt in the presence (+) or in absence (—) of 10 mMM 3-MA was performed as described in the legend of Fig. 3. 

Dataa are the means of three independent experiments  S.D. 

4.. Discussion 

Thee results presented here demonstrate that the signalling control of autophagy depends 

uponn the activity of the tumor suppressor PTEN. Somatic mutations or deletion of PTEN are 

frequendyy observed in a large variety of cancers either at early or late stages of development 

[15,25].. Similarly to other colon cancer cell lines, HT-29 cells express wt-FTEN [26]. This result 

iss in line with the observation that PTEN's loss of function is not a common event in colorectal 

cancerss [27,28]. Our data may explain why in contrast to most cancer cells, autophagy is not 

down-regulatedd in HT-29 colon cancer cells. However, alterations in PTEN expression and 

functionn is not the only cause for the low rate of autophagy in cancer cells. Recendy, the protein 
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Beclinn 1 has been reported to stimulate autophagy and to suppress tumorigenesis in breast cancer 

cellss [5]. Interestingly, Beclin 1 interacts with the class III PI 3-kinase in mammalian cells [29], 

suggestingg that it is probably part of the machinery engaged in the formation of autophagic 

vacuoles.. Together these data show that PTEN and Beclin 1, two proteins with tumor-

suppressivee properties, control autophagy at different levels, i.e. signalling and autophagosome 

formation,, respectively. 

Thee role of PTEN in controlling autophagy is dependent upon its lipid phosphatase 

activity,, which antagonizes the inhibitory effect of the PI 3-kinase/PKB pathway on the 

autophagicc sequestration. These results point to a molecular connection existing between 

autophagyy and cell death, because it is now well established that cell survival signalling is 

operativee through the activation of Akt/PKB [30]. Conversely, expression of wt-PTEN or its 

forcedd expression counteracts the Akt/PKB-dependent cell survival [26,31]. Although the role of 

autophagyy in the execution of a programmed cell death remains to be elucidated, several studies 

havee pointed to its importance in the type II cell death (autophagic cell death) [32] as well as in 

thee modulation of type I cell death (apoptosis) [33]. The recent demonstration that PTEN is 

essentiall for embryonic development [34] and that a high expression of PTEN was detected in 

differentt tissues during human development [35] give credit to the idea that autophagy is 

instrumentall during development [36] and could utilize some regulatory mechanisms common 

withh those of apoptosis [37]. 

Thee role of Akt/PKB in the negative control of autophagy is compatible with the IL-13 

signall transduction pathway and the effect of PTEN. Among the known targets of Akt/PKB 

severall lines of evidence indicate that the kinase target of rapamycin (TOR) occupies a central 

positionn in the signalling cascade of autophagy in eucaryotic cells [38-40]. However amino adds, 

whichh are physiological inhibitors of autophagy (reviewed in Ref. [41]), activate mTOR by an 

Akt/PKB-independentt mechanism in different models including HT-29 cells [42,43]2. Further 

studiess are needed to elucidate the mechanism involved in the control of autophagy by the PI 3-

kinase/PTEN/PKBB pathway. Nevertheless the data reported here point to the molecular 

connectionn between the control of a major catabolic route and that of a signalling pathway 

frequentlyy altered in human cancers. 

22 S. Arico, A, Petiot, C. Bauvy, P. F. Dubbelhuis, A. J. Meijer, P. Codogno, and E. Ogier-Denis, 

unpublishedd data. 
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Inhibitio nn of autophagic proteolysis by inhibitor s of 

phosphatidylinositoll  3-kinase can interfer e with the regulation of 

glycogenn synthesis in isolated hepatocytes 

Abstract t 

Aminoo acid-induced cell swelling stimulates conversion of glucose to glycogen in isolated 

hepatocytes.. Activation of glycogen synthase phosphatase, caused by the fall in intracellular 

chloridee accompanying regulatory volume decrease, and activation of PI 3-kinase, induced by cell 

swelling,, have been proposed as underlying mechanisms. Because PI 3-kinase controls 

autophagicc proteolysis, we examined the possibility that PI 3-kinase inhibitors interfere with 

glycogenn production due to their anti-proteolytic action. 

Thee PI 3-kinase inhibitor wortmannin inhibited endogenous proteolysis, fhe production 

off glycogen from glucose and the activity of glycogen synthase a (GStf) in the absence of added 

aminoo acids. The stimulation by amino acids of glycogen production and of GSa was only slightly 

affectedd by wortmannin. These effects of wortmannin could be mimicked by proteinase 

inhibitors.. A combination of leucine, phenylalanine and tyrosine, which we previously showed to 

stimulatee PI 3-kinase-dependent phosphorylation of ribosomal protein S6, did not stimulate 

glycogenn production from glucose. 

Inn contrast to wortmannin, LY294002, another PI 3-kinase inhibitor, strongly inhibited 

bothh glycogen synthesis and GSa activity, irrespective of the presence of amino acids. Inhibition 

off glycogen synthesis by LY294002 could be ascribed in part to increased glycogenolysis and 

glycolysis. . 

Itt is concluded that in hepatocytes activation of PI 3-kinase may not be responsible for 

thee stimulation of glycogen synthesis by amino acids; LY294002 inhibits glycogen synthesis and 

stimulatess glycogen breakdown by a mechanism that is unrelated to its action as an inhibitor of 

PII 3-kinase. 
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1.. Introduction 

Inn hepatocytes, amino acids are potent stimulators of glycogen synthesis from glucose [1-

3].. Thiss is largely the consequence of the ability of certain amino acids (e.g. glutamine, proline) to 

causee cell swelling following their concentrative Na+-dependent transport across the plasma 

membranee and the rapid production of (impermeant) glutamate and aspartate in the course of 

dieirr intracellular metabolism [4,5]. In response to the initial cell swelling, hepatocytes undergo 

"regulatoryy volume decrease" and release KC1 to the extracellular medium in an attempt to 

restoree their original volume [6]. We have been able to demonstrate that the fall in intracellular 

chloridee results in de-inhibition of glycogen synthase phosphatase and contributes, at least in 

part,, to the mechanism responsible for the amino acid-induced increase in glycogen production 

in. . 
Ann additional mechanism, accounting for the swelling-induced increase in glycogen 

synthesiss was based on the observation [8] that cell swelling activates a protein kinase signal 

transductionn pathway containing PI 3-kinase and p70S6k as components. Inhibition of PI 3-

kinasee by wortmannin and LY294002, but not the inhibition of p70S6k activation by rapamycin, 

waswas found to inhibit the swelling-induced activation of GS. It was concluded that PI 3-kinase, but 

nott p70S6k, may be involved in the mechanism of activation of GS by cell swelling [8]. 

AA complicating factor with regard to PI 3-kinase inhibitors is that these compounds also 

inhibitt autophagic proteolysis [9,10] because of die requirement of PI 3-kinase class III in this 

processs [10]. Therefore, inhibition of glycogen synthesis by PI 3-kinase inhibitors may have been 

indirect,, i.e. by inhibition of the production of amino acids from intracellular proteins. In 

addition,, there is the observation that leucine does not affect synthesis of glycogen [1,4,11], even 

thoughh it activates p70S6k [12] and stimulates phosphorylation of ribosomal protein S6 in a 

wortmannin-- and LY294002-sensitive manner [9], For these reasons, we analysed the interaction 

off the PI 3-kinase inhibitors with glycogen metabolism in more detail. 

2.. Experimental 

2.11 Materials 

Wortmanninn and leupeptin (N-acetyl-leu-leu-arg-al) were obtained from Sigma (St. Louis, 

MO,, USA), LY294002 (2-(4-morpholinyl)-8-phenylchromone) was purchased from Biomol 

(Plymouthh Meeting, PA, USA) and calpain inhibitor I (N-acetyHeu-leu-norleucinal) from Roche 

Diagnosticss (The Netherlands). [6-3H]Glucose was obtained from Amersham Pharmacia, 

Roosendaal,, The Netherlands. CP320626 and S4048 were synthesised by the Chemistry 

Departmentt of AVENTIS Pharma Deutschland G.m.b.h. Wortmannin, LY294002, calpain 

inhibitorr I, CP320626 and S4048 were dissolved in Me2SO; the final concentration of Me2SO in 

thee incubations did not exceed 0.5% (v/v). Controls were carried out with Me2SO alone. All 
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otherr chemicals and enzymes were obtained from either Roche Diagnostics or Sigma. Rabbit 

polyclonall anti-protein kinase B (Thr 308) antibody was obtained from Cell Signaling Technology 

(Beverly,, MA, USA). 

Malee Wistar rats (about 250 g) were obtained from T.N.O., Zeist, The Netherlands, and 

weree maintained on standard laboratory chow and water ad libitum, until initiation of the fasting 

period. . 

2.22 Preparation of hepatocytes 

Hepatocytess from rats fasted for 16-20h were isolated by collagenase perfusion as 

describedd in [9]. 

2.33 Hepatocyte incubation and sample preparation 

Hepatocytess (5-10 mg dry mass -ml"1) were incubated for 1 h at 37° C in Krebs-Henseleit 

bicarbonatee buffer plus 10 mM Na-Hepes (pH 7.4), 20 mM glucose and the components 

indicatedd in the legends to Figures and Tables; final volume, 2-3 ml. The gas atmosphere was 0 2 

/ C 0 22 (19:1, v/v). When hepatocytes were incubated in a hypo-osmotic medium, the NaCl 

concentrationn in the Krebs-Henseleit bicarbonate buffer was decreased from 120 to 70 mM. 

AA complete mixture of all amino acids (4AA) was used in some of the experiments. The 

compositionn of this mixture was such that each of the amino acids was present at a concentration 

44 times that found in the portal vein of a fasted rat. The composition of the lx mixture was 

exactlyy as described in [13], except that the leucine concentration was 250 uM. 

Att the end of the incubations, samples of the hepatocyte suspension were taken and pre

paredd for metabolite and enzyme analyses. For the determination of lactate, glucose and ATP, 

0.5-mll samples were quenched with HC104 (final concentration: 3.5% m/v). The precipitated 

proteinn was removed by rapid centrifugation at 4° C in a microcentrifuge, and the supernatants 

weree neutralized to pH 7 with a mixture of 2 M KOH plus 0.3 M Mops. 

Sampless for the determination of intracellular G6P, DHAP and PEP were obtained by 

centrifugationn of the cells through a layer of silicone oil (AR 200, Wacker Chemie) into a layer of 

HC1044 (14% m/v). The acid cell extracts were neutralized to pH 7 with 2 M KOH plus 0.3 M 

Mops. . 

Proteolysiss was measured as the production of valine [14]. For the determination of 

valine,, 0.5-ml samples were quenched with sulphosalicylic acid (final concentration, 4% m/v). 

Afterr removal of the protein by rapid centrifugation at 4° C in a microcentrifuge, the supernatant 

wass brought to pH 2.2 with LiOH. Valine was then determined with the help of an amino acid 

analyser,, using a lithium citrate buffer system (alpha-plus, Pharmacia-LKB). 

Forr the determination of glycogen, 0.5 ml of cell suspension was added to 1.5 ml of ice-

coldd 150 mM NaCl plus 10 mM Na-Hepes (pH 7.4), and the cells were pelleted by centrifugation 

inn a microcentrifuge for 1 s. After removal of the supernatant, the cell pellet was extracted with 
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0.55 ml of 0.1 M KOH, incubated for 30 min at 90° C, cooled and brought to pH 4.5 by addition 

off 3 M acetic acid. Precipitated protein was removed by centrifugation in a microcentrifuge for 1 

min. . 

Sampless for the determination of GS and phosphorylase (GP) were prepared as follows: 

0.55 ml of the cell suspension was added to 1.5 ml of ice-cold 150 mM NaCl plus 10 mM Na-

Hepess (pH 7.4) and the cells were pelleted by centrifugation in a microcentrifuge for 1 s. After 

removall of the supernatant, cells were extracted with 0.3 ml of a medium containing 50 mM 

glycylglycinee (pH 7.4), 75 mM NaF, 3 mM EDTA, 0.5% glycogen and 0.1% Triton X-100, and 

weree immediately frozen in liquid nitrogen [15]. 

Glycolyticc flux was measured with [6-3H]glucose (0.5 uCi/ml) [16]. 

Intracellularr chloride was measured by incubation of the cells with 36C1" exacdy as 

describedd in [7]. 

2.44 Metabolite and enzyme assays 

Glycogen,, glucose, lactate, ATP and the activities of GSa, GSa+b, GPa and GPa+b at 37° 

CC were measured as described in [17]. Pyruvate kinase in hepatocyte extracts was measured at 0.5 

andd 5 mM phosphoenolpyruvate according to [18]. G6P, DHAP and PEP were measured 

fiuorimetricallyy by the methods described in [19]. Enzyme activities are expressed in U/g dry 

masss of cells in which 1 U equals 1 umol.min"1. Cell protein was determined by the method of 

Lowryy [20]. 

2.55 Protein kinase B 

Att the end of the incubations, hepatocytes were diluted with 3 volumes of an icecold 

mediumm containing 145 mM NaCl and 10 mM Na+-Hepes, pH 7.4; cells were collected by rapid 

centrifugationn (1 s) in a microcentrifuge. The cell pellet was lysed with Laemmli sample buffer 

andd incubated at 95 °C for 5 min. About 30 ug of cell protein per sample was separated by 10% 

SDS-PAGE.. After separation, a standard Western blotting procedure was performed and the 

PVDFF blot was incubated with anti-phospho-protein kinase B (Thr-308). The protein was 

visualisedd by enhanced chemiluminescence. 

2.66 Statistical analysis 

Thee data were summarized as means  S.E.M., with the number of different hepatocyte 

preparationss in parentheses. The statistical significance of differences of the means was calculated 

usingg Student's /-test. 
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3.. Results 

Inn order to test the ability of wortmannin and LY294002 to inhibit class I PI 3-kinase 

activityy (the enzyme which produces PI(3,4)P2 and PI(3,4,5)P3) in hepatocytes, we first studied 

theirr effect on insulin-dependent phosphorylation of protein kinase B which is known to depend 

onn activity of class I PI 3-kinase [21]. Insulin-stimulated protein kinase B phosphorylation 

provedd to be progressively inhibited by increasing concentrations of wortmannin and LY294002. 

Completee inhibition was obtained at concentrations of 300 nM wortmannin and 100 uM 

LY2940022 (Fig. 1), concentrations that were used in subsequent experiments. 

Insulin n 

LY2940022 (uM) 

--
0 0 

+ + 
0 0 

+ + 
5 5 

+ + 
20 0 

+ + 
40 0 

+ + 
80 0 

+ + 
100 0 

Fig.. 1. Titratio n of 
insulin-stimulated d 
phosphorylationn of 
proteinn kinase B with the 
PII  3-kinase inhibitor s 
LY2940022 and 
wortmannin .. Hepatocytes 

weree preincubated for 18 min 

withh 20 mM glucose; this was 

followedfollowed by addition of 

LY2940022 or wortmannin at the 

concentrationss indicated. Two 

minn later, insulin (0.1 uM) was 

addedd and samples were taken 

afterr another 4 min. Protein 

kinasee B was probed with anti-phospho-Thr308 antibody. Similar results were obtained with two other experiments 

carriedd out with different hepatocyte preparations. 

Insulin n 

Wortmanninn (nM) 

--
0 0 

+ + 
0 0 

+ + 
5 5 

+ + 
20 0 

+ + 
50 0 

+ + 
100 0 

+ + 
300 0 

Next,, we studied the effect of both compounds on glycogen synthesis from glucose. 

Basall glycogen production was relatively low but was greatly stimulated by a complete mixture of 

alll 20 amino acids at physiological concentrations. In agreement with our previous observations, 

highh concentrations of glutamine (in the absence and presence of ornithine to prevent ammonia 

accumulation),, proline alone, and hypoosmolarity also stimulated glycogen production (Table 1) 

[4,5].. A combination of phenylalanine, tyrosine and leucine, which is effective in stimulating 

wortmannin-sensitivee and LY294002-sensitive phosphorylation of ribosomal protein S6 in 

hepatocytess [9], was unable to stimulate glycogen production (Table 1). Wortmannin partially 

inhibitedd glycogen production, both in the absence and in the presence of amino acids or under 

hypo-osmoticc incubation conditions. However, wortmannin only slightly affected the increment 

inn glycogen production caused by amino acid addition or by hypo-osmolarity. By contrast, and 

unexpectedly,, LY294002 strongly inhibited glycogen production under all conditions and largely 
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preventedd the stimulation by amino acids or hypo-osmolarity. It must be stressed that LY294002 

didd not affect cellular ATP levels (Table 1). 
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Wortmanninn and LY294002 also inhibit class III PI 3-kinase which produces PI(3)P. This 

lipidd product is essential for autophagy, and both wortmannin and LY294002 inhibit autophagic 

proteolysiss [9,10]. When amino acids are not present in the incubation medium, they can be 

formedd by accelerated autophagic proteolysis and proteolytically formed amino acids, even when 

presentt in low amounts, may stimulate glycogen synthesis from glucose. As shown in Fig. 2A and 

C,, increasing concentrations of either wortmannin or LY294002 indeed progressively inhibited 

proteolysiss under these conditions. Wortmannin also strongly inhibited glycogen synthesis from 

glucosee in the absence of amino acids, at concentrations similar to those required for inhibition 

off proteolysis (Fig. 2B). In the presence of amino acids, the same concentrations of wortmannin 

inhibitedd glycogen synthesis only slightly and the extent of stimulation of glycogen production by 

aminoo acids was similar at all wortmannin concentrations (cf. also Table 1). By contrast, 

increasingg concentrations of LY294002 strongly inhibited glycogen synthesis from glucose both 

inn the absence and presence of amino acids and the extent of the stimulation by amino acids 

continuedd to decrease at concentrations of LY294002 above those required for maximal 

inhibitionn of proteolysis (Fig. 2D). Apparently, LY294002 can also inhibit glycogen synthesis by a 

mechanismm that is unrelated to its ability to inhibit endogenous proteolysis. This will be discussed 

later. . 

2000 400 

Wortmanninn (nM) 

2000 400 600 

Wortmanninn (nM) 

100 0 

50 0 
LY2940022 (uM) 

100 0 50 0 
LY2940022 (uM) 

100 0 

Fig.. 2. Titratio n of 

proteolysiss and glycogen 

synthesiss with 

wortmanninn and 

L Y 2 9 4 0 0 2.. Hepatocytes were 

incubatedd in the absence and 

presencee of wortmannin and 

LY2940022 at the concentrations 

indicated.. In A and C, 

proteolysiss in the absence of 

addedd amino acids was measured 

ass the production of valine. 

Synthesiss of glycogen was 

analysedd in the absence (closed 

circles)) or presence (open 

circles)) of the complete mixture 

off amino acids (4AA). Data are 

thee means  S.E.M. of 

experimentss carried out with 3 

differentt hepatocyte 

preparations.. In some cases, the 

S.E.M.. indication fell within the 

symbol. . 
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Inn order to obtain further support for the view that the inhibition of glycogen synthesis 

byy wortmannin may have been due to inhibition of proteolysis, at least for a large part, we 

comparedd its effect with that of the cysteine proteinase inhibitors calpain inhibitor I and 

leupeptin.. Leupeptin was previously shown to be an effective inhibitor of autophagic proteolysis 

inn hepatocytes [22]. As shown in Table 1, both calpain inhibitor I and leupeptin were at least as 

effectivee as wortmannin (and LY294002) in blocking protein breakdown. The inhibition was also 

similarr to that caused by a physiological mixture of amino acids at concentrations known to 

inhibitt autophagy (Table 1; cf. [23,24]). Like wortmannin, calpain inhibitor I and leupeptin 

inhibitedd glycogen synthesis from glucose under basal conditions by 50-65% but had little effect 

onn die stimulation of glycogen production by the amino acid mixture (or by hypo-osmolarity; cf. 

Tablee 1). When glycogen synthesis in the absence of added amino acids was plotted against 

proteolysiss in the absence and presence of the inhibitors, an approximately straight line 

relationshipp between the two variables was obtained (Fig. 3). LY294002 did not obey this 

relationshipp (Fig. 3), again indicating that this compound also inhibited glycogen production 

independentt of its ability to inhibit proteolysis. As with glycogen synthesis, wortmannin and 

calpainn inhibitor I (leupeptin was not investigated) were equally effective in decreasing GSa 

activityy in the absence and presence of amino acids, but had relatively litde effect on the 

stimulationn of GSa by the amino acid mixture (Table 1). These data suggested that a decreased 

ratee of proteolysis by the PI 3-kinase inhibitor wortmannin must have contributed to its 

inhibitionn of glycogen production. 

O O 

300 1 

25 5 

20 0 

155 -I 

10 0 

5 5 

55 10 

Proteolysiss (umol \raline/gdm/h) 

15 5 

Fig.. 3. Rate of glycogen synthesis 

fromm glucose as a function of 

endogenouss proteolysis. 
Hepatocytess were incubated in the absence 

off added amino acids with no further 

additionss (1), 0.2 mM leupeptin (2), 300 nM 

wortmanninn (3), 0.15 mM calpain inhibitor I 

(4)) or 100 uM LY294002 (5). The data are 

fromm Table 1. 

Thee question that remained to be answered was why LY294002 was more potent than 

wortmanninn as an inhibitor of glycogen synthesis. Both wortmannin and LY294002 decreased 

GSaGSa activity in the absence or presence of amino acids, LY294002 being the more effective 

(Tablee 1). GPa was not affected by amino acids (cf. [3]), nor by wortmannin, but increased 

significantlyy when LY294002 was added in the presence of amino acids, but not in fheir absence 

(Tablee 1). Another indication that LY294002 may increase flux through GP was found in a series 
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off experiments in which glycogen degradation was measured in hepatocytes obtained from fed 

ratss (Table 2). Breakdown of glycogen was monitored in the absence or presence of glucose to 

causee inactivation of GP [25]; under both conditions, glycogen degradation was significandy 

increasedd by LY294002. Wortmannin slighdy stimulated glycogen degradation, but the effect was 

muchh smaller than that observed with LY294002. 

Tablee 2. Effect of wortmannin and LY 294002 on glycogenolysis in hepatocytes from fed 
rats.. Hepatocytes from rats fed ad libitum were incubated in the absence and presence of 20 mM glucose, in the 

absencee or presence of either 300 nM wortmannin or 100 nM LY294002. *, Significandy different from the 

correspondingg control in the absence of wortmannin or LY294002 (P<0.05). 

Addition n 

None e 

Wortmannin n 

LY294002 2 

Glycogenn disappearance (umol/gdm/90min) 

-Glucose e 

3233  14 (4) 

3599  12 (4)* 

4222  16 (3)* 

+Glucose e 

922  4(4) 

1388  4(4)* 

2077  13 (3)* 

Recendy,, S4048 and CP320626, specific and powerful inhibitors of G6P translocase 

[26,27]] and of GP [28,29], respectively, have become available. These compounds allowed us to 

obtainn additional information on the mechanism by which LY294002 interferes with glycogen 

metabolismm in hepatocytes. Hepatocytes from fasted rats were incubated with glucose in the 

absencee or presence of the inhibitors, in the absence or presence of amino acids to stimulate GS 

(Tablee 3). Inhibition of either GP or of G6P translocase greatly increased net glycogen 

deposition,, especially when amino acids were absent, which stresses the importance of the two 

enzymess in die control of glycogen production in hepatocytes (cf. [30]). Inhibition of glycogen 

synthesiss by LY294002 persisted in die presence of S4048, but was largely, albeit not completely, 

preventedd by CP320626. 

Fromm tiiese experiments, it is concluded mat LY294002 decreased net glycogen 

productionn from glucose by promoting flux through GP, not by enhancing flux through G6Pase. 

Whenn hepatocytes were incubated widi glucose and S4048 intracellular levels of G6P 

greadyy increased [30], and addition of LY294002 under these conditions decreased intracellular 

G6PP from 1.21  0.18 to 0.66  0.06 umol/g dry mass of cells (n= 7; p<0.05) (data not shown). 

Thiss is only possible if LY294002 has additional effects and that it stimulates glycolysis. 

Glycolyticc flux, measured with [6-3H]glucose, was, indeed, stimulated by LY294002 but not by 

wortmanninn (Table 4). In die presence of S4048, with G6P translocase fully inhibited [30], 

glycolyticc flux was greatly stimulated, as expected. In the presence of S4048, LY294002 further 

enhancedd glycolytic flux. 
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Tablee 3. Effect of LY294002 on glycogen production from glucose in the presence of 

CP3206266 or  S4048. Hepatocytes were incubated with 20 tnM glucose (in the absence or presence of amino 

acids)) and LY294002 (lOOuAl), S4048 (10 uM) or CP320626 (10 uM), as indicated. Abbreviations: CP, CP320626; 

LY,, LY294002. *, Significantly different from the corresponding control in the absence of CP320626 or S4048 

(P<0.05).. **, Significantly different from the corresponding control in the absence of LY294002 (P<0.05). 

Glycogenn (u,mol/gdm/h) 

-LY2940022 +LY294002 

None e 

CP320626 6 

S4048 8 

4AA A 

4AAA + CP320626 

4AAA + S4048 

21.55 2 (10) 

79.77  7.2 (10)* 

89.99  11.9(6)* 

65.33  9.0(5) 

100.88  10.1 (5)* 

110.44  17.1 (3)* 

2.33 ) 

53.66  6.9 (10)' 

27.00 5 (6)* 

14.33 6 (5)" 

81.55  9.3 (5)v 

54.88  3.0 (3)v 

Tabl ee 4. Th e effect of LY294002 on glycolytic flux . Hepatocytes were incubated with 20 mM [6-
3H]glucose,, in the absence or presence of either LY294002, wortmannin or S4048 at the concentrations indicated. 

Dataa are the means (  S.E.M.) of 3 experiments carried out with different hepatocytes preparations.*Significandy 

differentt from the control in the absence of LY294002 (P<0.05). **Significantly from the corresponding control in 

thee absence of S4048 (P<0.05) 

Additions s Glycolyticc flux 

(umoll glucose equivalents/gdm/h) 

None e 

LY294002,, 5 uM 

LY294002,, 50 uM 

LY294002,1000 uM 

54.66  5.7 

60.55  5.0 

69.55  5.0* 

67.77 * 

S4048,, lOuM 98.3  8.2" 

S40488 + LY294002, 5 uM 97.2  9.1 

S40488 + LY294002, 50 uM 117.8  10.8* 

S40488 + LY294002,100 ^M 128.2  12.2* 

Wortmanninn 300 nM 46.77  3.8 

60 0 



InhibitionInhibition of autophagic proteolysis 

Furtherr evidence in support of the possibility that glycolysis was activated by LY294002 

waswas obtained in experiments in which glucose was replaced with dihydroxyacetone. Under these 

conditions,, glycogen deposition is negligible (not shown, but see [30]) and production of lactate 

increasedd upon addition of LY294002, with simultaneous inhibition of glucose synthesis (Table 

5).. Addition of wortmannin had a smaller effect on lactate production, with no effect on 

gluconeogenesis.. The inhibition of gluconeogenesis and stimulation of lactate production by 100 

uMM LY294002 was accompanied by decreases in intracellular DHAP (from 817  19 to 561

722 nmol/gdm; n=3; p<0.05) and PEP (from 1141  89 to 509  29 nmol/gdm; n =3 ; p<0.05) 

(dataa not shown). 

Thee effect of LY294002 on glucose production from lactate (plus pyruvate) was also 

studied.. In this case, however, glucose production was not only substantially inhibited by 

LY2940022 but also by wortmannin (Table 5) (see further Discussion). 

Tablee S. Effect of wortmannin and LY294002 on the production of glucose and lactate 
fro mm dihydroxyacetone. Hepatocytes were incubated with eitherlS mM dihydroxyacetone or 10 mM lactate 

pluss 1 mM pyruvate (lac/pyr), in the absence or presence of either 300 nM wortmannin or 100 uM LY294002. Data 

aree the means  S.E.M. with the number of different hepatocyte preparations in parentheses. *Significantly different 

fromm the corresponding control in the absence of wortmannin or LY294002 (P<0.05). 

Additionn Glucose Lactate 

(jxmol/gdm/h)) (umol/gdm/h) 

None e 
Wortmannin n 

LY294002 2 

DHA A 

DHAA + wortmannin 

DHAA + LY294002 

Lac/pyr r 

Lac/pyrr + wortmannin 

Lac/pyrr + LY294002 

4.. Discussion 

166  6(3) 
2 1 + 55 (3) 

244  8(3) 

3855  23 (5) 

3600  31 (5) 

3111 * 

2911  16 (3) 

2155  11 (3)* 

1800  14 (3)* 

11  5 (3) 
88  3 (3) 

77  4 (3) 

1222  13 (4) 

1755  6(4) 

2099  10 (4) 

--

--

--

Ann increase in hepatocyte volume, whether induced by certain amino acids or by hypo-

osmolarityy of the extracellular fluid, activates GS without affecting GP; as a result, net glycogen 

depositionn from glucose increases [4]. Part of die underlying mechanism is activation of glycogen 
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synthasee phosphatase caused by the fall in intracellular chloride accompanying regulatory volume 

decreasee [7,8]. Production of intracellular glutamate by amino acid catabolism [5] is another 

stimuluss of glycogen synthase phosphatase [7]. Krause et al. [8] proposed that swelling-induced 

activationn of total PI 3-kinase (but not IRS-1 associated PI 3-kinase [31]) may be an additional 

mechanismm contributing to GS activation. Our data with wortmannin as an inhibitor of PI 3-

kinasee confirm that wortmannin inhibits GS activity in hepatocytes [8]. Wortmannin decreased 

GSS activity both in the presence and absence of amino acids, but the increment caused by amino 

acidd addition was only inhibited by 35% by the PI 3-kinase inhibitor (Table 1). This is analogous 

too the data of Krause et al. [8]. Similarly, glycogen deposition (not measured in [8]) was inhibited 

byy wortmannin both in the absence and presence of amino acids, but in this case the increment 

causedd by amino acid addition (or hypotonicity) remained largely unaffected by the PI 3-kinase 

inhibitorr (Table 1; Fig. 2). This discrepancy between the effect of wortmannin on amino acid 

stimulationn of GS activity and on net glycogen deposition may be due to the fact that amino acids 

nott only increase flux through GS but simultaneously decrease GóPase flux [30]. 

AA complicating factor is that wortmannin inhibits endogenous amino acid production by 

autophagyy and that this may account for the inhibition of glycogen production in the absence of 

addedd amino acids (Table 1). In support of this, we also noted a similar inhibition of glycogen 

depositionn by the protein degradation inhibitors leupeptin and calpain inhibitor I under these 

conditions. . 

Itt is important to stress that a combination of leucine, phenylalanine and tyrosine was not 

ablee to activate glycogen synthesis. High concentrations of leucine alone were also ineffective [4] 

andd did not affect glycogen synthase activity [31]. Among the various amino acids, leucine in 

particularr is effective in stimulating wortmannin and LY294002-sensitive phosphorylation of 

ribosomalribosomal protein S6 [9]. Activation of PI 3-kinase by leucine was also demonstrated in muscle 

cellss [32]. If activation of PI 3-kinase had contributed to the mechanism of activation of glycogen 

synthesiss by amino acids, it is difficult to understand why leucine would not be effective. In our 

experiments,, we were also unable to observe stimulation by insulin of glycogen production from 

glucosee (data not shown; cf. also [31]), even though insulin was able to stimulate protein kinase B 

phosphorylationn in a wortmannin- and LY294002-dependent manner (Fig. 1; cf. [31]). 

Apparendy,, activation of PI 3-kinase was not sufficient to stimulate glycogen production under 

ourr experimental conditions. 

Surprisingly,, LY294002 strongly interfered with glycogen deposition and GS activity 

independentt of its antiproteolytic effect (Table 1, Figures 2 and 3). A difference between 

LY2940022 and wortmannin in their ability to inhibit of hepatocytic glycogen production has been 

notedd before [33,34]. Although the existence of a LY294002-sensitive, wortmannin-insensitive PI 

3-kinasee cannot be excluded [33,34], most, if not all, classes of PI 3-kinases known today are 

sensitivee to both compounds [21,35]. Moreover, cell swelling promotes the activation of class I 

PII 3-kinase [8,36] and this class can be completely inhibited by both wortmannin and LY294002 

inn hepatocyte preparations [9]. Therefore, an alternative explanation for the aberrant behaviour of 

LY2940022 was sought and we concluded that LY294002 must have enhanced flux through GP 
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andd also enhanced glycolysis, apparently by a mechanism that is not related to its ability to inhibit 

PII 3-kinase. 

Thee specificity of the PI 3-kinase inhibitors is a source of continuous concern [21,37]. 

Wortmanninn inhibits phospholipase A2 at low concentrations [38]. Whether LY294002 has the 

samee effect is not known. Arachidonic acid, a product of phospholipase A2 activity, increases 

glycogenolysiss [39], and inhibition of phospholipase A2 wouldd increase, rather than decrease, net 

glycogenn production. In any case, wortmannin had relatively little effect on amino acid-stimulated 

glycogenn production from glucose, and inhibition of phospholipase A2 seems irrelevant under 

ourr experimental conditions. LY294002, but not wortmannin, was shown to inhibit casein kinase 

III [37]. This cannot explain our results either, because inhibition of this enzyme would increase 

ratherr than decrease glycogen production [40]. 

Thee reason for the difference in behaviour between LY294002 and wortmannin under 

ourr experimental conditions is not entirely clear. Initially, the possibility was considered that 

LY2940022 enhanced intracellular chloride concentration, because chloride ions inhibit GS 

phosphatasee [7]. However, this turned out not to be the case (data not shown). LY294002 (but 

nott wortmannin) significantly increased activity of GVa but only in the presence of amino acids 

(Tablee 1). The increase in GVa may explain the greater ability of LY294002, as opposed to 

wortmanninn (Table 1), to inhibit activity of GSÖ under these conditions, because GPa is known 

too inhibit GS phosphatase [25]. An increase in cytosolic Ca++ concentration cannot explain the 

increasee in GPa by LY294002 because cytosolic Ca++ decreases in the presence of LY294002 

(and(and wortmannin) [41]. An increase in cAMP is also unlikely because glycolytic flux increased 

ratherr than decreased. A plausible explanation for the increased activity of GP is that the primary 

effectt of LY294002 is activation of glycolysis. Activation of glycolysis results in a decline of G6P 

(ass was, indeed, observed) which may de-inhibit GP kinase [25]. If this mechanism is correct, the 

questionn of how LY294002 activates glycolysis remains to be solved. Evidence in support of 

activationn of pyruvate kinase could not be obtained because LY294002 treatment of hepatocytes, 

evenn when insulin is absent, has been reported to decrease pyruvate kinase activity in cell extracts 

byy increasing its degree of phosphorylation [42]. We have confirmed this (data not shown). 

Notwithstanding,, intracellular PEP decreased in the presence of LY294002, which does suggest 

activationn of flux through pyruvate kinase. An attractive explanation would be that LY294002 

stimulatess flux through phosphofructokinase because fructose 1,6-diphosphate is a powerful 

activatorr of pyruvate kinase [43]. However, fructose 1,6-diphosphate decreased rather than 

increasedd in the presence of LY294002 (data not shown). An alternative explanation for the 

increasedd flux through pyruvate kinase could be a fall in the cytosolic ATP/ADP ratio in the 

presencee of LY294002. The precise mechanism of action of LY294002 on glycolysis was not 

furtherr explored, however. 

Becausee of the possible occurrence of cycling between glucose and lactate in hepatocytes 

[16],, it cannot be excluded, that, in addition to activation of glycolysis, gluconeogenesis from 

lactatee was inhibited by LY294002. Although this was, indeed, the case, gluconeogenesis under 

thesee conditions was also sensitive to wortmannin (Table 5). This is to be expected, however, 
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becausee gluconeogenesis from lactate requires mitochondrial efflux of oxaloacetate as aspartate 

andd the aspartate cycle in isolated hepatocytes is known to be stimulated by aspartate (and 

glutamate)) produced by proteolysis [44]. 

Inn conclusion, the present data suggest that activation of PI 3-kinase may not be 

responsiblee for the stimulation of glycogen synthesis by amino acids. The inhibition of glycogen 

synthesiss by wortmannin can be ascribed, at least for a large part, to its anti-proteolytic effect. It 

mustt be stressed that this is not due to lack of specificity of the compound as an inhibitor of PI 

3-kinase,, because PI 3-kinase class III is essential for autophagy, as we showed previously [10]. 

LY2940022 stimulates glycogen breakdown by a mechanism that is unrelated to its action as an 

inhibitorr of PI 3-kinase. 
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Hepaticc amino acid-dependent signalling is under  the control of 

AMP-dependentt  protein kinase 

Abstract t 

Itt has become increasingly clear in recent years that amino acids can stimulate a signal 

transductionn pathway resulting in the phosphorylation of mTOR downstream targets. We have 

noww found that amino acid-dependent phosphorylation of p70S6 kinase and of S6 in hepatocytes 

iss prevented when AMPK is activated by either the purine ribonucleoside analogue 

AICAriboside,, fructose or glycerol. Insulin-dependent phosphorylation of protein kinase B is not 

affectedd by AMPK activation. Protein synthesis is strongly inhibited when AMPKK is activated. 

Itt is concluded that amino acid-dependent signalling, a protein-anabolic signal, can be 

effectivelyy antagonised by activation of AMPK. 
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1.. Introduction 

Recentt research, initiated by our laboratory [1], has demonstrated that amino acids, in 

additionn to their role as intermediary metabolites, can stimulate mTOR-dependent 

phosphorylationn of signal transduction components which also participate in insulin signalling [2-

4].. Although in various cell types insulin alone can stimulate PI 3-kinase-dependent 

phosphorylationn of protein kinase B, the hormone cannot activate mTOR downstream targets 

unlesss low concentrations of certain amino acids, leucine in particular, are also present. By 

contrast,, high concentrations of amino acids stimulate phosphorylation of mTOR downstream 

targetss in the absence of insulin but do not effect protein kinase B and, presumably, also do not 

affectt PI 3-kinase although the latter issue is controversial [4]. The mechanism by which amino 

acidsacids stimulate mTOR-mediated signalling is not known but a possibility is that they either 

directly,, or indirectly, stimulate mTOR activity or that they inhibit a protein phosphatase acting 

onn mTOR and/or mTOR downstream targets ([4], for review). 

Itt is now generally accepted that mTOR functions as an amino acid sensor, not only in 

mammaliann cells but also in yeast, controlling protein synthesis and degradation in a reciprocal 

fashionn [3,5]. In an elegant study with HEK293 cells, Dennis et al. [6] proposed that mTOR may 

alsoo act as a sensor of intracellular ATP concentration. It was noted that among the various 

proteinn kinases, the K„ of mTOR for ATP in vitro was exceptionally high and within the 

physiologicall (mM) range of ATP concentrations. Moreover, by inhibition of either 

mitochondriall or glycolytic ATP production in intact cells, a correlation was found between 

intracellularr ATP levels and the degree of phosphorylation of p70S6 kinase or 4E-BP1, as 

indicatorss of in situ mTOR activity. Because inhibition of ATP production may also affect AMP 

levelss via the adenylate kinase equilibrium [7-9], we investigated whether activation of AMPK, 

whichh shuts off ATP-dependent pathways [10], may also contribute to mTOR inhibition. Our 

data,, obtained with isolated hepatocytes, indicate that this is, indeed, the case. 

2.. Materials and methods 

2.1.. Material s 

Insulin,, rapamycin, AICAriboside and the chemicals for enhanced chemi-luminescence 

(ECL)) were from Sigma (St. Louis, MO, USA). LY294002 (2-(4-morpholinyl)-8-

phenylchromone)) was obtained from Biomol (Plymouth Meeting, PA, USA). Phosphospecific 

anti-PKBB <Thr308) was from New England Biolabs. Phosphospecific anti-AMPK (Thr172) was 

fromm Cell Signaling Technology Inc. (Leusden, The Netherlands). Rabbit anti-p70S6 kinase was 

fromm Santa Cruz Biotechnology (Santa Cruz, CA, USA). Goat anti-rabbit-HRP was from Biorad 

(Hercules,, CA, USA). Silicone oil AR200 was from Wacker-Chemie GmbH (Burghausen, 

Germany).. [32P]Phosphate and [3H]valine were from Amersham Corp. (s Hertogenbosch, The 
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Netherlands).. All other chemicals and enzymes were obtained from either Boehringer 

(Mannheim,, Germany) or Sigma (St. Tx>uis, MO, USA). 

Rapamycinn and LY294002 were dissolved in DMSO. The final DMSO concentration did 

nott exceed 0.25% (v/v). This concentration of DMSO did not affect the processes that were 

studied. . 

2.2.. Preparation of hepatocytes 

Hepatocytess were isolated from 16-20 h starved male Wistar rats (200-250 g) by 

collagenasee perfusion [11]. 

2.3.. Hepatocyte incubation 

Hepatocytess (5-10 mg dry weight/ml) were pre-incubated for the indicated time periods 

att 37° C in minimal medium (Krebs-Henseleit bicarbonate buffer plus 10 mM Na-Hepes, pH 7.4, 

andd 20 mM glucose). In all experiments, hepatocytes were first incubated in this medium for 20 

minn to allow for temperature adjustment. This was then followed by addition of the components 

ass indicated in the legends. Final incubation volume was 2-3 ml. The gas atmosphere was 0 2 / 

C0 22 (19:1, v/v). 

Forr measurement of S6 phosphorylation, hepatocytes were first loaded with 

[32P]phosphatee (50 uCi/ml), exacdy as described in [1]. 

Proteinn synthesis was measured with [3H]valine (0.5 |xCi/ml), as in [1]. In order to ensure 

uniformityy of the labeling of the intracellular valine pool, a concentration of 5 mM valine was 

used. . 

Thee composition of the complete mixture of all amino acids (4AA) used in the 

experimentss was such that the concentration of each of the amino acids was present at a 

concentrationn 4 times that found in the portal vein of a fasted rat. The composition of the 1AA 

mixturee was exactly as described in [11] except that the leucine concentration was 250 uM. 

Att the end of the incubations, hepatocytes were collected for gel analysis by 

centrifugationn in 5 volumes of an ice-cold solution of 150 mM NaCl plus 10 mM Na-hepes (pH 

7.4)) for 5 sec in an Eppendorf centrifuge. For the SDS-PAGE procedures, the pellet was lysed by 

additionn of Laemmli sample buffer and subsequendy incubated at 95° C for 5 min. Cells for 

determinationn of ATP were centrifuged in a microcentrifuge through a layer of silicone oil into a 

layerr of 14% (m/v) HC104. The acidified samples underneath the oil were re-exracted by stirring, 

centrifugedd again and neutralized to pH 7 with a small volume of a mixture of 2 M KOH plus 0.3 

MM Mops. 
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2,4.. Gel retardation assay 

Ann equivalent of 40-60 ug of cell protein per sample was separated by SDS-PAGE. For 

separationn of the different phosphorylated forms of p70S6 kinase a 7.5% (w/v) polyacrylamide 

gell was used. After separation, a standard Western Blotting procedure was performed and the 

blott was incubated with an antibody against p70S6 kinase. The proteins were visualised by 

enhancedd chemi-luminescence (ECL). 

2.5.Phosphorylationn of protein kinase B and of AMPK 

Ann equivalent of 30-40 ug of cell protein per sample was separated by 10 % (w/v) SDS-

PAGE.. After separation, a standard Western Blotting procedure was performed. The blot was 

subsequentlyy incubated with an antibody against the phosphorylated form of PKB (Thr308) or 

againstt the phosphorylated form of AMPK (Thr172). ECL was performed to visualise the 

proteins. . 

2.6.. Phosphorylation of S6. 

Ann equivalent of 100 ug of cell protein per sample was separated by 10 % (w/v) SDS-

PAGE.. Gel slabs were dried and subjected to autoradiography. Protein phosphorylation was 

quantifiedd with a Phosphorlmager (Molecular Dynamics, Inc.). 

2.7.. Determination of AT P 

ATPP was determined fluorimetrically with NADP+, glucose, hexokinase and glucose 6-

phosphatee dehydrogenase [12]. 

2.8.. Statistics 

Thee data are summarized as means  SE, with the number of different hepatocyte 

preparationss in parentheses. Statistical significance was determined using Student's /-test 

(p<0.05). . 

3.. Results 

3.1.. Effect of AMPK activation on p70S6 kinase and S6 phosphorylation 

Thee effect of AMPK activation on amino acid-dependent signalling was studied by 

titratingg AICAriboside, a specific activator of AMPK [13], in the presence of amino acids. 

72 2 



HepaticHepatic amino acid-dependent signalling is under the control ofAMPK 

Phosphorylationn ofAMPK at Thr172 , which has been shown to parallel its activity [14,15], was 

maximalmaximal at 250 ^M ATCAriboside (Fig. 1 A). Neither the absence of amino acids nor the presence 

off rapamycin, an inhibitor of mTOR activation, affected basal AMPK phosphorylation. 

Phosphorylationn of p70S6 kinase greatly increased upon addition of amino acids (in agreement 

withh existing literature; [5], for review); the effect was completely prevented by rapamycin and 

alsoo counteracted by AICAriboside at concentrations similar to those required for activation of 

AMPK,, AICAriboside being maximally effective at a concentration of 250 uM (Fig. IB). In order 

too demonstrate that activity of p70S6 kinase was also diminished by AICAriboside, its effect on 

aminoo acid-stimulated phosphorylation of ribosomal protein S6, a measure of the in situ activity 

off p70S6 kinase [16], was also studied. Similar to p70S6 kinase, phosphorylation of S6 was 

stimulatedd by amino acid addition in a rapamycin-sensitive manner (cf. [1]), and this was 

preventedd by AICAriboside (Fig. 1C). 

AMPKK could also be activated by addition of either fructose (cf. [17]) or glycerol. In 

hepatocytes,, these two compounds are rapidly phosphorylated and decrease intracellular ATP 

becausee of intracellular phosphate depletion [18,19] (Table 1). Like AICAriboside, both fructose 

andd glycerol increased AMPK phosphorylation and antagonised amino acid-dependent 

stimulationn of p70S6 kinase and S6 phosphorylation (Fig. 1A, B and C). 

Itt is important to stress that intracellular ATP was not affected by AICAriboside (in 

agreementt with [13]) nor was it influenced by amino acid depletion or rapamycin addition (Table 

Tabl ee 1. Int f acellular  ATP . Hepatocytes were incubated as described in the legend to Fig. 1. 

*,, Significandy different from the control in the presence of amino acids alone (p<0.05). 

Additionss ATP (umol/gdw) 

Nonee 12.8  0.4 (5) 

4AAA 12.7  0.3 (5) 

4AAA + AICAR 250 uM 12.1  0.4 (5) 

4AAA + Fructose 15 mM 2.6  0.7 (4)* 

4AAA +Glycerol lOmM 6.6  0.4 (4)* 

4AAA + Rapamycin 100 nM 11.9  0.6 (3) 
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Fig.. 1. Phosphorylation of AMPK (A), p70S6 kinase (B), S6 (C) and protein kinase B (D). 

Hepatocytess were preincubated for 15 min in the absence or presence of AICAriboside (at the concentrations 

indicated),, 100 nM rapamycin, 15 mM fructose, or 10 mM glycerol; amino acids (4AA; dissolved in the minimal 

incubationn medium) were then added and incubation was continued for another 30 min. When amino acids were not 

present,, the same protocol was followed except that an equivalent volume of minimal medium without amino acids 

wass added to the cell suspension. In D, insulin (107 M) was added 4 min before the end of the incubation. The data 

aree from experiments carried out with 4 different hepatocyte preparations. Fig. IB is a representative experiment. 

Dataa (A,C and D) are expressed as fold increase over the control value. Abbreviations: rapa, rapamycin; ins, insulin; 

LY,, LY294002. 
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Itt is important to stress that intracellular ATP was not affected by AICAriboside (in 

agreementt with [13]) nor was it influenced by amino acid depletion or rapamycin addition (Table 

!)• • 

3.2.. Effect ofAMPK activation on protein kinase B phosphorylation 

Inn another series of experiments we tested the effect of AICAriboside on protein kinase 

BB phosphorylation. In these experiments, insulin had to be used to stimulate protein kinase B 

phosphorylationn because amino acids do not affect protein kinase B ([4], for review). 

Inn contrast to amino acid-dependent stimulation of p70S6 kinase and S6 phosphorylation, 

insulin-dependentt stimulation of protein kinase B phosphorylation was not affected by 

AICAribosidee (Fig. ID). As a control, the effect of the PI 3-kinase inhibitor LY294002 was also 

tested.. As expected, this compound completely prevented insulin-dependent phosphorylation of 

proteinn kinase B (Fig. ID). The lack of inhibition of insulin-stimulated protein kinase B 

phosphorylationn by activation ofAMPK is in agreement with similar observations in other cell 

typess [20,21]. 

3.3.. Inhibition of protein synthesis by AMPK activation 

Becausee mTOR downstream targets are involved in the regulation of protein synthesis 

[2,3,5,6],, the effect ofAMPK activation on protein synthesis was investigated and compared with 

thee effect of rapamycin. Protein synthesis was twofold stimulated by the presence of amino acids, 

wass completely inhibited by 

cycloheximidee and strongly 

inhibitedd by AMPK 

activation,, whether induced 

byy AICAriboside or fructose 

(Fig.. 2.). The strong 

inhibitionn of hepatic protein 

synthesiss by fructose 

confirmss existing literature 

[18].. Rapamycin inhibited 

proteinn synthesis by 20% 

onlyy (cf. [1]). v***v*v***v* mm* * 

F i g .. 2 . P r o t e i n s y n t h e s i s . Hepatocytes were incubated for lh in the absence or presence of the amino acid 

mixturee (4AA). The concentration of valine was 5 mM under all conditions. Where present, 10 uM cycloheximide, 

1000 nM rapamycin, 15 mM fructose or AICAriboside (at the indicated concentrations in fiM) were added. Data are 

thee means  SE from experiments carried out with 4-6 hepatocyte preparations. Values represent the amount of 
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pHJvalinee incorporated into protein. With fructose, only two experiments were carried out. *, Significantly different 

fromm the corresponding control in the presence of amino acids alone; **, significantly different from the control in 

thee absence of amino acids. Abbreviations: rapa, rapamycin; CH, cycloheximide. 

4.. Discussion 

Inn hepatocytes, mTOR-mediated signalling can be stimulated by either a combination of 

insulinn and low concentrations of amino acids acting in synergy, or by high concentrations of 

aminoo acids alone [1,4]. The interference of AMPK with signalling appears to be confined to 

aminoo acid-dependent, mTOR-mediated, signalling because insulin-stimulated protein kinase B 

phosphorylationn was not affected. 

Itt has recently been demonstrated that mTOR activity is kinetically controlled by the 

cytosolicc ATP concentration, and it was proposed that mTOR, in addition to its function as a 

sensorr of amino acids, is also a sensor of ATP [6]. Our data strongly suggest that AMPK is an 

additionall element in the control of mTOR-dependent signalling. In this context, the recent 

observationn that mTOR is associated with the mitochondrial outer membrane [22] is highly 

relevant,, because adenylate kinase, which controls AMP concentration, is predominandy located 

inn the mitochondrial intermembrane space and is not present in the mitochondrial matrix [23]. 

mTORR is thus in a perfect position to be controlled by changes in ATP/AMP ratio. 

Clearly,, the strong inhibitory effect of AMPK activation on protein syndiesis cannot 

solelyy be ascribed to an effect on mTOR-dependent signalling, because inhibition of protein 

synthesiss by rapamycin was much less effective (Fig. 2). Apparendy, AMPK inhibits protein 

synthesiss not only through inhibition of mTOR-mediated signalling but also at other steps 

controllingg the protein synthesizing machinery. 
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Interactionss between amino acids and insulin on the PI  3-

kinase/PKB/mTOR/p70S66 kinase pathway in rat hepatocytes 

Abstract t 

Inn freshly isolated fasted rat hepatocytes, synergy between insulin and amino acids in stimulating mTOR-

dependentt phosphorylation of ribosomal protein S6 as well as simultaneously inhibiting autophagic 

proteinn degradation was described previously by our laboratory. Insulin stimulates the activity of the PI-3 

kinase/PKBB pathway, whereas amino acids stimulate the mTOR/p70S6 kinase pathway, and both 

pathwayss are inhibited by PI-3 kinase inhibitors. Notwithstanding these findings, it is still under debate 

whetherr or not the PI-3 kinase/PKB pathway is necessary for amino acid activation of the mTOR/p70S6 

kinasee pathway and that was investigated in the present study in both rat hepatocytes and HT-29 cells. 

Exposuree of freshly isolated rat hepatocytes to high concentrations of amino acids (i.e. in the 

upperr physiological range) led to maximal phosphorylation and activation of p70S6 kinase. A combination 

off low amino acid concentrations with insulin also maximally stimulated p70S6 kinase activity. By 

contrast,, in the colon cancer cell line HT-29 a high concentration of amino acids was not sufficient to 

stimulatee p70S6 kinase phosphorylation unless insulin was also present. As in hepatocytes, in HT-29 cells 

inhibitorss of PI-3 kinase and mTOR inhibited amino acid/insulin-induced p70S6 kinase phosphorylation 

andd activation. In rat hepatocytes and in the HT-29 cell line, amino acids did not activate the PI-3 

kinase/PKBB pathway, but insulin did. In rat hepatocytes, the PKB inhibitor lL-ó-HydroxymethyWAm?-

inositoll 2-(R)-2-0-methyl-3-0-octadecylcarbonate did not affect p70S6 kinase phosphorylation induced 

byy high concentrations of amino acids but diminished p70S6 kinase phosphorylation induced by low 

concentrationss of amino acids in combination with insulin. In the same cells, inhibitors of protein 

phosphatasee 2A had no effect on the activation of the mTOR/p70S6 kinase pathway by either low or 

highh concentrations of amino acids whether in the absence or presence of insulin. 

Wee concluded: 1) that activation of the PI-3 kinase/PKB pathway by insulin is required for full 

activationn of mTOR-mediated p70S6 kinase by low concentrations of amino acids but that PKB activity is 

nott needed for the activation of p70S6 kinase by high concentrations of amino acids, and 2) that basal PI-

33 kinase activity is sufficient for p70S6 kinase activation by high concentrations of amino acids. 

Inn agreement with data in the literature, we found phosphorylation of PKB by insulin in 

hepatocytess to be transient; this was presumably caused by degradation of insulin in the course of the 

incubations. . 

Inn HT-29 cells stimulated with amino acids and insulin, diree unknown phospho-proteins were 

detectedd using 2D gel electrophoresis; their identity is currently under investigation. 
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1.. Introduction 

Thee ability of amino acids to stimulate signalling and their synergy with insulin was 

discoveredd by our laboratory [1,2]. Using freshly isolated hepatocytes, it was shown that a high 

concentrationn of amino acids in the upper physiological range (4AA) or a combination of a low 

concentrationn of amino acids (1AA) together with insulin stimulated the phosphorylation of 

ribosomall protein S6 in an mTOR-dependent manner [2]. Insulin alone was unable to stimulate 

S66 phosphorylation. The reason for insulin-dependent S6 phosphorylation in other cell types 

reportedd in the earlier literature proved to be the presence of amino acids in the culture media [3]. 

Aminoo acid-dependent signal transduction was confirmed in many other insulin-sensitive cell 

types,, including muscle cells, adipocytes, hepatoma cells, CHO cells and pancreatic (3-cells [4-8]. 

Ass in hepatocytes, amino acids and insulin acted synergistically in stimulating the mTOR/p70S6 

kinasee pathway in these various cell types. The activation of the mTOR/p70S6 kinase pathway by 

aminoo acids could be inhibited by the PI-3 kinase inhibitors wortmannin and LY294002 [9], 

whichh suggested that amino acids, like insulin, can stimulate PI-3 kinase. However, controversy 

existss regarding the role of PI-3 kinase in amino acid-induced activation of the mTOR/p70S6 

kinasee pathway [9]. In this chapter, the role is described of PI-3 kinase studied in experiments 

withh rat hepatocytes and the human colon cancer cell line HT-29. As the mechanism underlying 

thee synergy between amino acids and insulin was largely unknown, this was also investigated. 

Inn contrast to insulin, amino acids did not activate the PI-3 kinase/protein kinase B 

(PKB)) pathway. In the presence of low concentrations of amino acids, insulin-induced activation 

off the PI-3 kinase/PKB pathway was needed for full activation of the mTOR/p70S6 kinase 

pathway.. By contrast, in the presence of high concentrations of amino acids, activation of the 

mTOR/p70S66 pathway only required basal PI-3 kinase activity but not PKB activity. No 

evidencee could be obtained in support of a role for protein phosphatase 2A (PP2A) in the 

synergyy between amino acids and insulin in stimulating signalling suggested in the literature 

[10,11]. . 

2.. Material s and m e t h o ds 

2.1.. Material s 

Insulin,, rapamycin, calyculin A, okadaic acid, phosphatidylinositol (Ptlns), 

phosphatidylinositoll 4-phosphate (PtIns(4)P), phosphatidyl 4,5-bisphosphate ( P t l n s ^ P ^ and 

thee chemicals for enhanced chemi-luminescence (ECL) were from Sigma (St. Louis, MO, USA). 

LY2940022 (2-(4-morpholinyl)-8-phenylchromone) was obtained from Biomol (Plymouth 

Meeting,, PA, USA).). PKB inhibitor (lL-6-Hydroxymethyl-^/re-inositol 2-(R)-2-0-methyl-3-0-
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octadecylcarbonate)) was obtained from Calbiochem (Darmstadt, Germany). Complete protease 

inhibitorr cocktail tablets were from Roche Diagnostics (Almere, Netherlands). Phosphospecific 

anti-PKBB (Thr308) was from Cell Signaling Technology Inc. (Leusden, The Netherlands). Rabbit 

anti-p70S66 kinase and rabbit anti-p85 were from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA).. Goat anti-rabbit-HRP was from Biorad (Hercules, CA, USA). [32P]Phosphate, [y-32P]ATP 

andd [3H]phosphatidylinositol 4-phosphate were from Amersham Corp. ('s Hertogenbosch, The 

Netherlands).. Cell-culture reagents were from Gibco BRL Life technologies (Paisley, Scodand). 

Immobilizedd pH gradient (IPG) buffer and IPG-strips for 2D gel electrophoresis were from 

Amershamm Pharmacia Biotech (AB, Sweden). All other chemicals and enzymes were obtained 

fromm either Boehringer (Mannheim, Germany) or Sigma (St. Louis, MO, USA). Rapamycin, 

LY294002,, calyculin A and okadaic acid were dissolved in dimethyl sulfoxide (DMSO); the final 

DMSOO concentrations did not exceed 0.25% (v/v) and these concentrations did not affect any of 

thee processes studied. 

Malee Wistar rats (about 250 g) were obtained from T.N.O., Zeist, The Netherlands, and 

weree maintained on standard laboratory chow and water ad libitum, until initiation of the fasting 

period. . 

2.2.. Preparation of hepatocytes 

Hepatocytess from rats fasted for 16-20 h were isolated by collagenase perfusion as 

describedd in [12]. 

2.3.. Cell cultur e 

Hepatocytes:Hepatocytes: Hepatocytes (5-10 mg dry weight/ml) were pre-incubated for 20 min at 37° C 

inn minimal medium (Krebs-Henseleit bicarbonate buffer plus 10 mM Na-Hepes, pH 7.4, and 20 

mMM glucose) followed by incubations with components as indicated in die legends to die figures. 

Thee final incubation volume was 2 ml. The gas atmosphere was 0 2 / C0 2 (19:1, v/v). 

HT-29HT-29 cells: Undifferentiated HT-29 cells (kind gift of Dr. P. Codogno, INSERM U504, 

Glycobiologiee et Signalisation Cellulaire, Villejuif Cedex, France) were cultured as previously 

describedd [13]. Cells were maintained at 37 °C under a 10% C0 2 air atmosphere in Dulbecco's 

modifiedd Eagle's medium supplemented with 10% foetal calf serum and 1% 

penicillin/streptomycinn (100 units/ml). Cells were starved for 2 h on Hanks' Balanced Salt 

Solutionn (HBSS) supplemented with 45 mM bicarbonate, 10 mM Na+-Hepes and 0.1% (m/v) 

bovinee serum albumin. Subsequently, cells were washed diree times with phosphate-buffered 

NaCll solution, followed by incubations in HBBS supplemented with 45 mM bicarbonate, 10 mM 

Na+-Hepess and 0.1% (m/v) bovine serum albumin and with the components as indicated in the 

legendss to the figures. 

Thee composition of the complete mixture of all amino acids (4AA) used in the 

experimentss was such that the concentration of each of the amino acids was present at a 
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concentrationn 4 times that found in the portal vein of a fasted rat. The composition of the 1AA 

mixturee was exacdy as described in [14], except mat the leucine concentration was 250 uM. 

2.4.. Immunoblottin g 

Hepatocytes:Hepatocytes: At the end of the incubations, hepatocytes were diluted with 3 volumes of an 

ice-coldd medium containing 145 raM NaCl and 10 mM Na+-Hepes, pH 7.4; cells were collected 

byy rapid centrifugation in a microcentrifuge for 1 s. The cell pellet was lysed with Laemmli 

samplee buffer and incubated at 95 °C for 5 min. 

HT-2PHT-2P cells: At the end of the incubations, HT-29 cells were washed twice with ice-cold 

phosphate-bufferedd NaCl solution and lysed in ice-cold lysis buffer (20 mM Tris (pH 7.5), 150 

mMM NaCl, 250 mM sucrose, 5 mM ethylene diaminetetraacetic acid (EDTA), 5 mM ethylene 

glycol-0,0'-bis-[2-arriino-ethyl]-N,N,N',N\-tetraaceticc acid (EGTA), 0.5% Triton X-100, 10 

ug/mll leupeptin, 10 ug/ml pepstatin, and 10 ug/ml aprotinin) for 30 min on ice. The lysate was 

clearedd by centrifugation in a microcentrifuge for 15 min at 4 °C. 

Celll protein was determined by the method of Lowry [15] and 30 ug of protein was 

separatedd by SDS-PAGE. After separation, a standard Western blotting procedure was 

performedd and die polyvinylidene fluoride (PVDF) blots were incubated with appropriate 

antibodies.. The proteins were visualised by enhanced chemiluminescence (ECL). 

2.4.. Gel retardation assay 

Ann equivalent of 60 ug of cell protein per sample was separated by SDS-PAGE. The 

differentt phosphorylated forms of p70S6 kinase were separated by 7.5% (w/v) SDS-PAGE. 

Afterr separation, a standard Western Blotting procedure was performed and the blots were 

incubatedd with an antibody against p70S6 kinase. The proteins were visualised by ECL. 

2.5.. In vitr o p70S6 kinase assay 

Afterr incubation, hepatocytes were diluted with 3 volumes of an ice-cold medium 

containingg 145 mM NaCl and 10 mM Na+-Hepes, pH 7.4; cells were collected by rapid 

centrifugationn in a microcentrifuge for 1 s. The cell pellet was lysed in radioimmunoprecipitation 

(RIPA)) buffer (30 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% Triton X-100,0.5% 

sodiumdeoxycholate,, 1 mM EDTA, 1 mM Na3V04 and 10 mM NaF) supplemented with 

completee protease inhibitor cocktail tablets (1 tablet per 50 ml of RIPA buffer). Cell lysates were 

centrifugedd for 15 min at 4° C in an microcentrifuge and the supernatant (0.5 mg of cell protein) 

wass incubated for 2 h at 4° C with an antibody against p70S6 kinase. Subsequently, Protein-G 

Sepharosee beads (Pharmacia) were added and the lysates were incubated at 4° C for another 

hour.. The immunoprecipitates were washed 3 times with RIPA and once with kinase buffer (20 

mMM MOPS (pH 7.2), 25 mM Na+-|3-glycerophosphate, 5 mM EGTA, 2 mM EDTA, 20 mM 
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MgCl2>> 2 mM Na3V04 and 1 mM DTT). The kinase assay was carried out essentially as described 

inn [16]. The kinase reaction was performed for 15 min at 30° C in kinase buffer containing 1 uM 

PKA-inhibitorr peptide, 1 uM PKC-inhibitor peptide, 200 uM p70S6 Rsk substrate (all from Santa 

Cruz,, CA, USA), 150 uM ATP-Mg and 10 uCi of [Y-32P]ATP. After incubation, the reaction mix 

waswas spotted on Whatman p81 paper and the excess of free ATP was removed by washing with 

755 mM phosphoric acid 4 times for 1 h. The papers were then washed once with acetone and 

dried,, and bound radioactivity was counted. 

2.6.. I n vitr o PI-3 kinase assay 

PI-33 kinase activity was determined exactly as in [17]. In brief, after 5 or 30 min of 

incubationn at 37° C, hepatocytes were harvested, washed with an ice-cold medium containing 145 

mMM NaCl and 10 mM Na+-Hepes, pH 7.4, and lysed in lysis buffer (50 mM Na+-Hepes (pH 7.4), 

1500 mM NaCl, 10 mM EDTA, 10 mM Na4P207,100 mM NaF, 1% Nonidet-P40,1 mM 

Na3V04,, 4 ug/ml leupeptin, 1 mM ben2amidine, 0.7 ug/ml pepstatin and 0.2 mM 

phenylmethanesulfonyll fluoride (PMSF)) for 15 min on a rotating wheel at 4° C. Cell lysates were 

centrifugedd for 15 min at 4° C in a microcentrifuge and the supernatant (0.5 mg of cell protein) 

wass incubated with an antibody against the p85 subunit of PI-3 kinase for 2 h at 4° C. 

Subsequently,, Protein-A Sepharose beads (Pharmacia) were added and the lysates were incubated 

att 4° C for another hour. The immunoprecipitates were washed twice with ice-cold phosphate-

bufferedd NaCl containing 1% Nonidet-P40 and 0.1 mM Na3V04, twice with 0.1 M Tris-HCl 

buffered,, pH 7.4,0.5 M LiCl containing Na3V04, and twice with a buffer, pH 7.4, containing 10 

mMM Tris-HCl, 100 mM NaCl, 0.1 mM Na3V04 and 1 mM EDTA. The activity of PI-3 kinase 

wass measured at 23°C in 50 ul of a medium containing 20 mM Na+-Hepes, 0.4 mM EGTA, 0.4 

mMM Na2HP04 ,10 mM MgCl2, 50 uM ATP, 2 uCi [y-32]ATP, 0.005% Nonidet-P40 and 0.2 

mg/mll Ptlns. Addition of Mg-ATP started the reaction which was linear for 10 min. After 5 min, 

thee reaction was stopped by addition of 15 ul of 4 M HC1 and subsequently 130 ul of 

methanol/chloroformm (1:1, v/v) was added. The lower phase containing the radiolabelled 

phospholipidss was vacuum-dried, resuspended in 10 ul chloroform, and spotted onto a thin layer 

chromatographyy (TLC) plate. TLC plates were developed in one dimension in 

methanol/chloroform/ammoniaa (25%)/water (45:35:3:7, v/v/v/v). Radiolabelled lipids were 

visualisedd using a Phosphorlmager (Molecular Dynamics, Sunnyvale, CA, USA). 

2.7.. Phospholipid labelling, extraction and TL C pre-purificatio n 

Forr measurement of phosphatidylinositol phospholipid phosphorylation, hepatocytes 

weree first loaded with [32P]phosphate (50 uCi/ml), exactly as described in [2]. Extraction of the 

lipidss was performed as in [18] with minor changes. In brief, at the end of the incubation, 

hepatocytess were dilluted with 1/6 volume of 8% HC104, followed by addition of 4 volumes of 

methanoll and 2 volumes of chloroform containing 1 mg/ml of butylated hydroxytoluene and 10 
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ug/mll of a 1:1:1 mixture of PtIns/PtIns(4)P/PtdIns(4,5)P2. After addition of 1 volume of 

chloroformm and 1 volume of 8% HC104, the lower (organic) phase was collected and the upper 

phasee was washed twice with chloroform saturated with 0.5 M NaCl and 1% HC104. The three 

organicc phases were pooled and concentrated in a speedvac to a final volume of 200 ul. Lipids 

weree spotted onto a TLC plate (DC-Alufolien Kieselgel 60, Merck) that had been impregnated 

withh potassium oxalate in a TLC tank overnight with a solvent system containing 1.2% 

potassiumm oxalate in memanol/water (2:3, v/v). The plate was air dried and activated for 15 min 

att 110° C before spotting. TLC plates were developed in one dimension in 

chloroform/acetone/methanol/aceticc acid/water (116:83:33:33:33, v/v/v/v/v) . Radiolabelled 

lipidss were visualised using a Phosphorlmager (Molecular Dynamics, Sunnyvale, CA, USA). 

[32P]PtIns(3)PP was used as a standard. 

2.8.. Deacylation and HPL C separation 

TLCC spots visualised by phosphorimaging were resuspended in 1.5 ml of deacylation mix 

(40%% methylamine/methanol/water/butanol, 4.8:8.2:2.9:2.1, v/v/v/v) supplemented with 

PtIns(4)PP (10 ug/ml), and were incubated at 53° C for 1 h. The deacylated lipids were dried in a 

vacuumm evaporator, washed once with water, and dried again. The dried residue was resuspended 

inn 0.7 ml of butanol/light petroleum ether/ethyl formate (20:4:1, v/v/v) plus 0.6 ml of water. 

Afterr mixing on a vortex mixer and centrifugation, the lower phase containing the deacylated 

lipidss was washed once with 0.7 ml of butanol/light petroleum ether/ethyl formate (20:4:1, 

v/v/v)) and dried in a vacuum evaporator. The dried samples were dissolved in 250 ul of 0.01 M 

(NH4)2HP044 (pH 3.8). Samples were applied onto a Partisphere SAX (4.6 mm x 125 mm) 

Analyticall Column (Whatman Inc., Clifton, New Jersey, USA) and were eluted at a flow rate of 1 

ml/minn with the following gradient: water for 5 min, up to 25% (NH4)2HP04 (pH 3.8) in 60 min 

(linear),, up to 100% (NH4)2HP04 in 5 min (linear), and at 100% (NH4)2HP04 for 5 min. 

Radioactivityy in the eluate was determined by online scintillation counting in a Canberra Packard 

Radiomaticc 500TR detector. As internal standard, deacylated [3H]PtIns(4)P was used. 

2.9.. 2D gel electrophoresis 

HT-299 cells were washed twice with ice-cold phosphate-buffered NaCl solution and lysed 

inn 2D-lysis buffer (9.0 M urea, 4% 3-[(3-Cholamidopropyl)-dimethyl-ammonio]-l-propane 

sulfonatee (CHAPS) (w/v), 2% IPG buffer (pH 3-10), 40 mM Tris, 20mM DTT, 1 mM Na3V04, 

11 mM NaF, 2 mM EDTA, and 1 mM Na+-pyrophosphate) supplemented with complete protease 

inhibitorr cocktail tablets for at least 1 h at room temperature. The lysate was cleared by 

centrifugationn in a microcentrifuge for 15 min at 4° C. Approximately 350 ug of protein from the 

celll lysates were loaded onto 18 cm IEF 3-10 Non Linear IPG-strips (Amersham Pharmacia 

Biotech,, AB, Sweden) according to the manufacturer's instructions. After reswelling of the strips, 

proteinss were separated by 2D gel electrophoresis: in the first dimension by isoelectrofocussing, 
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followedd in the second dimension by 12% SDS-PAGE. Proteins were visualised by silver-staining 

andd with a Phosphorlmager (Molecular Dynamics, Sunnyvale, CA, USA). 

3.. Results 

3.1.. Effect of amino acids and insulin on p70S6 kinase activity and phosphorylation in rat 

hepatocyes s 

Thee effect of amino acids/insulin-induced activation of p70S6 kinase was studied by 

incubatingg rat hepatocytes for various times with low (1AA) or high (4AA) amino acid 

concentrationss in the absence or presence of insulin. Within 10 min, p70S6 kinase activity was 

maximall in the presence of 4AA and was not further enhanced by insulin (Fig. 1A). Insulin alone 

hadd no effect on p70S6 kinase activity but greatly increased the slight activation by 1 AA. Amino 

acid-mediatedd p70S6 kinase activation was sensitive to the PI-3 kinase inhibitor LY294002 and to 

thee mTOR inhibitor rapamycin. The phosphorylation of p70S6 kinase was also maximal after 

4AAA and not affected by insulin (Fig. IB). Insulin enhanced the phosphorylation of p70S6 kinase 

phosphorylationn by 1AA. lL-ó-Hydroxymethyl-ró/ro-inositol 2-(R)-2-0-methyl-3-0-

octadecylcarbonate,, a specific PKB inhibitor (PKB INH), had no effect on 4AA-induced 

phosphorylationn of p70S6 kinase whether in the absence or presence of insulin, but it hampered 

p70S66 kinase phosphorylation by 1AA in the presence of insulin (Fig. IB). 

Fig.. 1. Synergy between 

aminoo acids and insulin in 

stimulatin gg p70S6 kinase 

activit yy and the effect of 

PKBB inhibitio n on p70S6 

kinasee phosphorylation. A, 

hepatocytess were pre-incubated for 

200 min in minimal medium followed 

byy 10, 20 and 30 min of incubation 

withh the indicated addition. Activity 

off p70S6 kinase was measured as 

describedd under Materials and 

Methods.. Activity is expressed as x-

foldd increase from control. Data are 

expressedd as the mean of 5 experiments + sem. B, hepatocytes were pre-incubated for 30 min with or without PKB 

INHH followed by 30 min of incubation with the indicated addition. When insulin was present, it was added after the 

30-minn pre-incubation step and 4 min before the end of the experiment. Lysates were separated by SDS-PAGE, 

immunoblottedd with anti-p70S6 kinase antibody, and visualised by ECL as described under Materials and Methods. 

Abbreviations:: Ctl, control (minimal medium); Ins, insulin at 10 7 M; LY, LY294002 at 100 uM; rapa, rapamycin at 

1000 nM; PKB INH, PKB inhibitor (5 uM). 

Ctll 1AA 4AA 1AA 4AA Ctll 1AA 4AA 1AA 4AA 
+lnss +lns 

+PKBB +PKB +PKB +PKB +PKB 
INHH INH INH INH INH 
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3.2.. Effect of amino acids and insulin on the PI-3 k inase /PKB pathway in rat hepatocytes 

Inn hepatocytes incubated for 5 min with 4AA, PI-3 kinase activity in vitro was not 

affected.. 4AA could not stimulate the production of PfIns(3,4,5)P, (Fig. 2A,B), not even after a 

30-minn incubation with 4AA (data not shown). By contrast, insulin did stimulate the PI-3 kinase 

activity,, which was accompanied by an increase in intracellular PtIns(3,4,5,)P, levels (Fig. 2A,B). 

PKBB phosphorylation at Thr308, which is essential for PKB activity [19], was stimulated by insulin 

butt not by 4AA in hepatocytes (Fig. 2C ) . 

Phospho--
PKB(Thr308) ) 

Ctl l 4AAA Ins 

Ctl l 4AAA Ins 

B B 

4.5P2 2 

-f—r--f—r-

3,4,5P3 3 
&& ;;¥^;## - J»MW+, V^M^ , 

Ctl l Ins s 4AA A 

Fig.. 2. Interactio n of amino acids and insul in wit h the PI-3 k i nase /PKB pathway. A, B and 

C,, hepatocytes were pre-incubated for 20 min in minimal medium, followed by 5 min of incubation with the 

indicatedd addition. A, a representative TLC showing in vitro synthesized PtIns(3)P. B, deacylated 

phosphatidylinositolphospholipidss were separated by HPLC as described under Materials and Methods. C, lysates 

weree separated by SDS-PAGE, immunoblotted with anti-phospho-PKB (Thr308) antibody, and visualised by ECL as 

describedd under Materials and Methods. The data are from a representative experiment carried out with three 

differentt hepatocyte preparations. Abbreviations: Ctl, control (minimal medium); Ins, insulin at 10 7 M; cpm, counts 

perr min; 4P deacylated PtIns(4)P; 4,5P2, deacylated PtIns(4,5)P2; 3,4,5P3, deacylated PtIns(3,4,5,)P3. 

Inn order to test whether or not insulin-induced PKB phosphorylation was transient and 

whetherr or not this process was sensitive to amino acids, hepatocytes were incubated with 

differentt insulin concentrations for different times in the absence or presence of amino acids. 
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Afterr a 2-min incubation, PKB was phosphorylated at Thr308 in the presence of insulin. After 20 

min,, this phosphorylation proved to be lost at low insulin concentrations (lfJ9 M) and diminished 

att high insulin concentrations (1CT7 M), regardless of whether amino acids were present or not 

(Fig.. 3). Re-addition of insulin after 20 min resulted in re-phosphorylation of PKB and this 

processs was not influenced by amino acids either. 

Fig.. 3. Effect of insulin re-

additionn on PKB 

P J ^ ^^ phosphorylation. Hepatocytes 

fny*»)) 0N& 20 rrin were pre-incubated for 20 min in 

minimall medium followed by 2, 20 

andd 22 min of incubation with the 

indicatedd addition. Lysates were 

separatedd by SDS-PAGE, 

immunoblottedd with anti-phospho-

PKBB (Thr308) antibody, and visualised 

byy ECL as described under Materials 

andd Methods. The data are from 

experimentss carried out with two 

differentt hepatocyte preparations. 

Abbreviations:: Ctl, control (minimal 

medium);; Ins-9, insulin at 10~9 M; Ins-

7,, insulin at lfr7 M; LY, LY294002 at 

1000 uM. 

3.3.. Effect of amino acids and insulin on PKB and p70S6 kinase phosphorylation in HT -

299 cells 

Too assess whether or not amino acid/insulin-induced signal transduction also occurred in 

anotherr cell type, HT-29 cells were used. Like hepatocytes, these cells have high rates of 

autophagyy when incubated in amino acid-depleted medium [20]. Exposure to insulin for 5 min 

resultedd in PKB phosphorylation at Thr308, but amino acids had no effect (Fig. 4A). 

Phosphorylationn of p70S6 kinase was only induced when the HT-29 cells were incubated with 

1AAA or 4AA together with insulin, and this process was sensitive to LY294002 and rapamycin 

(Fig.. 4B). Amino acids alone were not sufficient to stimulate p70S6 kinase phosphorylation in 

HT-299 cells (Fig. 4B), in contrast to the situation in hepatocytes (Fig.IB). 
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Phospho--
PKB(Thr™) ) 

Ctl l 1AA A 4AA A Ins s 1AA A 
+lns s 

4AA A 
+lns s 
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p70S66 kinase 

Fig.. 4. Effect 

off  amino 

acidss and 

insulinn on 

PKBand d 

p70S66 kinase 

phosphorylati i 

onn in HT-29 

c e l l s.. Cells were 

starvedd for 2 h on 

HBSS S 

supplemented d 

withh 45 mM 

bicarbonate,, 10 

mMM Na+-Hepes 

andd 0.1% (m/v) bovine serum albumin, and were washed three times with phosphate-buffered NaCl solution 

followedfollowed by 30 min of incubation with the indicated addition. Lysates were separated by SDS-PAGE, 

immunoblottedd with anti-phospho-PKB (Thr308) or p70S6 kinase antibody, and visualised by ECL as described 

underr Materials and Methods. The data are from a representive experiment out of three independent experiments. 

Abbreviations:: Ctl, control (minimal medium); Ins, insulin at 10-7 M; LY, LY294002 at 100 uM; rapa, rapamycin at 

1000 nM. 

Ctl l Ins s 1AA A 4AA A 1AA A 
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4AA A 
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4AAA 4AA 
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3.4.. Effect of protein phosphatase 2A inhibitor s on amino acid/insulin-dependent 

activationn of p70S6 kinase 

Itt has been suggested that amino acids may inhibit PP2A which then acts on mTOR or 

downstreamm targets [3]. Because insulin stimulates protein kinases, this would account for the 

synergyy between insulin and amino acids. To test whether or not inhibition of PP2A by amino 

acidss can explain the synergy between amino acids and insulin with regard to p70S6 kinase 

activation,, hepatocytes were incubated with two different PP2A inhibitors, okadaic acid and 

calyculinn A. Okadaic acid had no effect on basal or amino acid-stimulated p70S6 kinase 

phosphorylation.. On the other hand, calyculin A increased p70S6 kinase phosphorylation under 

alll conditions tested (Fig. 5A,B). Calyculin A-induced p70S6 kinase phosphorylation was not 

sensitivee to rapamycin and was additive with amino acid-stimulated p70S6 kinase 

phosphorylation.. Calyculin A-dependent phosphorylation of p70S6 kinase had no effect on the 

activityy of p70S6 kinase, neither in the presence nor in the absence of amino acids or insulin (Fig. 

5C). . 
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Fig.5.. Effect of okadaic acid and calyculin A on p70S6 kinase phosphorylation and 

a c t i v a t i o nn by a m i n o a c i ds a nd i n s u l i n . A and B, hepatocytes were pre-incubated for 20 min in minimal 

mediumm followed by 30 min of incubation with the indicated addition. Lysates were separated by SDS-PAGE, 

immunoblottedd with anti-p70S6 kinase antibody, and visualised by ECL as described under Materials and Methods. 

C,, hepatocytes were pre-incubated for 20 min in minimal medium followed by 30 min of incubation with the 

indicatedd addition. Activity of p70S6 kinase was measured as described under Materials and Methods. Activity is 

expressedd as x-fold increase from control. Data are expressed as the means of 4 experiments  sem. Abbreviations: 

Ctl,, control (minimal medium); Ins, insulin at 10'7 M; Oka, okadaic acid at 20 nM; CalA, calyculin A at 40 nM; rapa, 

rapamycinn at 100 nM. 

3.5.. Detecting new phospho-proteins using 2D gel electrophoresis 

Inn order to obtain more information about components that are activated by amino 

acid/insulin-mediatedd signal transduction pathways, HT-29 cells were used for identification of 

phospho-proteinss by 2D gel electrophoresis (Fig. 6). HT-29 cells were starved for 2 h before they 

weree loaded with [32P]phosphate for 1 h, followed by stimulation with insulin and 4AA. 

Phosphorylationn of a protein with a molecular mass around 100 kD was stimulated in the 

presencee of both insulin and amino acids. Several attempts to identify this protein were made, but 

withoutt success. 
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Fig.. 6. 2D SDS-PAGE separation of phospho-proteins from HT-29 cells. Cells were starved for 

22 h on HBSS supplemented with 45 mM bicarbonate, 10 mM Na+-Hepes and 0 .1% (m/v) bovine serum albumin, 

andd were washed three times with phosphate-buffered NaCl solution followed by a 1 h-loading step with 125 uCi 

P2P]phosphatee per ml. Cells were then washed three times with phosphate-buffered NaCl solution, followed by 30 

minn of incubation in HBSS supplemented with 45 mM bicarbonate, 10 mM Na+-Hepes, 0.1% (m/v) bovine serum 

albuminn and the indicated addition. A,B, and C, autoradiographs of 2D gels; D, silverstained 2D gel. Gels were 

visualisedd as described under Materials and Methods. Abbreviations: Cd, control (HBSS medium supplemented with 

455 mM bicarbonate, lOmM Na+-Hepes and 0.1% (m/v) bovine serum albumin); Ins, insulin at 10"7 M. 

4.. Discussion 

Despitee the fact that synergism between amino acids and insulin in activating the 

mTOR/p70S66 kinase pathway has been observed for many cell types (see, e.g., Ref. [21]), the 

exactt details are still lacking. There is controversy regarding the role of the PI-3 kinase/PKB 

pathwayy in amino acid-mediated activation and phosphorylation of p70S6 kinase. The 

mechanismm underlying the ability of high concentrations of amino acids alone to fully activate 

p70S66 kinase is also still unknown. 

Fulll activation of p70S6 kinase requires the hierarchic phoshorylation of an array of serine 

andd threonine residues in the auto-inhibitory domain of the protein: this serves the gradual 

unfoldingg of the protein so that internal serine and threonine residues in the kinase domain 
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becomee accessible for phosphorylation [22] (see Fig. 7). In order to explain the synergy between 

aminoo acids and insulin, it may be speculated that 1AA stimulates the phosphorylation of the set 

off serine and threonine residues in the auto-inhibitory domain of p70S6 kinase, followed by 

phosphorylationn of the serine and threonine residues in the kinase domain needed for full 

activationn of p70S6 kinase by insulin-stimulated kinases [23]. 4AA alone can stimulate the 

phosphorylationn of all serine and threonine residues, possibly because the insulin effect can be 

mimickedd by 4AA-induced cell swelling [23]. This would nicely explain the observations that 

insulinn alone is not capable of phosphorylating p70S6 kinase, whereas 1AA has a moderate effect 

onn p70S6 kinase phosphorylation, and that both insulin and low concentrations of amino acids 

aree needed for full activation of p70S6 kinase. To explain the inhibition of 1AA and 4AA-

mediatedd p70S6 kinase phosphorylation by the PI-3 kinase inhibitors LY294002 and wortmannin 

inn the absence of insulin, one has to assume that basal activity of PI-3 kinase is needed for 

mTOR-mediatedd or direct phosphorylation of p70S6 kinase [21,24]. 

(DD AA. 

Q Q 
Noo Activity Noo Activity 

©| | 

Noo Activity 

HighHigh  AA 

Highh Activity 

Fig.. 7. A model of p70S6 kinase activation by amino acids and insulin. 1) Phosphorylation of 

ann array of serine and threonine residues in the autoinhibitory domain (gray box) mediated by amino acids. 2) Release 

off the C-terminal tail from the kinase domain. 3) Phosphorylation of Thr229 in the kinase domain (white box) by 

PDK11 increases p70S6 kinase activity [22]. 4) Phosphorylation of Thr389 mediated by insulin or by high amino acid 

concentrationss (cell swelling) results in full activation of p70S6 kinase [22], Abbreviations: AA, amino acids; Ins, 

insulin;; PDK1, phosphoinositede-dependent kinase 1; PKB, protein kinase B; mTOR, mammalian target of 

rapamycin. . 
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Twoo separate inputs are required for the phosphorylation of two threonine residues in the 

kinasee domain which are essential for p70S6 kinase activity: one input through phosphoinositide-

dependentt kinase-1 (PDK1), which results in the phosphorylation of Thr229, and another through 

mTOR,, which results in phosphorylation of Thr389 [25, cf.. Fig. 7]. 1AA gives rise to moderate 

activationn of p70S6 kinase, probably by opening the p70S6 kinase protein auto-inhibitory domain 

whichh makes phosphorylation of Thr229 possible; this increases p70S6 kinase activity slightly [22]. 

Basall activity of PDK1 would be sufficient for this Thr229 phosphorylation, which would be in 

agreementt with the findings that phosphorylation of Thr229 by PDK1 is largely phosphoinositide-

independentt [26], that PDK1 can be found in a complex with p70S6 kinase under both basal and 

mitogen-stimulatedd conditions [27], and that PKB activity is not needed for this step (Fig. IB). If 

thiss would be true, 1AA would stimulate phosphorylation of the first serine and threonine 

residuess in the auto-inhibitory domain of p70S6 kinase, followed by insulin-mediated 

phosphorylationn of Thr389 via PKB and mTOR, which then results in full activation of p70S6 

kinase. . 

Whetherr mTOR directly phosphorylates Thr389 of p70S6 kinase or whether an unknown 

proteinn kinase downstream of mTOR is responsible for this is as yet unclear. Insulin and amino 

acidss are able to stimulate phosphorylation of mTOR on Ser2448 in a wortmannin-sensitive but 

rapamycin-insensitivee manner [28,29]. PKB can phosphorylate mTOR on Ser2448 in vitro but only 

whenn mTOR is immunopurified from cells treated with amino acids [28]. The p70S6 kinase 

activationn mechanism by 1AA and insulin can also be applied to mTOR because mTOR, too, 

containss multiple phosphorylation sites [30]. Whether Ser2448 phosphorylation of mTOR is 

relevantt for its kinase activity is controversial [3], but in my opinion this is likely. 

Recentt work showed that mTOR signalling is negatively controlled by the tuberous 

sclerosiss complex suppressor proteins TSC1 and TSC2 (see Fig. 8) and that RNAi-mediated 

suppressionn of TSC2 expression increases Ser2448 phosphorylation in mTOR [31]. Overexpression 

off TSC1-TSC2 inhibited amino acid/insulin-stimulated p70S6 kinase activation [31]. 

Interestingly,, TSC2 is phosphorylated by PKB, resulting in loss of TSC2 activity and disruption 

off the complex formation between TSC1 and TSC2 [31]. It appears that the TSC1-TSC2 

complexx binds mTOR either directly, or indirectly via Rheb [32], which is a GTP-binding protein 

off the Ras family. This binding then prevents interaction between PKB and mTOR as well as 

betweenn mTOR and p70S6 kinase (Fig. 8) (and possibly PP2A, see below). It may be speculated 

thatt mTOR is constitutively active and that the function of the TSC1-TSC2 complex is to inhibit 

interactionn between mTOR and its upstream activating kinases and/or its substrates. If this 

wouldd be true, 4AA activation of the mTOR/p70S6 kinase pathway may be explained by 

assumingg that 4AA-induced cell swelling, which possibly affects molecular crowding [33], 

disruptss the association of mTOR with the TSC1-TSC2 complex. If amino acid-induced cell 

swellingg is in this way involved in the activation of the mTOR/p70S6 kinase pathway in 

hepatocytes,, this can perhaps explain why in HT-29 cells (in which amino acid-induced cell 

swellingg may be less) in addition to amino acids, insulin is needed for inhibition of the TSC1-

TSC22 complex and for full activation of p70S6 kinase. 
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F i g .. 8. R e g u l a t i on of m T O R . Amino acid/insulin-induced signalling might inhibit the TSC1/2 complex 

[31],, resulting in direct or Rheb-mediated activation of mTOR. Abbreviations: AA, amino acids; Ins, insulin; PI-3K, 

phosphatidylinositoll 3 kinase; PKB, protein kinase B; PKB INH, inhibitor of PKBjTSCl/2, tuberous sclerosis 

complexx 1/2; Rheb, GTP-binding protein of the Ras family; mTOR, mammalian target of rapamycin; p70S6K, 

p70S66 kinase. 

Anotherr mechanism that might account for the synergy between amino acids and insulin 

signallingg is that amino acids regulate a protein phosphatase acting on p70S6 kinase. In yeast, die 

rapamycin-sensitivee TOR proteins inhibit PP2A activity [34]. Association of PP2A with p70S6 

kinasee was found in brain and Jurkat cells [10,11] but experiments on the effect of PP2A 

inhibitorss on p70S6 kinase phosphorylation in different cell types were inconclusive [9, for 

references].. In our experiments with hepatocytes we found no support for the involvement of 

PP2AA in amino acid/insulin-mediated p70S6 kinase activation. Calyculin A resulted in an increase 

inn p70S6 kinase phosphorylation but without activation of the kinase. Probably, phosphorylation 

waswas stimulated of serine and threonine residues that are not important for p70S6 kinase activity. 

However,, involvement of another protein phosphatase (but not PP2A) controlled by mTOR 

couldd explain the delay in p70S6 kinase dephosphorylation found in TSC2 -/- cells after amino 

acidd depletion [35]. 

Synergyy between amino acids and insulin could also be explained if insulin would enhance 

aminoo acid transport across the plasma membrane, which would result in increased intracellular 

aminoo acid concentrations, leading to increased p70S6 kinase activity. However, we were unable 
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too show increased transport of leucine and other amino acids by insulin in rat hepatocytes in the 

timee course of our experiments (data not shown). The finding in perfused muscle that insulin-

stimulatedd protein synthesis, which was accompanied by decreased rather than increased 

intracellularr amino acid concentrations [36], also makes it less likely that amino acid transport is 

influencedd by insulin. 

Severall groups, studying different cell types including skeletal muscle cells, adipocytes and 

myocardiall cells, showed that amino acids downregulate the activation of PI-3 kinase and PKB by 

insulinn despite their synergistic effect on the mTOR/p70S6 kinase pathway [37-39], although this 

wass not found in hepatocytes [40]. Amino acids increased the phosphorylation of insulin receptor 

substratee 1 (IRS1) on serine and threonine sites, enhancing the proteasomal degradation of IRS 1 

andd thus decreasing IRS 1-associated PI-3 kinase and PKB activity [37,38]. In rat hepatocytes, the 

insulin-mediatedd PKB phosphorylation was transient and not influenced by 4AA (Fig. 3; see also 

[40]] ). The transient nature of the insulin effect may be explained by degradation of insulin, 

becausee PKB could be again phosphorylated by re-addition of insulin. This also demonstrates 

thatt IRS1 degradation could not have occurred in the presence of 4AA. Although PKB was only 

transientlyy phosphorylated, phosphorylation of p70S6 kinase was not affected by this 

phenomenonn (data not shown). The complexity of the regulation of IRS-1 phosphorylation was 

recentlyy illustrated in studies showing that amino acids can increase insulin signalling by 

stimulationn of phosphorylation of Ser302 in a rapamycin-dependent manner [41], whereas 

rapamycin-sensitivee phosphorylation of Ser307 inhibits signalling [42,43]. 

Inn conclusion, different inputs are required for activation of the mTOR/p70S6 kinase 

pathway.. In rat hepatocytes, it can be activated by high concentrations of amino acids alone; PKB 

activityy is not required but basal PI-3 kinase activity is indispensable. Activation of the pathway 

byy insulin and low concentrations of amino acids requires activation of both PI-3 kinase and 

PKB.. In rat hepatocytes, PP2A is probably not involved in amino acid/insulin-mediated 

activationn of the mTOR/p70S6 kinase pathway. 
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Chapterr 6 

Studiess on leucine-dependent activation of the 

mTOR/p70S66 kinase pathway 
Involvementt of chloride as second messenger? 

Abstract t 

Inn this chapter the effects and underlying mechanisms of amino acid-induced cell swelling on leucine-

dependentt activation of the mTOR/p70S6 kinase pathways were studied. In rat hepatocytes, the ability of 

aa complete mixture of amino acids to stimulate the mTOR/p70S6 kinase pathway was stricdy dependent 

onn the presence of small amounts of leucine. Cell swelling, either induced by hypotonicity of the medium 

orr by concentrative Na+-dependent amino acid transport, strongly potentiated the ability of leucine alone 

too activate the mTOR/p70S6 kinase pathway. Cell swelling induced by glutamine, proline or asparagine 

resultedd in part from accumulation of intracellular glutamate and aspartate. Leucine-dependent 

phosphorylationn of p70S6 kinase was gready stimulated when hepatocytes were exposed to lactate and 

NH3.. The combination of lactate and NH3 promoted the synthesis and accumulation of intracellular 

glutamatee and aspartate. Inhibition of intracellular conversion of glutamate into aspartate (and vice versa) 

didd not effect leucine-dependent phosphorylation of p70S6 kinase. 

Becausee cell swelling is accompanied by the release of KC1, resulting in a decrease in the 

intracellularr chloride concentration, we tested the hypothesis that chloride may influence amino acid-

mediatedd p70S6 kinase phosphorylation. Intracellular chloride was increased by blocking the Na + /K + 

ATPP pump with ouabain, which caused inhibition of p70S6 kinase phosphorylation and increased AMPK 

phosphorylation.. In permeabilized hepatocytes, chloride, but not glutamate, stimulated de-

phosphorylationn of p70S6 kinase. 

Furthermore,, the hypothesis was tested that uncharged leucyl-tRNA acts as a starvation signal. 

Forr this purpose, hepatocytes were incubated with leucinol, an inhibitor of leucyl-tRNA synthetase. In the 

presencee of a complete mixture of amino acids, leucinol inhibited activation of the mTOR/p70S6 kinase 

pathway.. Histidinol and other amino alcohols were less or not effective. Further analysis revealed that the 

strongg inhibitory effect of leucinol on amino acid-dependent activation of the mTOR/p70S6 kinase 

pathwayy may be explained by its ability to activate AMPK. 

Wee conclude that in rat hepatocytes the mTOR/p70S6 kinase pathway may be controlled by 

unchargedd leucyl-tRNA the level of which could be influenced by amino acid availability and/or 

intracellularr chloride. In addition, chloride may affect the mTOR/p70S6 kinase pathway by stimulating 

de-phosphorylationn of p70S6 kinase and/or decreasing mTOR activity by activation of AMPK. 
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1.. Introduction 

Inn many cell types leucine is the most effective amino acid in stimulating the 

mTOR/p70S66 kinase pathway, resulting in stimulation of protein synthesis and inhibition of 

autophagicc protein degradation ([1] see for references and see also chapter 1). However, for the 

fulll activation of the mTOR/p70S6 kinase pathway leucine alone is not sufficient and other 

aminoo acids are also needed. The ability of some of these other amino acids to promote cell 

swellingg may be die explanation for their synergy with leucine, as was suggested by van Sluijters et 

a/.a/. [1]. In line with this suggestion is the finding in rat hepatocytes that leucine-induced 

phosphorylationn of ribosomal protein S6 by p70S6 kinase is strongly potentiated by hypo-

osmotically-inducedd cell swelling [2,3]. So far, however, the mechanism underlying the 

potentationn of leucine-dependent signalling by cell swelling is not known. 

Celll swelling, whether induced by hypotonicity of the extracellular medium or by 

concentrativee Na+-dependent amino acid transport, causes many cell types to respond by 

releasingg KC1 in an attempt to restore their original volume, a process know as "regulatory 

volumee decrease" (RVD) [4]. This can result in significant decreases in intracellular chloride 

concentration.. For example, in rat hepatocytes the decrease in intracellular chloride after RVD 

activatess glycogen synthase phosphatase, and thus increases glycogen synthesis, because chloride 

iss an inhibitor of glycogen synthase phosphatase [5]. In certain bacteria amino acid-tRNA 

synthetasess are inhibited by chloride ions [6]. If this also occurs in mammalian cells, protein 

synthesiss may be accelerated when intracellular chloride falls. Indeed, in mammalian cells (T-

lymphoblastoidd Jurkat cells) it was shown that inhibition of amino acid-tRNA synthetases by 

aminoo alcohols interfered with amino acid-mediated p70S6 kinase activation [7]. This led to the 

suggestionn that amino acid availability is sensed by mTOR via the degree of aminoacylated tRNA 

[7].. However, these data could not be confirmed in studies with freshly isolated adipocytes [8] or 

withh CHO cells [9]. 

Inn this chapter we show that in rat hepatocytes leucine proved to be indispensable for 

activationn of the mTOR/p70S6 kinase pathway. For full activation, however, cell swelling, was 

alsoo required, regardless of whether it was caused by hypotonicity of the incubation medium, by 

concentrativee Na+-dependent amino acid transport or by the intracellular generation of 

impermeantt glutamate and/or aspartate. Among various amino alcohols, leucinol inhibits amino 

acid-mediatedd phosphorylation of p70S6 kinase most potently. Leucinol also activates AMPK, 

whichh we previously showed to antagonize mTOR-dependent signalling (chapter 4, [10]). In the 

presentt experiments evidence was obtained that chloride ions promote de-phosphorylation of 

p70S66 kinase. It is concluded that in rat hepatocytes free, uncharged, leucyl-tRNA and 

intracellularr chloride ions may both act as starvation signals. 

100 0 



Leucine-dependentLeucine-dependent signalling 

2.. Materials and methods 

2.1.. Material s 

Insulin,, rapamycin, okadaic acid, AICAriboside, ouabain, amino alcohols, 

aminooxyacetatee and the chemicals for enhanced chemi-luminescence (ECL) were from Sigma 

(St.. Louis, MO, USA). Digitonin was from Merck parmstadt, Germany). LY294002 (2-(4-

morpholinyl)-8-phenylchromone)) was obtained from Biomol (Plymouth Meeting, PA, USA). 

Calpainn inhibitor I (N-Acetyl-Leu-Leu-norleucinal) was from Boehringer (Mannheim, Germany). 

Phosphospecificc anti-PKB (Thr30®), phosphospecific anti-4E-BPl(Thr37/46), phosphospecific anti-

S66 (Ser2357236) and phosphospecific anti-AMPK(Thr172) were from Cell Signaling Technology Inc. 

(Leusden,, The Netherlands). Rabbit anti-p70S6 was from Santa Cruz Biotechnology (Santa Cruz, 

CA,, USA). Goat anti-rabbit-HRP was from Biorad (Hercules, CA, USA). All other chemicals and 

enzymess were obtained from either Boehringer (Mannheim, Germany) or Sigma (St. Louis, MO, 

USA).. Rapamycin, LY294002, calpain inhibitor I, and okadaic acid were dissolved in dimethyl 

sulfoxidee pMSO) . The final DMSO concentration did not exceed 0.25% (v/v). This 

concentrationn of DMSO did not affect the processes that were studied. 

Malee Wistar rats (about 250 g) were obtained from T.N.O., Zeist, The Netherlands, and 

weree maintained on standard laboratory chow and water ad libitum, until initiation of die fasting 

period. . 

2.2.. Preparation of hepatocytes 

Hepatocytess from male Wistar rats, fasted for 16-20 h, were isolated by collagenase 

perfusionn as described in[l 1], 

2.3.. Hepatocyte incubation and sample preparation 

Hepatocytess (5-10 mg dry weight/ml) were pre-incubated for 20 min at 37° C in minimal 

mediumm (Krebs-Henseleit bicarbonate buffer plus 10 mM Na-Hepes, pH 7.4, and 20 mM 

glucose)) followed by incubations with components as indicated in the legends to the figures. 

Finall incubation volume was 2 ml. The gas atmosphere was 0 2 / C0 2 (19:1, v/v). When 

hepatocytess were incubated in a hypo-osmotic medium, the NaCl concentration in die Krebs-

Henseleitt bicarbonate buffer was decreased from 120 to 70 mM. 

Att the end of incubations, samples of hepatocytes were taken and prepared for metabolite 

analyses.. For the determination of intracellular aspartate and glutamate samples were obtained by 

centrifugationn of the cells through a layer of silicone oil (AR 200, Wacker Chemie) into a layer of 

HC1044 (14% m/v). The acid cell extracts were neutralized to pH 7 with 2 M KOH plus 0.3 M 

Mops. . 

101 1 



ChapterChapter 6 

Whenn hepatocytes were permeabilized with digitonin, cells were first pre-incubated for 45 

minn at 37° C in minimal medium supplemented with amino acids (4AA; see below) to achieve 

fulll p70S6 kinase phosphorylation. After two wash steps with sucrose medium (0.3 M sucrose, 

2.55 mM K-phosphate (pH 7.4), 1 mM EGTA, 20 mM Na-HEPES (pH 7.4) en 2 mM MgCL) 

hepatocytess were incubated in the sucrose medium supplemented with components as indicated 

inn the legend to die figure together with 30 ug/ml digitonin and p70S6 kinase de-phosphorylation 

wass analysed. 

Proteinn synthesis was measured with [3H]valine (0.5 uCi/ml), as in [3]. In order to ensure 

uniformityy of the labelling of the intracellular valine pool, a concentration of 5 mM valine was 

used. . 

Forr amino acid determination, incubations were terminated by the addition of ice-cold 

sulfosalicylicc acid (final concentration 6.7%). The precipitated protein was removed and the 

supernatantt was adjusted to pH 2.2 with LiOH (3M). Amino acids were determined with an 

aminoo acid analyser (LKB, alpha plus), using a Li-citrate buffer system. 

Thee composition of the complete mixture of all amino acids (4AA) used in the 

experimentss was such that the concentration of each of the amino acids was present at a 

concentrationn 4 times that found in the portal vein of a fasted rat. The composition of the 1AA 

mixturee was exactly as described in [12] except that the leucine concentration was 250 uM. 

2.4.. Metabolite assays 

Aspartatee and glutamate were measured fluormetrically as described [13]. 

2.5.. Immunoblottin g 

Att the end of the incubations, hepatocytes were diluted with 3 volumes of an ice-cold 

mediumm containing 145 mM NaCl and 10 mM Na+-Hepes, pH 7.4; cells were collected by rapid 

centrifugationn in a microcentrifuge for 1 s. The cell pellet was lysed with Laemmli sample buffer 

andd incubated at 95 °C for 5 min. 

Celll protein was determined by the method of Lowry [14] and 30 ug of protein was 

separatedd by 12.5% (w/v) SDS-PAGE. After separation, a standard Western Blotting procedure 

wass performed and the polyvinylidene fluoride (PVDF) blots were incubated with appropriate 

antibodies.. The proteins were visualised by enhanced chemiluminescence (ECL). 

2.6.. Gel retardation assay 

Equivalentss of 60 ug of cell protein per sample was separated by SDS-PAGE. The 

differentt phosphorylated forms of p70S6 kinase were separated by 7.5% (w/v) SDS-PAGE. 

Afterr separation, a standard Western Blotting procedure was performed and the blots were 

incubatedd with an antibody against p70S6 kinase. The proteins were visualised by ECL. 
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3.. Results 

3.1.. Leucine depletion inhibited p70S6 kinase phosphorylation 

Ass indicated in the introduction to diis chapter, leucine is die most potent amino acid in 

stimulatingg signalling in hepatocytes. We wanted to know whether deletion of leucine from a 

completee mixture of all amino acids would affect signalling (Fig. 1A). It had previously been 

demonstratedd that omission of valine from such a mixture did not affect signalling [3]. In the 

experimentt of Fig. 1A we used histidine depletion as another control because the degree of 

chargingg of histidine-tRNA with histidine had been reported to be extremely important in the 

controll of protein turnover in CHO cells [15]. In Fig. 1A, hepatocytes were incubated with 4AA, 

inn die presence or absence of leucine and/or histidine. In one series of incubations we also added 

calpainn inhibitor I (CI) in order to prevent the production of leucine and histidine by proteolysis 

[12]] (cf. also chapter 3). 

Phosphorylationn of p70 S6 kinase in the presence of 4AA was not affected by CI (Fig. 

11 A). Depletion of histidine did not affect 4AA-dependent p70 S6 kinase phosphorylation, neither 

inn the absence or presence of CI. By contrast, depletion of leucine, whether or not combined 

withh histidine depletion, prevented 4AA-induced p70 S6 kinase phosphorylation aldiough it took 

900 min of incubation before the effect could be observed (Fig. 1A). Apparendy, the depletion of 

leucinee by ongoing protein synthesis is slow under these conditions. Addition of 50 uM leucine to 

thee leucine-depleted amino acid mixture was sufficient for full restoration of p70 S6 kinase 

phosphorylationn (Fig. IB). 

Byy contrast, in the presence of CI, leucine depletion inhibited p70 S6 kinase after 45 min 

butt the inhibition, unexpectedly, disappeared after 90 min of incubation (Fig. 1A). In order to 

findfind an explanation for this surprising result we considered the possibility that CI (N-acetyl-leu-

leu-norleucinal)) might have been degraded to leucine in the course of the incubations. If true, the 

dataa are the result of two opposing effects: inhibition by CI of leucine production from proteins, 

butt production of leucine from degradation of CI. This, indeed, turned out to be die case (Fig. 

1Q.. Production of valine and isoleucine from breakdown of intracellular proteins was 90% 

inhibitedd by CI, but production of leucine strongly increased. The relative occurrence of valine, 

isoleucinee and leucine in protein from hepatocytes is exactly known [16,17] and was used to 

calculatee the production of leucine from protein degradation assuming that CI was not degraded. 

Degradationn of CI resulted in an increase in leucine production (15.27  1.66 umol/gdw/h) 

whereass it should have been much lower when CI would have been stable during the incubation 

(2.433 umol/gdw/h, calculated). 
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Fig.. 1. Leucine depletion inhibited 4AA-induced p70S6 kinase phosphorylation. A, 
hepatocytess were pre-incubated for 20 min in minimal medium followed by 45 and 90 min of incubation with the 

indicatedd addition or omission. B, hepatocytes were pre-incubated for 20 min in minimal medium followed by 90 

minn of incubation with the indicated addition or omission. Lysates were separated by SDS-PAGE, immunoblotted 

withh anti-p70S6 kinase antibody, and visualised by ECL as described under Materials and Methods. The data are 

fromm experiments carried out with two different hepatocyte preparations. C, hepatocytes were incubated for 90 min 

inn minimal medium in the presence or absence of CI. At the end of the incubation period, the amount of branched-

chainn amino acids was determined as described under Materials and Methods. The data in C are the means (  S.E.) 

off experiments carried out with seven different hepatocyte preparations. Abbreviations: Cd, control (minimal 

medium);; CI, calpain inhibitor I at 150 uM; -His, without histidine; -Leu, without leucine; -Leu-His, without leucine 

andd histidine; +Leu, leucine at the concentration indicated in uM; Rapa, rapamycin at 100 nM; Val, valine; lieu, 

isoleucine;; Leu, leucine; Exp, expected leucine levels without CI degradation. 

3.22 Leucine-dependent activation of the mTOR pathway and the effect of amino acid 

inducedd cell swelling 

Hypo-osmoticallyy induced cell swelling potentiates the ability of leucine to stimulate 

signallingg [3]. In order to test the possibility that amino acid-induced cell swelling can also 

promotee leucine-dependent signalling, hepatocytes were incubated in the presence of either 
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glutamine,, proline or asparagine or of a combination of lactate and ammonia, in the absence and 

presencee of leucine. In the presence of glutamine, proline or asparagine, cell swelling not only 

occurss because of Na+-dependent concentrative transport across the plasma membrane [18] but 

alsoo because of the generation of (impermeant) intracellular glutamate and aspartate in the course 

off their catabolism [19]. In the presence of lactate and ammonia, glutamate and aspartate are 

synthesizedd via glutamate dehydrogenase and aspartate aminotransferase, respectively [20]. 

Inn the experiment of Fig. 2A, phosphorylation was measured of both p70S6 kinase and of 

4E-BP1,, another downstream target of mTOR. Incubations with rapamycin as a negative control 

weree also carried out. Interestingly, leucine could only stimulate the phosphorylation of p70S6 

kinasee when glutamine, proline or asparagine were present (Fig. 2A). Cell swelling, induced by 

decreasingg the NaCl concentration of the medium, also stimulated leucine-mediated activation of 

thee mTOR pathway (cf. [3]). Hepatocytes incubated with glutamine, proline or asparagine had 

increasedd levels of intracellular glutamate and aspartate (Fig. 2B). The same phenomenon was 

observedd when hepatocytes were incubated with lactate combined with ammonium chloride (Fig. 

2B).. under wich condition leucine-dependent activation of the mTOR pathway was also highly 

stimulatedd (Fig. 2A). Incubation of hepatocytes with aminooxyacetate, a transaminase inhibitor, 

didd not influence the phosphorylation of p70S6 kinase induced by leucine in the presence of 

glutamine,, proline or asparagine, although it did influence the intracellular concentrations of 

glutamatee and aspartate (Fig. 2A,B). In the presence of lactate and ammonia, aminooxyacetate 

preventedd intracellular production of glutamate and aspartate (in agreement with Meijer et al. [20]) 

andd stimulation of p70S6 kinase by leucine was also lost under these conditions (Fig. 2A,B). The 

reasonn for the inhibition of lactate metabolism by aminooxyacetate is that oxaloacetate efflux 

fromm the mitochondrion occurs as aspartate [20]. 

3.3.. Effect of ouabain on p70S6 kinase and AMPK 

Too assess whether a decrease in intracellular chloride concentrations, due to amino acid-

inducedd cell swelling (cf. introduction) could be responsible for the activation of leucine-

mediatedd phosphorylation of p70S6 kinase, hepatocytes were incubated with ouabain. Ouabain is 

ann inhibitor of the Na+/K+ ATPase and causes a rise in the intracellular chloride concentration 

[21].. Ouabain inhibited amino acid-induced phosphorylation of p70S6 kinase and of S6 (Fig. 

3A,B).. In hepatocytes incubated with ouabain, the phosphorylation of AMPK at Thr172 was 

stimulated.. Ouabain-induced phosphorylation of AMPK at Thr172 was attenuated in the presence 

off 4AA but was unaffected by the amino acid combination leucine, tyrosine and phenylalanine 

(Fig.. 3Q. Because AMPK activation strongly inhibits protein synthesis [10] (chapter 4), the effect 

off ouabain on protein synthesis was also studied. Ouabain strongly inhibited this process (Fig. 

3D). . 
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Fig.. 2. Conditions that result in cell swelling enhance leucine-dependent activation of the 

m T O R / p 7 0 S66 k i n a se p a t h w a y. A, hepatocytes were pre-incubated for 20 rnin in minimal medium followed 

byy 30 min of incubation with the indicated additions. Lysates were separated by SDS-PAGE, immunoblotted with 

anti-p70S66 kinase and anfi-phospho-4E-BPl(Thr37/46)-antibody, and visualised by ECL as described under Materials 

andd Methods. B, hepatocytes were pre-incubated for 20 rnin in minimal medium followed by 30 min of incubation 

withh the indicated additions. Intracellular glutamate and aspartate levels were measured as described under Materials 

andd Methods. The data are from experiments carried out with two different hepatocyte preparations. Abbreviations: 

Ctl,, control (minimal medium); Leu, leucine at 2 mM; Gin, glutamine at 10 mM; Hypo, hypotonicity 70 mM NaCl; 

Pro,, proline at 10 mM; Lac, lactate at 15 mM; NH4CI, ammonium chloride at 15 mM; Rapa, rapamycin at 100 nM; 

AOA,, aminooxyacetate at 1 mM; Asn, asparagine at 10 mM; gdw, gram dry weight. 
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Fig.. 3. Ouabain inhibited amino acid-dependent activation of the mTOR/p70S6 kinase 
p a t h w ayy a nd a c t i v a t ed A M P K . A,B and C, hepatocytes were pre-incubated for 20 min in minimal medium 

followedfollowed by 60 min of incubation with the indicated additions. Lysates were separated by SDS-PAGE, 

immunoblottedd with anti-p70S6 kinase, anu-phospho-S6(Ser235/23<i) and anti-phospho-AMPK(Thr ,72)-antibodies, and 

visualisedd by ECL as described under Materials and Methods. D, hepatocytes were incubated for 1 h in the presence 

off a complete amino acid mixture plus [3H] valine; the concentrations of valine was 5 mM under all conditions. 

Wheree present, ouabain was added at the indicated concentrations in mM. Values in D represent the amount of 

pHJvalinee incorporated into protein. Abbreviations: Ctl, control (minimal medium); Oua, ouabain at the 

concentrationn indicated in mM; PTL, a mixture of 200 uM phenylalanine, 300 uM tyrosine and 1 mM leucine; Aicar, 

AICAribosidee at 250 uM; Rapa, rapamycin at 100 nM; gdw, gram dry weight. 
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3.4.. Chlorid e enhanced de-phosphorylation of p70S6 kinase 

Becausee the intracellular chloride concentration can only be manipulated in an indirect 

mannerr we decided to study its effect in permeabilized hepatocytes and to test whether or not 

chloridee could affect de-phosphorylation of phosphorylated p70S6 kinase. After prior incubation 

off the cells with 4AA to allow phosphorylation of p70S6 kinase to occur, the cells were 

permeabilizedd with digitonin and further incubated with various concentrations of KC1 or K-

glutamate.. It was found that KC1 enhanced de-phosphorylation of p70S6 kinase in a 

concentrativee dependent manner, while K-glutamate had no effect (Fig. 4A). K-aspartate was also 

ineffectivee (data not shown). The acceleration by KC1 of p70S6 kinase de-phosphorylation could 

bee inhibited by the PP2A inhibitor okadaic acid (Fig. 4B). 

p70S66 kinase »•• v W W- mf w 
KCI I 
0 0 

KCI I 
75 5 

KCI I 
112.5 5 

Glu u 
112.5 5 

Fig.. 4. Chloride stimulated 

p70S66 kinase de-

phosphorylationn in 

permeabilizedd hepatocytes. 
AA and B, hepatocytes were pre-

incubatedd for 60 min in minimal 

BB medium supplemented with 4AA, 

followedd by 5 min of incubation in a 

sucrosee medium supplemented with 

digitoninn (30 ug/ml), as described in 

Materiall and Methods, and with the 

indicatedd addition. Lysates were 

separatedd by SDS-PAGE, 

immunoblottedd with anti-p70S6 

kinase-antibody,, and visualised by 

ECLL as described under Materials and Methods. Abbreviations: KCI, potassium chloride at the concentration 

indicatedd in m i l ; Glu, potassium glutamate at the concentration indicated in mM; Oka, okadaic acid at 20 nM. 

p70S66 kinase 

KCII KCI Glu KCI KCI Glu KCI KCI Glu 
755 75 75 100 100 100 112.5 112.5112.5 

Okaa Oka Oka 

3.5.. Amino alcohols interfere with amino acid induced p70S6 kinase phosphorylation. 

Itt has been proposed that amino acid depletion may be sensed by mTOR via the levels of 

uncharged,, free tRNA [7]. Since amino alcohols are competitive inhibitors of tRNA synthetases 

andd decrease the levels of aminoacylated tRNA [22,23], rat hepatocytes were incubated with 

variouss amino alcohols and their effect on amino acid/insulin-mediated p70S6 kinase 

phosphorylationn was studied. As shown in Fig 5A, addition of 5 and 10 mM leucinol or of 10 

mMM histidinol inhibited amino acid/insulin-mediated p70S6 kinase phosphorylation. Alaninol 

andd serinol did not inhibit amino acid/insulin-mediated p70S6 kinase phosphorylation. Leucinol 

waswas the only amino alcohol found to stimulate phosphorylation of AMPK at Thr172 (Fig. 5B). 

Phosphorylationn of p70S6 kinase in the presence of amino acids and insulin was completed in 30 

minn and remained constant thereafter (Fig. 5C). At all time points measured, p70S6 kinase 
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phosphorylationn was inhibited by 10 mM leucinol. By contrast 10 mM histidinol only retarded 

thee onset of p"70S6 kinase phosphorylation (Fig. 5C). Incuhation with leucinol, hut not with 

histidinol,, stimulated phosphorylation of AMPK at Thr172 (Fig. 5D). The AMP analogue AICAR 

stimulatedd the phosphorylation of AMPK at Thr172 and also inhibited amino acid/insulin 

mediatedd p70S6 kinase phosphorylation but not as strong as leucinol (Fig. 5C,D). 
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Fig.. 5. Effect of amino alcohols on p70S6 kinase phosphorylation, A and B, hepatocytes were Pre-
incubatedd for 20 min in minimal medium followed by 60 min of incubation with the indicated additions. C and D, hepatocytes were pre-incubated 
forr 20 min in minimal medium followed by 15, 30 and 45 min of incubation with the indicated additions. Lysates were separated by SDS-PAGE, 
immunoblottedd with anti-p70S6 kinase and anti-pospho-AMPK (Thr172) -antibodies and visualised by ECL as described under Materials and 
Methods.. E, hepatocytes were incubated for 1 h in the presence of a complete amino acid mixture plus pH]valine; the concentration of valine was 
55 mM under all conditions. Amino alcohols, if present, were added at the indicated concentrations in mM. The basal rate of protein synthesis 
underr control conditions (100%) was equal to 0.98 umol valine incorporated into protein per g of dry mass of cells after 60 min of incubation. 
Abbreviations:: Ctl, control (minimal medium); Ins, insulin at 10"7 M; Sol, serinol at the concentration indicated in mM; Hoi, histidinol at the 
concentrationn indicated in mM; Lol, leucinol at the concentration indicated in mM; Aol, alaninol at the concentration indicated in mM; Aicar, 
AICAribosidee at 250 uM; Rapa, rapamycin at 100 nM 
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Activationn of the mTOR/p70S6 kinase pathway by amino acids results in the stimulation 

off protein synthesis. We wanted to know if inhibition of p70S6 kinase phosphorylation by amino 

alcoholss also results in inhibition of protein synthesis. In hepatocytes incubated with a complete 

aminoo acid mixture, leucinol or histidinol strongly inhibited protein synthesis, in agreement with 

[24],, whereas alaninol or serinol only had a mild effect on protein synthesis (Fig. 5E). 

4.. Discussion 

Aminoo acid-dependent activation of the mTOR/p70S6 kinase pathway has been studied 

inn many different cell types (see, e.g., Ref. [1]) and much information is now available about the 

mechanismm of mTOR-dependent activation of p70S6 kinase by amino acids [1,25]. In most of 

thesee studies, including our own, leucine was the most effective amino acid. The fact that leucine 

iss able to stimulate signalling in the presence of the transaminase inhibitor AOA (Fig. 2A) 

stronglyy suggests that it is leucine itself, rather than a catabolite, is responsible for the stimulation 

off signalling. 

Howw leucine levels are sensed by the cell and activate the mTOR/p70S6 kinase pathway 

iss still unclear, however, one possibility, suggested by Iiboshi et aL [7] is that levels of tRNA-

chargingg control the mTOR/p70S6 kinase pathway (Fig. 6). This mechanism is based on 

observationss in yeast showing that upon amino acid starvation uncharged tRNA binds with high 

affinityy to the protein kinase GCN2, because the carboxyterminus of GCN2 structurally 

resembless histidinyl-tRNA synthetase and other aminoacyl-tRNA synthetases. Activated GCN2 

phosphorylatess eIF2a and inhibits protein synthesis [26]. Although mammalian homologues of 

GCN22 exist [27], the mechanism regulating their activity is not yet known. The specific 

stimulationn of the mTOR/p70S6 kinase pathway by leucine may be explained by the high 

frequencyy of leucine in proteins and by the existence of multiple leucyl-tRNA synthetases due to 

thee 6-fold codon degeneration [28]. Studies performed with purified aminoacyl-tRNA synthetases 

fromm certain bacteria showed that chloride can inhibit these enzymes by weakening the 

interactionn between the aminoacyl-tRNA synthetase and the tRNA [6]. Whether or not chloride 

cann also inhibit aminoacylation of tRNA in mammalian cells is not known. If true, it would 

satisfactorilyy explain the ability of cell swelling to potentiate leucine-dependent signalling. 

Inn rat hepatocytes, leucine-induced activation of the mTOR/p70S6 kinase pathway 

dependss on the presence of specific amino acids such as glutamine, proline and asparagine that 

inducee cell swelling and increase accumulation of intracellular glutamate and aspartate [2,3] (Fig. 

2A,B).. Control experiments carried out in our laboratory (data not shown) indicated that cell 

swellingg does not affect leucine transport across the plasma membrane. According to Krause eta/. 

[29],, amino acid-induced accumulation of glutamate can stimulate a glutamate-dependent protein 

phosphatasee (GAPP) located upstream of mTOR (Fig. 6). If, indeed, activation of GAPP is 

neededd for mTOR-mediated activation of p70S6 kinase by leucine, GAPP is probably not only 

stimulatedd by glutamate but also by aspartate because leucine-dependent phosphorylation of 
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p70S66 kinase was enhanced when intracellular levels of aspartate were high and intracellular levels 

off glutamate were low (Fig. 2A,RV Because the effect of leucine on p70S(S kinase 

phosphorylationn is also potentiated by hypo-osmotic cell swelling (Fig. 2A), it cannot be ruled 

out,, however, that GAPP is activated by the fall in chloride due to RVD. 
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Fig.. 6 Regulation of the mTOR/p70S6 kinase pathway by amino acids and the possible 
i n v o l v e m e ntt  of c h l o r i d e . Leucine-dependent activation of the mTOR/p70S6 kinase pathway is potentiated by 

celll swelling. This can be explained by assuming that chloride ions inhibit GAPP and/or AA-tRNA synthetase and 

thatt they stimulate AMPK, resembling starvation conditions. These effect of chloride are relieved when chloride 

levelss fall due to RVD. Abbreviations: Na+-AA, specific amino acids, such as glutamine proline and asparagine, 

whichh are transported into the cell in a Na+-dependent manner; RVD, regulatory volume decrease; CI, chloride; Leu, 

leucine;; GAPP, glutamate-activated protein phosphatase; Glu/Asp, glutamate and aspartate; mTOR, mammalian 

targett of rapamycin; AMPK, AMP-activated protein kinase; p70S6K, p70S6 kinase; S6-P, phosphorylated ribosomal 

proteinn S6; AA-tRNA, aminoacyl-tRNA; AA, amino acids; PP2A, protein phosphatase 2A. 

Inn addition to GAPP, there may be other protein phosphatases downstream of mTOR 

thatt are involved in p70S6 kinase regulation [1]. In permeabilized hepatocytes chloride, but not 

glutamate,, enhanced de-phosphorylation of amino acid-dependent phosphorylated p70S6 kinase 

(Fig.. 4A), possibly by activation of the protein phosphatase 2A (PP2A) because the process was 

sensitivee to okadaic acid (Fig. 4B). It must be stressed, however, that the permeabilized 

hepatocytee is an artificial model in which protein kinases are no longer active. In intact 
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hepatocytess okadaic acid had no effect on p70S6 kinase phosphorylation (see chapter 5). Perhaps 

thee local concentration of okadaic acid in intact hepatocytes is lower than in permeabilized cells. 

Thee involvement of chloride in amino acid signalling was further emphasized by the 

experimentt with ouabain (Fig. 3), the inhibitor of the Na+ /K+ ATP pump which increases the 

intracellularr levels of chloride [21]. Ouabain inhibited amino acid-mediated activation of the 

mTOR/p70S66 kinase pathway and amino acid-induced stimulation of protein synthesis; ouabain 

alsoo stimulated the phosphorylation of AMPK on Thr172 (Fig. 3), which parallels its activity [30]. 

Thee activation of AMPK phosphorylation by ouabain was not influenced by the combination of 

phenylalanine,, tyrosine and leucine (PTL), a mixture that does not induce cell swelling, whereas it 

waswas attenuated by increasing concentrations of the complete mixture of all amino acids. This 

suggestss that chloride levels are important in the regulation of AMPK activity. The mechanism 

responsiblee for the inhibition of p70S6 kinase phosphorylation and inhibition of protein 

synthesiss by ouabain is at least partly related to the activation of AMPK [10] (see also chapter 4). 

Itt is also possible that ouabain interferes with amino acid transport across the plasma membrane 

andd by this means inhibits p70S6 kinase phosphorylation and protein synthesis. 

Aminoo acid-dependent activation and phosphorylation of p70S6 kinase was also inhibited 

byy amino alcohols [7] (Fig 5A,C). Because AMPK negatively controls the mTOR/p70S6 kinase 

pathwayy [10,29,31,32], the activation of AMPK by leucinol, but not histidinol, may explain the 

strongg inhibitory effect of leucinol on amino acid-dependent phosphorylation of p70S6 kinase 

comparedd to that of histidinol. The inhibition of p70S6 kinase phosphorylation by histidinol is 

probablyy due to an increase in uncharged histidinyl-tRNA levels, as suggested by Bboshi eta/. [7]. 

Depletionn of uncharged leucyl-tRNA is probably also involved in leucinol-dependent inhibition 

off p70S6 kinase phosphorylation. The simultaneous stimulation of AMPK by leucinol may 

accountt for the stronger inhibitory effect of leucinol than that of histidinol and also of AICAR 

(Fig-- 5)-

Inn conclusion, on the basis of these data conclude that the minimal requirement for 

activationn of the mTOR/p70S6 kinase pathway is the presence of leucine and an increase in cell 

volume,, either induced by hypo-osmolarity of the extracellular environment or by intracellular 

accumulationn of glutamate and aspartate. The mechanism responsible for the potentation of the 

leucine-dependentt activation of the mTOR/p70S6 kinase pathway by cell swelling may involve a 

decreasee in intracellular chloride due to RVD, which subsequently stimulates the activity of 

GAPPP and/or aminoacyl tRNA synthetases and keeps the activity of AMPK low (Fig. 6). 
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Introduction n 

Althoughh amino acids are important as substrates for many metabolic pathways such as 

proteinn synthesis, gluconeogenesis, synthesis of urea and other N-containing compounds, they 

cann also serve as regulators of metabolism. For example, in the liver, the central amino acid 

catabolitee glutamate promotes the activity of the ornithine cycle via synthesis of N-

acetylglutamate,, the essential activator of carbamoyl-phosphate synthase [1]. Glutamate and 

aspartatee are essential components of the malate/aspartate shuttle responsible for the 

mitochondriall oxidation of cytosolic NADH during aerobic glycolysis in many tissues and during 

ethanoll oxidation in the liver, and they kinetically control the rate of these processes [2]. Other 

pathwayss that are stimulated by amino acids are glucose-driven glycogen synthesis [3] (see also 

chapterr 3) and the inhibition of autophagy by amino acids [4-6] (see also chapter 1 and 3). The 

latterr two properties of amino acids represent typical insulin-like actions. 

Stimulationn of glycogen synthesis by certain amino acids (glutamine, proline, alanine) is 

causedd by cell swelling due to concentrative, Na+-dependent, amino acid transport across the 

plasmaa membrane and by the intracellular production of impermeant catabolites such as 

glutamatee and aspartate [3,7] (see also chapter 6). In response to the initial swelling, cells undergo 

"regulatoryy volume decrease" when they try to restore their original volume by releasing KC1. 

Thee decrease in intracellular chloride concentration can be considerable and activates glycogen 

synthasee phosphatase because chloride inhibits this enzyme at concentrations usually found in 

cellss [8]. 

Byy contrast, autophagy is inhibited by amino acids such as leucine, tyrosine and 

phenylalaninee that are transported by H+-dependent mechanisms and are not concentrated to a 

majorr extent inside the cells [6]. Autophagic protein degradation in freshly isolated hepatocytes is 

nott affected by cell swelling perse, but an increase in cell volume promotes the ability of leucine, 

tyrosinee and phenylalanine to inhibit proteolysis [9]. 

Clearly,, the reciprocal regulation of glycogen synthesis and of autophagic proteolysis by 

aminoo acids share a common element, cell swelling, but differences also exist. For instance, 

leucine,, tyrosine and phenylalanine do not affect glycogen synthesis [3,10] (see also chapter 3). 

Thee potency of leucine as an inhibitor of autophagic proteolysis ([6], for review; see also 

chapterr 1) was of interest because for a long time leucine had also been known as an effective 

stimulatorr of protein synthesis not only in the liver but also in other cell types [11]. Our 

laboratoryy was the first to show that the addition to isolated hepatocytes of a complete mixture 

off amino acids at physiological concentration strongly and rapidly stimulated the phosphorylation 

off a protein of 31 kDa that was identified as ribosomal protein S6 [9,10]. S6 has 5 

phosphorylationn sites, is a component of the 40S ribosomal subunit and its phosphorylation is 

requiredd for the translation of the terminal oligopyrimidine ("TOP") family of mRNA molecules 

containingg an oligopyrimidine tract upstream of their transcription-initiation site [12]; these 

mRNAA molecules encode proteins belonging to the protein-translation machinery. Amino acid-
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stimulatedd phosphorylation of S6 was completely eliminated by rapamycin, indicating that the 

serine/threoninee protein kinase mTOR (mammalian target of rapamycin) was on the pathway of 

aminoo acid-stimulated S6 phosphorylation. The stimulation of S6 phosphorylation by amino 

acidss resembled that by insulin ([13], for review). It must be stressed that in these experiments 

withh amino acids, insulin was not present. Moreover, when insulin was added in the absence of 

aminoo acids, no effect on S6 phosphorylation was observed [9]. However, although ineffective on 

itss own, insulin did increase the effectiveness of amino acids to induce S6 phosphorylation in that 

lowerr concentrations of amino acids were needed to induce maximal S6 phosphorylation. The 

reasonn for the effectiveness of insulin in stimulating S6 phosphorylation in other cell types, as 

reportedd in the earlier literature was the presence of amino acids in the culture media. Another 

importantt observation was that hypo-osmotically-induced cell swelling, like insulin, also increased 

thee effectiveness of amino acids such as leucine, tyrosine and phenylalanine to promote S6 

phosphorylation.. Furthermore, under a wide variety of conditions a linear relationship was found 

betweenn the degree of S6 phosphorylation and the percentage of inhibition of proteolysis, as 

measuredd in the presence of cycloheximide to inhibit simultaneous protein synthesis [9]. Of great 

significancee was that rapamycin addition could partially, albeit not completely, prevent the 

inhibitionn of autophagic proteolysis by amino acids under these conditions. In the absence of 

cycloheximide,, protein synthesis was also partially inhibited by rapamycin. It was concluded that 

thee same mechanism is perhaps involved in the reciprocal control of protein synthesis and 

degradationn which would be extremely efficient from the point of view of metabolic regulation 

[9].. Interestingly, a few years later it was reported that rapamycin addition to yeast cells also 

stimulatedd autophagy [14], indicating conservation of this control mechanism in evolution. 

Aminoo acid-induced S6 phosphorylation was not only inhibited by rapamycin but also by 

wortmanninn and LY294002, two structurally unrelated inhibitors of phospatidylinositol 3-kinase 

(PII 3-kinase); it was concluded that PI 3-kinase is another component of the amino acid-

dependentt signalling pathway [15]. It should be noted that the PI 3-kinase that is activated by 

insulinn and other growth factors is, in fact, PI 3-kinase class I, which produces Ptdlns (3,4)P2 and 

PtdIns(3,4,5)P33 [16]. By contrast, PI 3-kinase class III is probably not affected by insulin but is 

underr the control of amino acids [17] (see section 1.5 below), and produces PtdIns(3)P. It has 

recentlyy been shown that PtdIns(3)P is essential for autophagy while PtdIns(3,4)P2 and 

PtdIns(3,4,5)P33 are inhibitory [18,19] (see also chapters 1 and 2). 

Itt thus appears that amino acids are able to activate a signal transduction pathway that 

sharess components of a signalling pathway that is also stimulated by insulin. The mechanism by 

whichh amino acids induce cell signalling is still largely unknown. However, the last few years 

muchh information has become available in this rapidly expanding field wich may shed some light 

onn this mechanism. In this final chapter, I will discuss the interaction between amino acids, the 

mTOR/p70S66 kinase pathway and autophagy, as well as the interaction between amino acids and 

proteinss that are part of the mTOR/p70S6 kinase pathway: these include protein kinases, protein 

phosphatases,, adapter-like proteins and scaffold proteins. I will then propose a few possible 

mechanismss by which amino acids might stimulate signal transduction. Finally, I will discuss the 
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possiblee role of amino acid-dependent signal transduction in the initiation and progression of 

somee diseases. Amino acid-dependent signaling is also important in die regulation of gene 

expressionn but this is beyond the scope of this diesis. For a review on this subject the reader is 

referredd tojousse eta/.[20]. 

11 Amino acid-dependent signalling 

1.11 Amino acids and p70S6 kinase activation 

Thee existence of amino acid signalling and its interaction with insulin signalling, initially 

observedd in hepatocytes [9,10], have been confirmed or, in some cases, rediscovered in many cell 

types.. These include muscle cells, adipocytes, hepatoma cells, CHO cells and pancreatic fi-cells 

[21-26].. In most of these studies, the phosphorylation was measured of p70S6 kinase and of 4E-

BP1,, other downstream targets of mTOR, and the data were discussed in relation to the 

regulationn of protein synthesis radier than that of autophagic proteolysis. Apart from the fact that 

aminoo acid-stimulated phosphorylation of 4E-BP1, p70S6 kinase and of S6 was rapamycuv 

sensitive,, the involvement of mTOR in the amino acid response was also supported by other 

experiments.. For instance, in human rhabdomyosarcoma Rh30 cells harbouring a rapamycin-

resistantt mutant of mTOR, amino acids stimulated p70S6 kinase activity in a rapamycin-

insensitivee manner [27]. In CHO-IR cells, a rapamycin-resistant mutant of p70S6 kinase could be 

phosphorylatedd at Thr412 (critical for enzyme activity) in the presence of insulin in a wortmannin-

sensitivee manner, irrespective of the presence of amino acids [21]. 

Ass in hepatocytes, in many other cell types amino acids and insulin were found to act in 

synergyy [21,22,26,28,29] (see also chapter 5). Insulin alone did not induce p70S6 kinase activation; 

inn cases where it did stimulate on its own this could be ascribed to amino acids produced by 

autophagyy [30]. Also, as in hepatocytes, leucine proved to be the most effective among the 

variouss amino acids in many cell types [21,22,24,26,31-34] (see also chapter 6). The data also 

showedd that leucine alone could not completely mimic the effect of a mixture of all amino acids. 

Apparendy,, other amino acids act in concert widi leucine to elicit full activation of p70S6 kinase. 

Ass discussed in chapter 6, a possible explanation may be that some amino acids which are 

transportedd together with Na+ increase cell volume and decrease chloride levels which can 

positivelyy influence mTOR activation by leucine. 

1.22 Amino acid stimulation of 4E-BP1 phosphorylation 

Anotherr substrate of mTOR, apart from p70S6 kinase, is 4E-BP1 (also known as PHAS-

1)) [35,36]. 4E-BP1 has several phosphorylation sites that are targets of different protein kinases, 

andd phosphorylation of the protein results in dissociation of the eIF4E.4E-BPl complex; eIF4E 

thenn becomes available for inititation of cap-dependent mRNA translation [37]. Like p70S6 
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kinase,, in various cell types phosphorylation of 4E-BP1 was greatly stimulated by amino acids in 

aa rapamycin-sensitive manner [21,22,24-27,30,38] (see also chapter 6), with leucine again being 

thee most effective [21,25,26]. Insulin was not required for this effect. In the absence of amino 

acids,, insulin was unable to stimulate 4E-BP1 phosphorylation [21,38]. 

1.33 Amino acid stimulation of eEF2 kinase 

Eukaryoticc elongation factor 2 (eEF2), which mediates the translocation step of 

elongation,, becomes inactive when it is phosphorylated at Thr56. Phosphorylation at this position 

iss controlled by eEF2 kinase. This kinase becomes inhibited when phosphorylated at Ser366 by 

p70S66 kinase, so that the same factors (e.g. amino acids) that control p70S6 kinase activity also 

controll eEF2 kinase phosphorylation, and thus the activity of eEF2 [39]. eEF2 kinase can also be 

phosphorylatedd by p90RSK, in which case eEF2 phosphorylation is insensitive to rapamycin but 

sensitivee to inhibitors of the MEK/Erk signalling pathway [39]. 

1.44 Amino acid stimulation of eIF2a 

Anotherr factor controlling protein synthesis is the eukaryotic initiation factor eIF2. In the 

absencee of amino acids, this factor becomes inactivated when Ser51 of the a subunit of eIF2 is 

phosphorylated.. In the presence of amino acids, when Ser J is dephosphorylated, eIF2 becomes 

activee and recruits charged initiator tRNA to the 40S ribosomal subunit [40]. In the activation 

processs by amino acid-induced dephosphorylation, leucine in particular is effective [31]. 

Inn yeast, a single kinase, GCN2 {general control non-depressible), is responsible for eIF2a 

phosphorylation.. This kinase is activated by uncharged tRNAs because its C-terminus structurally 

resembless histidinyl-tRNA synthetase and other amino acyl-tRNA synthetases [41]. This is dien 

followedd by increased synthesis of the transcription factor GCN4 which, in turn, is responsible 

forr increased transcription of a large number of genes involved in amino acid synthesis and other 

metabolicc processes needed under these conditions, including genes encoding proteins required 

forr autophagy [41,42]. Although this has been disputed, uncharged tRNA may be a sensor of 

aminoo acid starvation in mammalian cells (see chapter 6 andd section 3). In this context, it is of 

importancee to note that eIF2<x kinase is not only important in the regulation of protein synthesis, 

butt is also essential in starvation-induced autophagy in both yeast and mammalian cells [43] (see 

alsoo chapter 1). 

1.55 PI3-kinase class III/Beclin l 

Ann important step forward in our understanding of the relationship between amino acid 

signallingg and autophagy was recendy obtained in experiments performed with C2C12 myotubes. 

Itt was found that autophagy, induced by amino acid depletion, was accompanied by an increase 

inn Beclinl -associated PI 3-kinase class III activity [17]. This is the first demonstration that the 
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productionn of PI(3)P for autophagy is controlled by amino acids and is stimulated when amino 

acidd levels fall. Although the specificity of the amino acid effect was not investigated, it is, in 

analogyy with the mTOR/TSCl/2 complex (cf. Discussion of chapter 5), tempting to speculate 

thatt amino acid-induced cell swelling is responsible for dissociation of the Beclinl /PI 3-kinase 

classs III complex, and thus contributes to the inhibition of autophagy. The observation in 

hepatocytess that inhibition of autophagy by amino acids cannot be completely reversed by 

rapamycinn (see introduction) may now be explained by die fact that mTOR does not affect the 

Beclinl/PII 3-kinase class III complex. Another interesting observation is that in C2C12 

myotubess amino acid addition did not result in S6 phosphorylation; however, rapamycin addition 

too diese cells did increase autophagy [17]. Data obtained with myeloblastic cells [44] and with 

Drosophilaa [45] also seem to exclude a role for p70S6 kinase, and dius for S6, in the control of 

autophagy.. This would refute our initial hypothesis (see section 3) based on data with 

hepatocytes,, diat So phosphorylation itself may control autophagy, for example by changing the 

degreee of occupancy of the endoplasmic reticulum with ribosomes, the ribosome-free 

endoplasmicc reticulum being a putative source of membrane for autophagosome formation [9]. It 

cannott be excluded, however, that differences in mechanisms may exist between cell types. 

1.66 Amino acid interaction with Erkl/ 2 kinases 

Inn HT-29 cells, in addition to the PI 3-kinase/mTOR pathway, another amino acid 

signallingg padiway can control autophagy (see chapter 1). In diese cells, autophagy is also 

controlledd by the trimeric G ^ protein: when it is bound to GDP, it stimulates autophagy, but 

whenn it is bound to GTP it inhibits autophagy [46]. The GTP hydrolysis rate, and dius die rate of 

autophagy,, is controlled by the activity of the Ga-interacting protein GAIP [47]. Activity of 

GAIPP is enhanced by Erkl /2-mediated phosphorylation. In HT-29 cells, phosphorylation, and 

activityy of Erkl/2, mediated by Raf-1 and Mekl/2, could be decreased by amino acid addition 

[48,49].. Amino acids proved to do so by stimulation of phosphorylation of Ser259, and 

inactivationn of Raf-1 [49], Because Ca++ is required for autophagy [50], it was suggested diat die 

Cj„a33 protein may recruit Ca++-binding proteins to die Golgi or endoplasmic reticulum where 

autophagosomee formation may begin [51]. Whedier amino acid signalling to Raf-1 is mTOR-

dependentt is not yet known. 

Byy contrast, in freshly prepared hepatocytes [52,53] and in C2C12 myotubes [17] 

inhibitionn of autophagy by amino acids was not accompanied by changes in Erkl /2 

phosphorylation.. Apparendy, differences in amino acid signalling mechanisms and in the control 

off autophagy may exist, depending on the cell type and perhaps depending on the degree of 

differentiationn [17]. 
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1.77 p38MAPK 

Accordingg to Haussinger and colleagues, amino acid-induced cell swelling in the isolated 

perfusedd rat liver and in cultured hepatocytes inhibits autophagy because it activates p38MAPK; 

inhibitionn of this stress kinase prevents the inhibition of autophagy [54]. Integrins appear to be 

involvedd in the osmosensing mechanism [55]. In C2C12 myotubes, inhibition of autophagy was 

independentt of pSS1*^*1 [17]. Because in freshly isolated hepatocytes cell swelling perse had no 

effectt on autophagy but potentiated the inhibition of autophagy by leucine (and/or phenylalanine 

andd tyrosine) via mTOR-dependent signalling (see introduction and also chapter 1), it was 

suggestedd that, apparendy, multiple osmosensing mechanisms in hepatocytes may exist which, 

dependingg on the conditions, can be differentially linked to intracellular signalling pathways [56]. 

1.88 Participation of PI  3-kinase and protein kinase B in amino acid-dependent signalling? 

Amin oo acid/insulin synergy 

AA simple explanation for the synergy between insulin and amino acids in stimulating 

mTORR downstream targets would be that insulin promotes amino acid transport across the 

plasmaa membrane (see chapter 5). This is not very likely, however, because stimulation of protein 

synthesiss in muscle by insulin was accompanied by decreased rather than increased intracellular 

aminoo acid concentrations [23]. 

Ass discussed in sections 1.1 and 1.2, in die absence of amino acids, insulin alone did not 

affectt phosphorylation of mTOR downstream targets. However, insulin alone did stimulate the 

activityy of PI 3-kinase and protein kinase B (PKB) [21,22,24,28,30,57,58] (see chapter 5), which 

aree both signalling components located upstream of mTOR [37]. Stimulation of phosphorylation 

off p70S6 kinase, of S6 and of 4E-BP1 by amino acids alone in die absence of insulin could be 

preventedd by inhibitors of PI 3-kinase [15,21-25,32] (see chapter 5). This suggests that PI 3-

kinasee is located upstream of p70S6 kinase in the signalling pathway. As already discussed in 

chapterr 1, it is not entirely clear whether or not amino acids are able to stimulate PI 3-kinase 

activity.. There is general agreement, however, that amino acids do not affect PKB activity 

[21,22,24,27,28,57,59]] (see also chapter 5). 

Becausee amino acids may not direcdy activate PI 3-kinase, it is possible that PI 3-kinase is 

onn a pathway parallel to that of amino acids, and that both the activation of PI 3-kinase (by 

insulin)) and of mTOR or another kinase (by amino acids) are required for full activation of p70S6 

kinasee [37,39]. It has been suggested that the phosphatidylinositol lipids are required for 

membranee anchoring of one or more kinases, the activity of which is regulated by amino acids 

[60].. Another possibility arose from studies showing that amino acid-dependent p70S6 kinase 

activationn was abrogated in PDK1 -/- cells; however, amino acids were still able to increase 

phosphorylationn of 4E-BP1 in a rapamycin-sensitive manner. This indicated that activation of 

mTORR function in the presence of amino acids was maintained in these PDK1-deficient cells 

[39].. Using p70S6 kinase phospho-specific antibodies, Wang et al. [39] concluded that activation 
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off p70S6 kinase requires two separate inputs: one through PDK1, which results in 

phosphorylationn of Thr229, and another through mTOR (independently of PI 3-kinase and 

PDK1),, which results in phosphorylation of Thr389 (Note: Thr229 and Thr389 are equivalent to 

Thr2522 and Thr412 of the long splice variant of p70S6 kinase) (see chapter 5). 

Inn order to account for the ability of high concentrations of amino acids to activate p70S6 

kinasee in the absence of insulin by a mechanism that is sensitive to wortmannin or LY294002, 

however,, one has to assume that either basal activity of PI 3-kinase or only a slight stimulation of 

PII 3-kinase by amino acids (or possibly inhibition of PTEN) may be sufficient for Thr389 

phosphorylationn in p70S6 kinase (see chapter 5 and [61]). 

Inn our opinion, Fig. 1 satisfactorily accounts for the synergy between amino acids and 

insulinn with regard to p70S6 kinase activation. Cell swelling may mimic the effect of insulin on PI 

3-kinasee [52,62], so that the effect of high concentrations of amino acids on p70S6 kinase 

consistss of two components: one due to amino acids that increase cell volume resulting in PI 3-

kinasee and PDK1 activation, and another component (e.g. leucine) required for mTOR activation 

(seee also chapter 5 and section 3). This would explain why high concentrations of amino acids are 

ablee to activate p70S6 kinase in the absence of insulin. 

1.99 Amino acids and the activation of mTOR 

Thee mechanism by which amino acids activate mTOR is still unclear and results are 

controversial.. In vitro, mTOR kinase activity towards 4E-BP1, with mTOR being 

immunoprecipitatedd from either rapamycin-treated or amino acid-depleted CHO-IR or PCI 2 

cells,, was not different from mTOR immunoprecipitated from control cells [21,63]. This suggests 

thatt mTOR activity changes were lost during isolation and may perhaps not be due to 

phosphorylationn of mTOR but rather be due to an allosteric effect on mTOR itself. Other 

studies,, however, did show stable changes in mTOR activity. For instance, mTOR isolated from 

aminoo acid-stimulated Jurkat cells could phosphorylate the protein phosphatase PP2A in vitro 

[64].. Addition of amino acids to HEK293 cells in the absence of insulin increased 

phosphorylationn of Ser2448 of mTOR; moreover, in vitro, mTOR could be phosphorylated by 

PKB,, but only when mTOR was immunopurified from cells incubated with amino acids [65]. 

Changess in Ser2448 phosphorylation also ran in parallel with mTOR-dependent signalling and rates 

off protein synthesis in rat skeletal musle in vivo [66]. Although these experiments do show that 

mTORR can undergo stable changes in phosphorylation in response to amino acid addition, it is 

nott always clear whether Ser2448 phosphorylation is essential for mTOR activity [37,58]. Very 

recentlyy it was reported that mTOR becomes phosphorylated at Thr2446 under conditions of 

nutrientt deprivation, probably via activation of AMPK, and this phosphorylation negatively 

regulatess mTOR activity [67]. Interestingly, phosphorylation of Thr2446 limited phosphorylation of 

Ser24488 and it was suggested that these two sites might act as a switch controlling protein synthesis 

[67].. It would be highly interesting to know whether phosphorylation of Thr2446 would stimulate 

autophagy;; however, this was not investigated. 
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F i gg 1. A m i n o a c i ds a nd s i g n a l l i n g. The scheme is a composition of data discussed in this chapter. 

Abbreviations:: IR, insulin receptor; IRS-1/2, insulin receptor substrate 1/2; PI3K, phosphatidylinositol 3-kinase 

classs I; Class III PI3K, phosphatidylinositol 3-kinase class III ; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, 

phosphatidylinositoll 3,4,5-trisphosphate; PDK1, phosphoinositide-dependent kinase 1; PKB, protein kinase B; LY, 

LY294002;; Wort, wortmannin; 3MA, 3-methyladenine; PTEN, phosphatase and tensin homologue; TSC1/2, 

tuberouss sclerosis complex, Rheb, ras homologue enriched in brain; mTOR, mammalian target of rapamycin; PP2A, 

proteinn phosphatase 2A; p70S6K, p70 ribosomal S6 protein kinase; S6, a ribosomal protein; 4E-BP1, 4E binding 

proteinn 1; G|3L, G-protein beta subunit like protein; Raptor, regulatory associated protein of mTOR; AA, amino 

acids;; AMPK, AMP-activated protein kinase; GAPP, glutamate-activated protein phosphatase; Beclinl, coiled-coil 

myosin-likee BCL2 interacting protein. 

1.100 Amino acids and protein phosphatases 

I tt  has been suggested that amino acids act as inhibitors of a protein phosphatase. In yeast, 

forr example, the rapamycin-sensitive TOR proteins affect PP2A activity, by modulating the 

associationn of PP2A with the Tap42 protein: in the presence of nutrients Tap42 became 

phosphorylatedd and associated with PP2A which then became inhibited, while nutrient 

deprivationn or rapamycin addition reversed these events [37]. 

Thee involvement of PP2A in amino acid signalling in mammalian cells is controversial. 

Forr instance, in brain cells and in Jurkat cells, p70S6 kinase appeared to be tighdy associated with 
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proteinn phosphatase 2A [64,68]. In cells carrying the p70S6 kinase mutant that is resistant to 

rapamycinn and to amino acid depletion, the association with PP2A was lost [64]. Moreover, in 

somee cell types, phosphorylation and activation of p70S6 kinase, S6 and of 4E-BP1 could be 

inducedd by PP2A inhibitors in the presence of rapamycin or in the absence of amino acids 

[60,64,69].. Similarly, dexamethasone-induced dephosphorylation of p70S6 kinase and of 4E-BP1 

inn L6 myoblasts in the presence of amino acids could be corrected by PP2A inhibitors [70]. In 

otherr cell types, however, PP2A inhibitors had no effect [21,68]. In rat hepatocytes, the PP2A 

inhibitorr calyculin, but not okadaic acid, induced rapamycin-insensitive hyperphosphorylation of 

p70S66 kinase, which was additive to the rapamycin-sensitive phosphorylation induced by amino 

acidd addition [71] (see chapter 5). However, the calyculin-induced hyperphosphorylation did not 

affectt p70S6 kinase activity. In permeabilized hepatocytes, okadaic acid inhibited de

phosphorylationn of p70S6 kinase (chapter 6). Phosphatase inhibitors also did not affect amino 

acid-inducedd phosphorylation of S6 [9]. According to Krause et al.[72], there are two protein 

phosphatasess in amino acid signalling: one protein phosphatase is located upstream of mTOR 

whichh is perhaps activated by glutamate (and activates both glycogen synthase and acetylCoA 

carboxylase),, and a second protein phosphatase that dephosphorylates p70S6 kinase and becomes 

inhibitedd when mTOR is activated (cf. Fig. 1 and chapter 6). The existence of two protein 

phosphatasess would explain discrepancies in results obtained with protein phosphatase inhibitors 

becausee the outcome of such experiments would have depended on whether the protein 

phosphatasee inhibitor had been added before or after exposure of the cells to amino acids. 

1.111 Negative feedback by amino acid signalling on insulin signalling 

Althoughh insulin and amino acids synergize with regard to their effects on mTOR-

mediatedd signalling, there are now also several reports showing that in muscle cells, adipocytes 

andd hepatoma cells (but not in hepatocytes [57]), amino acids cause a time-dependent down-

regulationn of insulin-mediated activation of PI 3-kinase, PKB and glucose transport in a 

rapamycin-sensitivee fashion [22,29,73-75]. The presence of amino acids resulted in increased 

ser/thrr phosphorylation of IRS-1, and in decreased binding of the p85 regulatory subunit of PI 

3-kinasee to IRS-1 followed by increased, presumably proteasomal, degradation of IRS-1 [29,73]. 

Itt has been proposed that this mechanism may underlie diminished glucose tolerance during 

high-proteinn feeding [22,29]. Consumption offish protein may be favourable in this regard 

becausee of the relatively low plasma levels of leucine, tyrosine and some other amino acids under 

thesee conditions [29]. 

Apparently,, and paradoxically, amino acids are required for insulin-mediated activation of 

mTORR and its downstream targets, but they inhibit the initial part of the insulin signalling 

pathway.. The paradox lies in the fact that PI 3-kinase activity is essential for amino acid-induced 

activationn of mTOR and its downstream targets (see section 1.8). Down-regulation of PI 3-kinase 

activationn by amino acids would be counter-productive, therefore, and would eventually lead to 

diminishedd protein synthesis and increased autophagic protein breakdown. This is highly unlikely. 
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Possibly,, part of the activation of PI 3-kinase by insulin proceeds independently of IRS-1. There 

is,, indeed, evidence that the pathway via IRS-2 may escape feedback inhibition by amino acids 

[73].. This residual, IRS-2-mediated, activation of PI 3-kinase would in that case be sufficient for 

aminoo acid-induced activation of mTOR and its downstream targets. mTOR may thus be 

consideredd as a metabolic switch that integrates both nutrition-mediated and insulin-mediated 

signalss [73]. Amino acids would then simultaneously decrease transport and utilisation of glucose 

byy insulin-sensitive tissues, and at the same time increase protein synthesis and decrease 

autophagicc proteolysis, thus contributing to stimulation of cell growth. The fact that an increase 

inn cAMP, a catabolic signal, decreases mTOR activity [76] further supports a role of mTOR as a 

nutritionall sensor and nicely accounts for the glucagon/insulin antagonism we previously 

observedd with regard to S6 phosphorylation in hepatocytes [9]. 

1.122 mTOR-dependent signalling is antagonized by AMPK 

Inn a recent study with HEK293 cells yet another function of mTOR was proposed in that 

thiss protein kinase may not only act as a sensor of amino acids but also of intracellular ATP [77]. 

Itt was noted that, in contrast to that of several other protein kinases, the K  ̂ of ATP for mTOR 

wass high, about 1 mM, and within die physiological range of ATP concentrations. Moreover, by 

inhibitingg either glycolytic or mitochondrial ATP production a correlation was found between the 

intracellularr ATP concentration and the degree of phosphorylation of p70S6 kinase or 4E-BP1, 

ass indicators of mTOR activity in situ [77]. Because inhibition of ATP production also increases 

intracellularr AMP levels via adenylate kinase, we considered that AMP-activated protein kinase 

(AMPK)) may also contribute to mTOR inhibition when energy production is compromised. 

Indeed,, we and others found that under various conditions activation of AMPK strongly 

inhibitedd amino acid-dependent signalling (see chapter 4) [66,72,78,79] and protein synthesis 

[66,78,80].. Activation of AMPK inhibited protein syndiesis even more than rapamycin, 

suggestingg that AMPK inhibits protein synthesis not only through inhibition of mTOR-mediated 

signallingg but also at other steps controlling the protein-synthesizing machinery [78]. AMPK can 

alsoo phosphorylate (and activate) eEF2kinase independently of mTOR [80,81]. As discussed in 

sectionn 1.9, AMPK can directly phosphorylate mTOR and inhibit its activity [67]. AMPK is also 

ablee to phosphorylate TSC2 which results in further inhibition of mTOR signalling (see section 

3)--

Thee association of mTOR with the mitochondrial outer membrane [82] is of interest 

becausee adenylate kinase is located in the mitochondrial intermembrane space. mTOR is thus in a 

perfectt position to sense changes in the AMP/ATP ratio [78]. 

Itt has been reported that glucose helped to stimulate mTOR-dependent signalling in 

CHOO cells [83]. Although this possibility could not have been considered at the time, in 

retrospectt this may have been due to a decrease in AMPK activity. Likewise, the activation by 

hypoxiaa of the endoplasmic reticulum protein kinase PERK [84], a mammalian eIF2a kinase, 

whichh results in inhibition of protein synthesis, may have been caused by AMPK activation. 
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Inn view of the inhibitory effect of AMPK activation on protein synthesis via interference 

withh mTOR-dependent signalling, one would expect stimulation of autophagy. Indeed, in yeast, 

thee AMPK homologue snflp proved to be required for autophagy [85]. However, in hepatocytes, 

activationn of AMPK by AICAR resulted in inhibition of autophagy [86]. Apparendy, in 

hepatocytes,, AMPK, in addition to its ability to inhibit mTOR signalling also inactivates other 

proteinn components involved in the regulation of autophagy. Alternatively, there is the possibility 

thatt AICAR may not be entirely specific. Preliminary transfection experiments in HT-29 cells in 

collaborationn with P. Codogno et al, (Paris; personal communication), showed that 

overexpressionn of AMPK does stimulate autophagy. 

22 Amino acid-dependent signalling: physiological implications 

2.11 Amino acid signalling in pancreatic f5-cells 

Aminoo acid signalling also occurs in pancreatic p-cells and constitutes a fascinating 

feedbackk loop in the regulation of whole-body nitrogen metabolism. In these cells, too, amino 

acidsacids stimulated p70S6 kinase and 4E-BP1 phosphorylation in a rapamycin-sensitive and 

wortmannin-sensitivee fashion. Strikingly, p-cells from p70S6 kinase-deficient mice 

underproducedd insulin [87]. As in other cells, insulin alone, whether produced by the [3-cells 

themselvess (after glucose addition) or added externally, was not effective unless amino acids were 

alsoo present [26,38]. Among the various amino acids, leucine was again most effective [26,34]. In 

additionn to the ability of amino acids to promote [3-cell proliferation via increased signalling, it 

hass been proposed that cytosolic glutamate in (3-cells can directly stimulate exocytosis of insulin 

presumablyy by causing swelling of the insulin-containing granules [88]. Although attractive, this 

ideaa was refuted by data showing that with glutamine present, the intracellular glutamate 

concentrationn was extremely high, yet insulin release remained low [89]. Interestingly, glutamine 

andd leucine (in the absence of glucose) acted synergistically, and in the presence of these two 

aminoo acids alone, insulin production was as high as observed in the presence of glucose alone. 

Accordingg to the traditional view, allosteric activation of glutamate dehydrogenase by leucine 

providess oc-oxoglutarate for the citric acid cycle [89], The combination of glutamine plus leucine 

wass also particularly effective in stimulating p70S6 kinase phosphorylation [34,90] (see also 

chapterr 6). Experiments with transaminase inhibitors and with leucine analogues indicated that 

bothh the metabolism of leucine and its ability to stimulate glutamate dehydrogenase were required 

too stimulate p70S6 kinase phosphorylation [34,90]. Inhibition of the mitochondrial respiratory 

chain,, when glycolysis was the only source of ATP production, eliminated the ability of glutamine 

pluss leucine to stimulate p70S6 kinase. It was concluded that the same mitochondrial events that 

generatee signals for leucine-stimulated exocytosis of insulin are required to activate the amino 

acidd signalling pathway, and that activation of protein synthesis by amino acid signalling 

contributess to enhanced p-cell function [34]. Although overall ATP levels did not change, it is 
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likelyy that AMP, and thus AMPK activity, was increased. If, as discussed in section 1.12, AMPK 

inhibitss mTOR-dependent signalling, a mechanistic explanation is established for the coupling 

betweenn mitochondrial function and insulin release, in addition to the increase in cytosolic Ca++ 

concentrationn following closure of the plasma membrane K+
ATP channel by a high cytosolic 

ATP/ADPP ratio [90]. It is possible that part of the stimulation of insulin production by glucose is 

causedd by a decrease in the activity of AMPK [91,92]. Similarly, proper functioning of the malate-

aspartatee shuttle in |3-cells [93,94] may be required to keep AMPK activity low. Antidiabetic 

agentsagents such as metformin and thiazolidinediones can direcdy activate AMPK independendy of 

changess in AMP concentration [95]. Although this decreases plasma glucose concentrations 

becausee glucose transport into the muscle becomes less insulin-dependent under these conditions 

[96],, there may also be negative effects because AMPK activation in the (3-cells will decrease 

insulinn production [97,98], possibly by interference with amino acid signalling. 

2.22 Amino acid signalling in vivo 

Althoughh studies on amino acid-dependent signal transduction have mainly been carried 

outt in isolated cells there is now ample evidence that amino acid signalling also plays an 

importantt role in vivo. For example, it has been known for a long time that amino acid infusion 

increasess the insulin sensitivity of muscle protein synthesis in vivo [99]. We now know that this is 

likelyy to be caused by amino acid signalling. Indeed, after a protein meal, the protein anabolic 

responsee in man, rats and mice was accompanied by increased phosphorylation of 4E-BP1 and 

p70S66 kinase in muscle and liver [23,100,101]. In the rat, inhibition of insulin production by 

diazoxidee eliminated the effect of amino acids, suggesting that, as in isolated cells, insulin and 

aminoo acids are also both required in vivo to induce a positive nitrogen balance [101]. Likewise, in 

man,, leucine and insulin synergized with respect to their ability to stimulate p70S6 kinase 

phosphorylationn in muscle, while insulin but not leucine increased PKB phosphorylation [102]. 

Otherr data also suggested that in vivo the leucine-induced enhancement of protein synthesis and 

thee phosphorylation states of 4E-BP1 and p70S6 kinase are facilitated by increases in serum 

insulinn [103]. 

Regardingg the effect of amino acids on glucose metabolism the situation is less clear. In 

vivo,, the increase in amino acid concentrations in the portal vein during the fasted-fed transition 

waswas sufficient to increase liver-cell volume and to stimulate glycogen synthesis [104]. The increase 

inn glycogen synthesis in astrocytes during hyperammonemia is likely to be caused by cell swelling 

whenn intracellular synthesis of glutamine exceeds the efflux of glutamine from the cells. This 

swellingg of astrocytes presumably accounts for the increase in intracranial pressure in hepatic 

encephalopathyy [105]. 

Onn the basis of the ability of amino acids to promote glycogen synthesis one may, 

therefore,, predict that amino acid-induced cell swelling and signalling also promotes glucose 

consumption.. The available evidence does not fully support this prediction, however. 

Notwithstandingg the fact that amino acids, leucine in particular, stimulate insulin production in 
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vivoo [106], amino acid infusion during an euglycaemic hyperinsulinemic clamp in fasted humans 

decreasedd rather man increased glucose disposal [107,108]. Although these data may be explained 

byy substrate competition, i.e. the amino acids were oxidised instead of glucose, there are 

indicationss that amino acids, in fact, cause time-dependent, rapamycin-sensitive, down-regulation 

off the activation of PKB and of glucose transport by insulin (Fig. 1) [29,73,75]. As discussed in 

sectionn 1.11, amino acids stimulated ser/thr phosphorylation of IRS-1, resulting in decreased 

bindingg of the p85 regulatory subunit of PI 3-kinase to IRS-1, followed by proteasomal 

degradationn of IRS-1 [29,73]. Because, as we have seen, PI 3-kinase class I is required for mTOR-

downstreamm signalling, perhaps this feedback system is part of a homeostatic mechanism which is 

requiredd to prevent mTOR from being overactivated by amino acids. 

Anotherr example suggesting that amino acids may cause insulin resistance is that of 

glutamine.. Aldiough this amino acid is a potent stimulator of glycogen synthesis, it is also a 

substratee for the hexosamine pathway which has been shown to be involved in insulin resistance 

[109]. . 

Althoughh these findings suggest that amino acids decrease insulin sensitivity with regard 

too glucose consumption, there are also contrasting reports indicating that amino acids increase 

insulinn sensitivity. For example, infusion of glutamine during a 5-h euglycaemic-hyperinsulinemic 

clampp significantly stimulated hepatic and muscle glucose consumption [110]. Oral 

supplementationn of amino acids to type 2 diabetic patients for 2 months significantly decreased 

postprandiall plasma glucose without changing insulin levels [111]. Leucine increased glucose 

transportt in isolated rat skeletal muscle by a PI 3-kinase dependent, rapamycin-independent 

mechanismm [112]. 

Onn the basis of these, apparently conflicting, findings it is difficult to draw definite 

conclusions.. Clearly, more research needs to be performed before the question can be answered 

whetherr or not amino acids and, in relation to this, the protein content of the diet do affect 

insulinn sensitivity in vivo, and in what direction. In this context, it is important to stress that an 

increasee in protein content of the diet does not necessarily imply increased plasma amino acid 

concentrationss because induction of amino acid catabolism may result in decreased rather than 

increasedd steady-state intracellular and plasma amino acid concentrations [113]. It must also be 

pointedd out that a high concentration of leucine in plasma, i.e. in the mM range, may have 

deleteriouss effects in the brain because it decreases brain concentrations of several essential 

aminoo acids, including phenylalanine, as wass found in patients with maple syrup urine disease. 

Thiss compromises synthesis of protein and of neurotransmitters in the brain and may underlie 

thee neurological dysfunction in patients with this disorder [114]. 

Thee importance of amino acid signalling in the coordination of whole-body metabolism is 

alsoo indicated by its involvement in the regulation of leptin production by adipocytes [115]. This 

mechanismm may account for the known decreased food uptake in animals fed diets containing an 

excesss of leucine [106]. Adipogenesis itself is linked to amino acid signalling because of mTOR-

mediatedd phosphorylation of lipin [116], an adipocyte-derived protein which is required for 
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adipocytee development. Mutations in its gene result in failure to develop normal adipose tissue, in 

hyperlipidemia,, and in glucose intolerance. 

2.33 Amino acid signalling as a function of age 

Inn both liver and muscle cells, rapamycin-sensitive p70S6 kinase phosphorylation and 

activationn decreased with age [117,118]. In muscle, this was caused by a decrease in the affinity 

forr leucine, and not by a decrease in p70S6 kinase protein [118]. It is thought that this decrease in 

signallingg contributes to the net protein loss with age. Although protein synthesis declines with 

age,, proteasome-catalysed proteolysis [119] and autophagic proteolysis [120,121] also decrease. 

Thee two proteolytic mechanisms can be considered to be anti-aging repair mechanisms because 

theyy remove aberrant proteins and defective cell structures (see chapter 1). Significantly, caloric 

restrictionn not only increases proteasome-catalysed proteolysis [119] but also increases autophagy, 

aa phenomenon which may contribute to increased longevity [120]. The increase in autophagy by 

caloricc restriction may be related to decreased plasma insulin concentrations [121]. Autophagy as 

aa lifespan-extending mechanism is apparendy well conserved in evolution because it is also found 

inn C. ekgans [122], Interestingly, extended lifespan was also observed in fat-tissue specific insulin 

receptorr knock-out mice which are defective in insulin signalling [123]. These mice have reduced 

fatt mass at all ages but normal food intake. The increased longevity was tentatively ascribed to 

decreasedd generation of oxygen free radicals. The possibility that autophagy might have increased 

wass not considered. By extrapolation, it may be speculated that development of insulin resistance 

inn elderly people is an adaptive mechanism to increase autophagy, which helps to increase the 

capacityy to remove damaged cellular structures (e.g. mitochondria [124]), and thus helps to 

prolongg life. 

2.44 Amino acid signalling and cancer 

Thee PI 3-kinase/PKB/mTOR-signalling pathway is frequently overactivated in cancer 

[125,126].. For example, the catalytic subunit of Class I PI 3-kinase is overexpressed in ovarian 

cancerss [127]; mammary carcinogenesis is enhanced in certain mouse models by constitutively 

activee PKB [128]; PKB genes are amplified or overexpressed in a number of human cancers, 

includingg gastric, ovarian, breast, pancreatic, and prostate cancer [125]. The tumor suppressor 

PTENN which downregulates the PI 3-kinase/PKB pathway by dephosphorylation of the 3-

phosphatee from PtdIns(3,4,5,)P3 [129] is mutated in a wide variety of cancers [130]. Although 

mutationss in mTOR and p70S6 kinase have not been identified yet, it is most likely that they are 

importantt in oncogenesis. The involvement of mTOR in oncogenesis, mediated by PI 3-

kinase/PKBB signalling, was shown by a study in chicken embryo fibroblast cultures where 

rapamycinn could inhibit oncogenic transformation induced by constitutively active PI 3-kinase or 

PKBB [131]. In contrast, oncogenic transformation induced by 11 other oncoproteins was not 

inhibitedd by rapamycin. With the help of microarray analysis, the involvement of p70S6 kinase in 
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humann cancer was suggested by the frequent up-regulation of mRNAs for ribosomal proteins in 

expressionn profiles from diverse tumors [132] and by the amplification and overexpression of 

p70S66 kinase in breast cancers [133]. 

Thus,, the importance of amino acid signalling in cancer is evident. Although in the past 

thee role of increased protein synthesis in oncogenesis has always been emphasised, the 

contributionn of suppressed (autophagic) proteolysis cannot be ignored [51,134] because, as we 

havee seen, the same signalling pathway controls protein synthesis and autophagic protein 

degradation.. As discussed in chapter 1, the importance of Class I PI 3-kinase in the control of 

autophagyy was shown in HT-29 cells by feeding synthetic lipids or by IL-13 activation of the PI 

3-kinasee pathway [18]. As described in chapter 2, overexpression of wild type PTEN, but not a 

phosphoinositidee phosphatase-deficient mutant of PTEN, counteracted the down regulation of 

autophagyy in HT-29 cells by IL-13, suggesting that PTEN counteracts the inhibition of Class I PI 

3-kinasee on autophagy. In addition, a dominant negative mutant of PKB resulted in increased 

autophagyy and a constitutively active form of PKB decreased autophagy, suggesting a critical 

rolee for the PKB oncogene in the negative regulation of autophagy. It can now be speculated that 

geneticc disruption of autophagy control can stimulate oncogenesis. This is supported by 

observationss that Beclinl, the mammalian homologue of yeast Apg6 (see chapter 1), could 

stimulatee autophagy in MCF7 breast carcinoma cells and inhibit tumorgenicity [135]. The beclin 1 

genee was mono-allellically deleted in 40-75% of breast and ovarian cancers [136], suggesting that 

itt acts as a tumor suppressor. In MCF7 cells the anti-breast cancer drug tamoxifen induced Beclin 

11 expression and autophagy [137,138]. Further experiments performed with MCF7 cells, in which 

thee levels of ceramide were manipulated by pharmacological means, suggested that the 

stimulatoryy effect of tamoxifen on Beclin 1 and autophagy was dependent on ceramide [138]. 

Ceramidee is a sphingolipid signalling molecule with an essential role in cell proliferation, 

differentiationn and cell death [139,140]; these are situations where autophagy may be important 

[141].. In HT-29 cells ceramide stimulated autophagy probably by downregulation of the PI 3-

kinase/PKBB pathway and by increasing Beclin 1 [138]. Interestingly, in human colon cancer the 

levelss of ceramide are lower than those of normal colon mucosa [142]. Beclinl can be found in a 

complexx with class III PI 3-kinase and Beclin 1-associated PI 3-kinase activity increased under 

conditionss of amino acid deprivation that simultaneously induced autophagy [17]. All these data 

togetherr suggest that downregulation of autophagy may contribute to development and/or 

progressionn of cancer. To combat cancer a good approach may be to stimulate autophagy by 

inhibitionn of the PI 3-kinase/PKB/mTOR pathway or by upregulation of autophagy genes like 

beclinl.beclinl. At this moment two rapamycin ester analogues, CCI-779 and RAD001, are undergoing 

phasee I and phases II/III clinical trials in patients with renal cell carcinoma, prostate cancer, 

breastt cancer and pancreatic cancer [143]. 
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3.. MECHANISM S 

Fromm all these studies the picture emerges that amino acids somehow directly activate 

mTORR activity. Whether PI 3-kinase is necessary for this activation is not known; however, for 

stimulationn of phosphorylation of downstream targets of mTOR (e.g. p70S6 kinase), PI 3-kinase 

activityy is required. Very recent studies have shed further light on the mechanism by which 

mTOR-mediatedd signalling may be controlled. mTOR-dependent signalling in normal cells 

appearss to be restrained by the tumour suppressor proteins TSC1 (hamartin) and TSC2 (tuberin) 

(cf.. also Discussion of chapter 5). Mutations in TSC1 and or TSC2 result in tuberous sclerosis 

complexx (TSC), with development of benign tumours in various organs [144], The loss of 

functionn of these proteins results in constitutive activation of p70S6 kinase/4E-BPl [145-147]. 

Theree is debate as to whether TSC 1/2 inhibit mTOR [145] or whether they direcdy affect die 

activityy of p70S6 kinase/4E-BPl [146]. Interestingly, in normal cells, activation of PI 3-kinase 

suppressedd the function of TSC 1/2 [146] and PKB-mediated phosphorylation of TSC2 inhibited 

TSC22 activity [145,146]. This mechanism is in agreement with the notion, discussed in section 

1.8,, that PI 3-kinase and amino acid-dependent signalling are, indeed, on parallel pathways 

leadingg to activation of mTOR and/or of mTOR downstream targets. It also nicely explains why 

aminoo acid-dependent signalling is sensitive to inhibition by PI 3-kinase inhibitors (Fig. 1). 

Moreover,, it explains, at least in part, the synergy between amino acids and insulin. 

Studiess with HEK293 cells showed that phosphorylation of TSC2 by AMPK stimulated 

TSC22 activity to inhibit p70S6 kinase and 4E-BP1 phosphorylation [148]. AMPK was also 

involvedd in direct phosphorylation (and inhibition) of mTOR on Thr2446(see section 1.9), This 

suggestss that the energy level of the cell is sensed by mTOR via AMPK; in this way, important 

pathwayss such as protein synthesis and degradation are controlled. AMPK may not only act as an 

energyy sensor but also as an amino acid sensor because AMPK activity was influenced by 

chloride,, the concentration of which falls in response to amino acid-induced cell swelling (chapter 

6).. In this view, the fall in intracellular chloride levels following amino acid-induced cell swelling 

keepss the activity of AMPK low (chapter 6), perhaps favours phosphorylation of mTOR on 

Ser24488 instead of Thr2446 and releases mTOR from inhibition by TSC2; the final result is then 

stimulationn of mTOR activity (cf. Fig. 1). 

Thee direct target of TSC 1/2 is probably not mTOR itself but rather Rheb, a GTP-

bindingg protein of the Ras family which is downstream of TSC 1/2 and upstream of mTOR and 

which,, like mTOR, is required for cell growth [149]. 

Raptorr is another protein that is associated with mTOR and functions as a scaffold for 

mee mTOR-catalysed phosphorylation of its substrates 4E-BP1 and p70S6 kinase ([126], for 

review]).. The recently discovered protein G[3L may also be part of this protein complex 

[150]] .Whether or not amino acids direcdy affect the activities of TSC 1/2, Rheb, raptor, GBL or 

mTORR itself, is not known. Direct activation of mTOR kinase activity by amino acids in vitro is 

consideredd unlikely [37,126]. Because changes in cell volume can affect molecular crowding [104], 
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ann attractive possibility would be that amino acid-induced cell swelling loosens the association of 

Rhebb and TSC1/2 so that mTOR becomes activated. This would account for the synergy 

betweenn cell swelling and activation of mTOR-dependent signalling by leucine. 

Thee question still to be answered is the mechanism by which leucine, which does not 

affectt cell volume, can activate mTOR. Apart from the possibility that it may stimulate a protein 

kinasee acting on mTOR as substrate, an attractive mechanism is that it inhibits a protein 

phosphatasee as discussed in section 1.9. A possible mechanism would be one in which, in analogy 

withh yeast, mTOR in mammalian cells would be a direct substrate for PP2A, although this 

remainss to be proven [65]. Association of PP2A with mTOR downstream targets would also be 

possiblee (cf. Fig. 1). 

Whateverr the nature of the protein(s) that are activated (protein kinases, raptor) or 

inhibitedd (protein phosphatases, TSC1-2) by amino acids, the amino acids can do so by direct, 

allostericc effect on these proteins, or as discussed above, by altering the degree of association of 

thesee proteins. However, it is also possible that the plasma membrane contains a specific amino 

acidd receptor. The existence of an amino acid receptor was proposed on the basis of the specific 

bindingg to the hepatocyte plasma membrane of Leug-Map, a small cell-impermeant globular 

peptidee with 8 leucine residues on the outside of the molecule. Moreover, the peptide effectively 

inhibitedd autophagy and replacement of the leucine residues by isoleucine rendered the peptide 

inactivee [151]. However, Leu rMap did not affect amino acid signalling [33,152,153]. A disturbing 

factorr in these studies may be its effect on autophagy due to the degradation of the peptide to 

freee leucine [152], Additional evidence supporting the existence of a plasma membrane amino 

acidd receptor has been provided by a recent report showing that the rate of protein synthesis in 

skeletall muscle in man in vivo responds to changes in the extracellular, but not intracellular, 

concentrationn of amino acids [154]. An amino acid sensor in the plasma membrane would be in 

linee with a similar, leucine-sensitive, sensor molecule, Ssylp, which is part of the three-

componentt SPS amino acid sensor complex in the yeast plasma membrane [155]. 

Evidencee in support of an intracellular amino acid receptor came from studies with 

Xenopuss oocytes. In these cells, leucine stimulated signalling only after the cell membrane had 

beenn made permeable to leucine by transfection with a leucine transporter [156]. This suggests 

that,, at least in these cells, the amino acid sensor is intracellular rather than extracellular. In CHO 

cells,, inhibition of protein synthesis increased mTOR signalling in amino acid-deprived cells 

[157].. It was concluded that, apparently, intracellular amino acids (obtained from proteolysis) 

ratherr than extracellular amino acids stimulate signalling and that the amino acid sensor must be 

intracellularr rather than extracellular [157]. However, the possibility that proteolytically derived 

// amino acids were transported to the extracellular fluid was not considered. 

AA combination of both intra- and extracellular sensing of amino acids would be in line 

withh the situation in yeast. This organism senses intracellular amino acids through GCN2 while 

thee extracellular amino acid concentration is sensed by the SPS complex [155]. Clearly, more 

experimentss need to be performed before the issue of the existence of an intra- and/or 

extracellularr amino acid receptor in mammalian cells is settled. 
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An,, as yet, hypothetical mechanism is one in which the cell responds to changes in the 

chargingg of tRNAs. This hypothesis is based on data in yeast (see section 1.4) showing that upon 

aminoo acid starvation free, uncharged, tRNA strongly binds to the protein kinase GCN2, which 

thenn becomes activated and phosphorylates eIF2a. Whether or not free tRNA, indeed, controls 

aminoo acid signalling in mammalian cells is controversial. For instance, in a study with T-

lymphoblastoidd Jurkat cells, inhibition of amino acid-tRNA synthetase with amino alcohols did 

indeedd prevent amino acid-induced activation of p70S6 kinase [27] and this was confirmed in 

freshlyy isolated hepatocytes (chapter 6). However, this could not be confirmed in studies with 

freshlyy isolated rat adipocytes [33] or with CHO cells [83], In HEK-293 cells, amino acid 

deprivationn did not affect aa-tRNA levels [77], which suggested that intracellular amino acid 

poolss rather than the degree of aa-fRNA charging control amino acid signalling. Although these 

differencess in results may be ascribed to difference in experimental systems, it is not likely that 

thee amino acid-sensing mechanism would be cell type-dependent, especially because of the 

similarityy in amino acid specificity of amino acid signalling in the various cell types. Again, here 

tooo further studies are clearly required to resolve this issue. 

However,, if, indeed tRNA is always fully charged with amino acids [77], the conclusion 

mustt be that protein synthesis is never substrate-limited, even under amino acid-deprived 

conditions,, and that the rate of protein synthesis is determined by the amino acid concentration-

dependencee of amino acid signalling only. If, on the other hand, tRNA acts as an amino sensor 

(likee in yeast) and tRNA charging determines amino acid-dependent signalling, a possible 

mechanismm underlying the ability of cell swelling to potentiate this process can be provided in 

additionn to the one proposed above. For instance, during regulatory volume decrease when 

intracellularr chloride falls, amino acid-tRNA synthetases may become activated because chloride 

ionss inhibit these enzymes, in analogy with the situation in certain bacteria (cf. Fig. 1) [152] (see 

alsoo chapter 6). 

Recently,, it was shown that, in addition to amino acids, the mitogenic second messenger 

phosphatidylicc acid was also able to activate mTOR-mediated signalling, but only when amino 

acidss were present in sufficient amounts [158]. This indicates that phosphatidylic acid governs 

signallingg in parallel to amino acids [159], similar to PI 3-kinase and amino acids (cf. Fig. 1). 

Whetherr amino acids are able to affect phosphatidylic acid concentrations (or vice versa) is not 

known. . 

Inorganicc polyphosphate (polyP), linear polymers of hundreds of Pi residues which are 

presentt in all cell types, has been proposed as another component that may be involved in amino 

acid-dependentt and mTOR-mediated signalling [160]. At physiological concentrations, this 

compoundd greatly stimulated mTOR kinase activity in vitro and entirely mimicked the stimulatory 

effectt of adding amino acids plus insulin on mTOR kinase activity in intact cells. Moreover, 

expressionn of a yeast exopolyphosphatase gene in a human breast carcinoma cell line inhibited 

thee ability of insulin and amino acids to stimulate mTOR-mediated signalling with no effect on 

insulin-stimulatedd PKB phosphorylation, and inhibited cell growth [160]. Whether autophagy was 

stimulatedd under these conditions was not investigated. 
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Byy contrast, in E. coli, polyP appears to inhibit protein synthesis and to promote protein 

degradation.. In these cells, the level of polyP increased after amino acid deprivation, because of 

guanosinetetraphosphatee (ppGpp)-mediated inhibition of exopolyphosphatase, and polyP 

stimulatedd ribosomal protein degradation by binding to the ATP-dependent Lon protease. In this 

wayy die generation of amino acids for cell survival under these conditions is ensured [161]. 

Ann intriguing possibility that has not been mentioned in the literature so far is that 

diadenosinee polyphosphates (ApnA) are involved in mTOR stimulation. Indirect evidence comes 

fromm two independent studies: in one study, leucine stimulated Ap4A production by the 

mitochondriaa in pancreatic fi-cells [162], while in another study leucine stimulated mTOR activity 

throughh increased mitochondrial oxidative metabolism [34]. Because mTOR may be associated, 

att least in part, with mitochondria [82], it is tempting to speculate that Ap4A is a signal that 

connectss mitochondrial metabolism to mTOR activity. In this context, it is important to note 

thatt Ap4A is a strong inhibitor of AMP-activated protein kinase [163]. As discussed before, 

inhibitionn of AMP-activated protein kinase stimulates mTOR-dependent signalling. 

Previouslyy it was postulated by Blommaart et al. [9] that amino acid signalling, ultimately 

leadingg to S6 phosphorylation, provides an efficient mechanism by which both autophagic 

proteinn degradation and protein synthesis could be oppositely controlled (cf. Introduction of this 

chapter).. A mechanism by which S6 phosphorylation may contribute to the reciprocal control of 

proteinn synthesis and degradation was also proposed: S6 phosphorylation may promote binding 

off ribosomes to the endoplasmic reticulum (ER) and enhance ER-linked protein synthesis [9]. In 

diiss context, it is of importance diat in hepatocytes, synthesis of export protein, but not of 

housekeepingg protein, declines after amino acid deprivation [164]. Ribosome binding to the ER 

wouldd reduce the availability of ribosome-free regions of the ER which are the source of the 

autophagosomall membrane [6] (cf. also section 1.5). Thus, a common mechanism would 

stimulatee ER-linked protein synthesis while at the same time inhibiting proteolysis. Removal of 

ribosomesribosomes by autophagy [165] is thus prevented. I still think such a mechanism is possible, at 

leastt in hepatocytes (see section 1.5). As discussed before, activation of PI 3-kinase class I also 

simultaneouslyy stimulates protein syndiesis and inhibits autophagic protein degradation. This 

providess a second mechanism for the opposite control of protein synthesis and degradation. 

4.. Final remark 

Ass discussed in this final chapter diere is now overwhelming evidence that amino acids 

aree important as signalling molecules, with insulin-like actions with regard to protein synthesis 

andd (autophagic) protein degradation. The ability of amino acids to stimulate signalling in ^-cells 

andd insulin production further adds to their protein-anabolic properties. It is fascinating diat die 

samee signalling pathway appears to control both protein synthesis and degradation. 

Inn amino acid-dependent signalling, mTOR occupies a central role both as a sensor of 

intracellularr amino acid concentrations and, via AMPkinase, as a sensor of die cellular energy 
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state.. It may be speculated that mTOR also senses amino acid-induced increases in cell volume or 

inn connection with this, perhaps the intracellular chloride concentration. Amino acid induced cell 

swellingg perhaps affects the association between mTOR, raptor, TSC1/2 and Rheb, and that 

betweenn Beclinl and PI 3-kinase class III. The nature of the protein(s) involved in the autophagic 

machineryy that is (are) the target for phosphorylation by mTOR (or downstream kinases) is also 

ass yet unknown. 

AA summary of the possible interactions of amino acids with signalling and autophagy is 

givenn in Fig. 1. 

AA role of mTOR in the control of autophagic protein degradation, first indicated by 

experimentss in our laboratory [9], is now generally accepted, as indicated by a number of recent 

reviewss [166-170], The importance of (amino acid-dependent) mTOR-mediated signalling in 

cancerr becomes more and more evident [37,125,126]. Interventions used to combat cancer 

growthh that interfere with amino acid-dependent signalling, such as the treatment with rapamycin 

andd rapamycin analogues [171], not only inhibit protein synthesis but also at the same time 

acceleratee autophagic protein degradation, and thus act as a two-edged sword. 
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Althoughh amino acids are known to be building blocks of proteins and substrates for 

gluconeogenesiss and urea synthesis, they also play an important role in the regulation of 

metabolism.. One process that is controlled by amino acids is the lysosomal proteolytic pathway 

alsoo known as autophagy. Autophagy is accelerated during starvation when concentrations of 

aminoo acids are low, and is inhibited in the fed state when concentrations of amino acids are 

high.. During autophagy a small part of the cytoplasm is surrounded by a double isolation 

membranee leading to the formation of a vesicle (the autophagosome) which fuses with a 

lysosomee so that degradation of the engulfed material can occur. A detailed description of the 

autophagicc process is given in chapter  1. The control of autophagy by amino acids is related to 

thee activation of the mTOR/p70S6 kinase/S6 signalling pathway. Both the inhibition of 

autophagyy and the stimulation of signal transduction by amino acids is potentiated by insulin (see 

below,, chapter 5). 

Ass described in chapter  2, downregulation of the PI 3-kinase/PKB pathway, by the 

overexpressionn of the tumor suppressor PTEN, led to activation of autophagy in HT-29 cells, a 

colonn cancer cell line. In line with this result was the inhibitory effect of PKB overexpression on 

autophagy.. PKB is an oncogenic protein that is frequently overactivated in cancer cells. It 

appearsedd that there is a connection between the control of a major catabolic route, autophagy, 

andd that of a signaling pathway frequendy altered in human cancers. 

Inn hepatocytes, another metabolic pathway that is controlled by amino acids is the 

synthesiss of glycogen from glucose. Certain amino acids (e.g. glutamine and proline) cause cell 

swellingg due to their concentrative Na+-dependent transport. In response to the initial cell 

swelling,, hepatocytes undergo "regulatory volume decrease" (RVD) and release KC1 in an 

attemptt to restore their original volume. This decrease in chloride concentration is in part 

responsiblee for the stimulation of glycogen synthesis from glucose by amino acids, because the 

falll in intracellular chloride results in de-inhibition of glycogen synthase phosphatase. In the 

literaturee it was assumed that PI 3-kinase is involved in the stimulation of glycogen synthesis by 

aminoo acids, because of inhibition of glycogen synthesis by the PI 3-kinase inhibitors LY294002 

andd wortmannin. In chapter  3 we show mat in hepatocytes activation of PI 3-kinase may not 

havee been responsible for the stimulation of glycogen synthesis by amino acids. A complicating 

factorr with regard to die use of PI 3-kinase inhibitors is that these compounds also inhibit 

autophagicc proteolysis because of the requirement of PI 3-kinase class III for autophagy. 

Therefore,, we think that reported inhibition of glycogen synthesis by PI 3-kinase inhibitors may 

havee been indirect, i.e. by inhibition of the production of amino acids from intracellular proteins. 

Thiss view was supported by our finding that specific inhibitors of proteolysis that do not affect 

PII 3-kinase also inhibited glycogen production under basal conditions. 

Ass mentioned before, amino acids can stimulate a signal transduction pathway resulting in 

thee phosphorylation of mTOR-downstream targets as p70S6 kinase. It is generally accepted that 

mTORR functions as an amino acid sensor and recently it was proposed that mTOR might also 
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actt as an ATP sensor. The data described in chapter  4 suggest that the AMP-activated protein 

kinasee (AMPK) is an additional element in the control of mTOR-dependent signalling. In 

hepatocytes,, amino acid-dependent stimulation of the mTOR/p70S6 kinase pathway was 

inhibitedd upon stimulation of AMPK by the AMP analog AICAR (mimicking energy-low 

conditions).. Furthermore, it was found that lowering intracellular ATP concentrations by 

additionn of either glycerol or fructose also inhibited amino acid-dependent signalling. 

Chapterr  5 describes the interaction between amino acids and insulin in stimulating the 

PI-33 kinase/PKB/mTOR/p70S6 kinase pathway in rat hepatocytes. It was found that high 

concentrationss of amino acids (mimicking die fed state) stimulate p70S6 kinase activity 

maximally,, whereas low concentrations of amino acids (mimicking starvation) only slighdy 

stimulatee p70S6 kinase activity. In combination with insulin, low concentrations of amino acids 

weree as efficient in stimulating p70S6 kinase as high concentrations of amino acids. By contrast, 

insulinn alone had no effect on p70S6 kinase activation. Amino acids were unable to stimulate PI 

3-kinasee and PKB, two proteins that were activated by insulin. Experiments with inhibitors of PI 

3-kinasee and PKB led us to the conclusion that activation of the PI 3-kinase/PKB pathway by 

insulinn is required for full activation of mTOR-mediated p70S6 kinase by low concentrations of 

aminoo acids, but that PKB activity is not needed for the activation of p70S6 kinase by high 

concentrationss of amino acids. Because amino acids proved to be unable to stimulate PI 3-kinase 

andd because amino acid-dependent stimulation of p70S6 kinase was sensitive towards PI 3-kinase 

inhibitorss we concluded that basal PI 3-kinase activity is probably needed for full activation of 

p70S66 kinase by amino acids. 

Amongg the various amino acids, leucine is most effective in stimulating the 

mTOR/p70S66 kinase pathway. However, for full activation of the pathway the action of other 

aminoo acids was needed. The ability of these other amino acids (e.g. glutamine and proline) to 

promotee cell swelling probably explains their synergy with leucine, as is demonstrated in chapter 

6.. Glutamine and proline induced cell swelling which resulted in a fall in intracelular chloride. 

Thiss fall in chloride may be involved in the regulation of AMPK and of glutamate-dependent 

proteinn phosphatase (GAPP), two proteins that are known to control amino acid-dependent 

activationn of the mTOR/p70S6 kinase pathway. Another enzyme that may be regulated by 

chloridee is aminoacyl-tRNA synthetase. Indications from the literature suggest that free, 

unchargedd tRNA may act as an amino acid sensor that influences the activity of mTOR. In line 

withh this hypothesis is the outcome of experiments described in chapter 6. In hepatocytes 

incubatedd with aminoalcohols, inhibitors of the activity of aminoacyl-tRNA synthetases, amino 

acid-dependentt activation of the mTOR/p70S6 kinase pathway was strongly inhibited. Leucinol 

wass particular effective in this regard. The mechanism responsible for the potentation of the 

leucine-dependentt activation of the mTOR/p70S6 kinase pathway by cell swelling may involve a 

decreasee in intracellular chloride due to RVD, which subsequently stimulates the activity of 

GAPPP and/or aminoacyl tRNA synthetases. 

Thee results described in this thesis support the view that amino acids are potent 

stimulatorss of a signal transduction pathway that is also used by insulin. The mechanism by 
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whichh amino acids stimulate the mTOR/p70S6 kinase pathway remains to be elucidated. In 

chapterr  7 possible mechanisms are proposed on the basis of die work described in tfiis thesis 

andd also on the basis of recent literature. In this chapter, the importance of amino acid-

dependentt signalling in diabetes, cancer and ageing is also discussed. 
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Samenvattingg voor  de leek 

Aminozurenn zijn vooral bekend als de bouwstenen van eiwitten en als substraat voor 

glucose-(gluconeogenese)) en ureum syndiese. Minder bekend is dat aminozuren ook een 

belangrijkee rol spelen in de regulatie van de stofwisseling (metabolisme) to de cel. Aminozuren 

kunnenn verschillende metabole processen reguleren onder meer omdat zij net als hormonen, 

zoalss insuline, een signaaltransductie route kunnen activeren. Bij signaaltransductie wordt een 

signaall (bijvoorbeeld verhoging van de insuline spiegels in het bloed na het eten van een maaltijd) 

vann buitenaf herkend door de cel en dit zorgt voor specifieke veranderingen in de cel 

(bijvoorbeeldd stimulatie van de glucose opname in de spieren). Tijdens activatie van een 

signaaltransductiee route worden specifieke eiwitten geactiveerd door fbsforylering. In sommige 

gevallenn worden echter naast eiwitten ook lipiden gefosforyleerd (zie beneden in de tekst). 

Tijdenss fbsforylering van een eiwit wordt een negatief geladen fosfaatgroep aan het eiwit gezet 

waardoorr dit eiwit een kleine verandering van structuur ondergaat waardoor het eiwit van 

activiteitt kan veranderen en/of een associatie kan aangaan met andere eiwitten. Hierdoor wordt 

hett signaal van het ene eiwit op het andere eiwit doorgegeven in de cel. 

Dee eerste aanwijzingen dat aminozuren een signaaltransductie route kunnen activeren zijn 

gevondenn in experimenten met levercellen geïsoleerd uit de rat. Hierin werd gekeken naar 

effectenn van aminozuren op de eiwitafbraak tijdens vasten. Deze specifieke eiwitafbraak vindt 

plaatss in het lysosoom, een celorganel dat gespecialiseerd is in de afbraak van hoog-moleculaire 

stoffenn zoals eiwitten en nucleïnezuren tot hun bouwstenen, respectievelijk aminozuren en 

nucleotiden,, en wordt autofagie genoemd. Autofagie kan worden gezien als een 

onderhoudsmachinee van de cel, het ruimt beschadigde celonderdelen op en onderdrukt 

ongeremdee celgroei (kanker); verder zorgt autofagie voor productie van o.a. aminozuren tijdens 

periodenn (vasten) wanneer er een tekort ontstaat aan voedingsstoffen. Tijdens autofagie worden 

celbestanddelenn omsloten door een blaasje dat vervolgens fuseert met een lysosoom waarna 

afbraakk plaats vindt van het opgenomen materiaal. In hoofdstuk 1 wordt in detail beschreven 

hoee de verschillende stappen in autofagie plaatsvinden en wat de rol is van aminozuren op dit 

proces.. Verder wordt beschreven hoe autofagie gereguleerd wordt door verschillende 

signaaltransductiee routes, waaronder de signaaltransductie route die door aminozuren geactiveerd 

wordt.. Aminozuren remmen autofagie, wat niet zo verwonderlijk is omdat het de belangrijkste 

afbraakproductenn zijn. Een deel van de remming op autofagie door aminozuren kan 

toegeschrevenn worden aan de signaaltransductie-stimulerende eigenschappen van aminozuren. 

Opp dit moment wordt algemeen aangenomen dat het eiwit mTOR de aminozuursensor van de 

cell is. mTOR is zowel betrokken bij de regulatie van de autofage eiwitafbraak als van de eiwit 

synthese.. Celgroei wordt daarbij gekenmerkt door stimulatie van eiwit synthese en remming van 

dee eiwitafbraak via autofagie. Hoe mTOR geactiveerd wordt door aminozuren is nog onbekend, 

nett zo min als bekend is hoe mTOR activatie door aminozuren leidt tot remming van autofagie. 

Watt wel steeds duidelijker wordt is dat autofagie door verschillende signaaltransductie routes 

gereguleerdd wordt. Een van deze signaaltransductie routes bevat het eiwit PI 3-kinase dat 
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onderdeell is van de door insuline-geactiveerde signaaltransductie route en activatie van dit eiwit 

heeftt een remmende werking op autofagie. Na activatie van het PI 3-kinase komt een 

signaleringscascadee opgang waarbij eerst een celmembraan lipide (fosfatidylinositol 4,5-difbsfaat) 

wordtt geactiveerd door middel van fosforylering hetgeen leidt tot de productie van 

fosfatidylinositoll 3,4,5-trifosfaat. Zoals beschreven in hoofdstuk 2 leidt gestimuleerde 

defosforyleringg van fosfatidylinositol 3,4,5-trifosfaat tot fosfatidylinositol 4,5-difosfaat door 

middell van een doelbewuste verhoging (overexpressie) van het eiwit PTEN tot een verhoging 

vann de autofagie. Interessant is dat wanneer het PTEN eiwit in de cel gemuteerd is, zodanig dat 

hett zijn werk niet goed meer kan doen, er meer gefosforyleerd lipide aanwezig is in de cel: dit 

leidtt dan juist tot een onderdrukte autofagie en uiteindelijk wellicht tot een verhoogde kans op de 

ontwikkelingg van kanker. In deze context kan autofagie dus worden gezien als een systeem dat 

beschermingg biedt tegen kanker doordat het celgroei remt. Een mogelijke manier om de 

ontwikkelingg van kanker in de mens tegen te gaan is het activeren van autofagie door middel van 

regelmatigg vasten of door toediening van stoffen die autofagie kunnen stimuleren. Verder wordt 

inn hoofdstuk 2 beschreven dat autofagie juist wordt geremd wanneer een ander eiwit dat 

onderdeell is van de door insuline-geactiveerde signaaltransductie route tot overexpressie wordt 

gebracht,, namelijk het eiwit PKB, een eiwit dat overactief is in verschillende vormen van kanker. 

Err blijkt dus een connectie te zijn tussen de regulatie van autofagie en een signaleringsroute die 

regelmatigg veranderd is in kankercellen in de mens. 

Eenn ander metabool proces dat gereguleerd wordt door aminozuren in geïsoleerde 

rattelevercellenn is de productie van glycogeen (glucose voorraad) uit glucose. Tijdens 

aminozuurtransportt worden door de levercel tegelijkertijd natrium-ionen opgenomen, hierdoor 

stijgtt de concentratie natrium-ionen in de levercel: dit leidt tot wateropname (osmose) en doet de 

cell doet zwellen. Als tegenreactie gaat de levercel chloride-ionen uitscheiden waardoor er weer 

waterr uit de levercel verdwijnt en de levercel weer krimpt. Aminozuren zorgen er dus op deze 

manierr voor dat de chloride concentratie in de levercel verlaagd wordt en dit is een van de 

oorzakenn dat de glycogeen productie toeneemt. Immers, een van de eiwitten die de glycogeen 

productiee reguleren wordt geremd door chloride en wordt dus gestimuleerd wanneer de chloride 

concentratiee daalt. In de literatuur werd aangenomen dat voor stimulatie van de glycogeen 

productiee door aminozuur-geïnduceerde celzwelling activatie van het PI 3-kinase eiwit nodig is 

omdatt remmers van dit eiwit de glycogeenproductie remmen. Echter, zoals beschreven in 

hoofdstukk 3 blijkt dat het PI 3-kinase eiwit niet nodig is voor deze stimulatie in rattelevercellen. 

Hett effect van de PI 3-kinase remmers kan waarschijnlijk worden toegeschreven aan de 

remmendee werking van deze stoffen op de autofagie. Hierdoor wordt de productie van 

aminozurenn door middel van autofagie geblokkeerd waardoor de stimulatie van de glycogeen 

productiee door aminozuren geremd wordt. De interpretatie van experimenten met PI 3-kinase 

remmerss moet met zeer veel zorgvuldigheid gepaard gaan omdat deze stoffen ook de autofagie 

remmen.. In cellen bevindt zich namelijk een tweede type PI 3-kinase eiwit, dat fosfatidylinositol 

3-fosfaatt maakt en niet fosfatidylinositol 3,4,5-trifosfaat. Dit eiwit is geen onderdeel van de 

signaaltransductiee route geactiveerd door insuline, maar is nodig voor autofagie en dit eiwit wordt 
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ookk geremd door remmers van het PI 3-kinase. De effecten die dus gevonden worden met 

behulpp van remmers van het PI 3 kinase eiwit hoeven dus niet alleen te komen doordat de 

insuline-afhankelijkee signalering direct geremd wordt maar kunnen ook optreden doordat er geen 

aminozurenn worden geproduceerd via de blokkade van de autofagie. Op deze wijze kan de 

aminozuur-afhankelijkee signalering wegvallen die op zijn beurt essentieel is voor de insuline-

afhankelijkee signalering (zie beneden in de tekst). 

Zoalss al eerder aangegeven is, is mTOR de aminozuursensor van de cel; een tweede 

functiee die mTOR heeft is het registreren van de energieniveaus in de cel zoals blijkt uit 

resultatenn beschreven in hoofdstuk 4. Wanneer de energieniveaus in de cel dalen doordat de cel 

meerr energie verbruikt (consumptie van ATP, het energie betaalmiddel van de cel) dan de cel kan 

producerenn uit bijvoorbeeld glucose, dan zal de cel in een energie-arme toestand (verhoging van 

AMP,, het energie-arme broertje van ATP) terechtkomen. Verhoging van de AMP concentratie in 

dee cel leidt tot stimulering van het AMP-geactiveerde eiwit kinase (AMPK). Geactiveerd AMPK 

leidtt tot een blokkade van energie-verbruikende processen zoals eiwit en vet synthese en 

stimulatiee van energie-producerende processen zoals vet verbranding, opdat de ATP spiegels in 

dee cel weer kunnen stijgen. Door gebruik te maken van de chemische verbinding AICAR, die qua 

structuurr erg veel üjkt op AMP, kan de situatie worden nagebootst dat de cel zich in een energie

armee toestand bevindt zonder dat dit werkelijk zo is, en dus dat de cel niet de nadelige effecten 

ervaartt van een echt tekort aan ATP. Door de cel te incuberen met AICAR worden er dus 

energie-consumerendee processen geblokkeerd. Gebleken is dat in rattelevercellen de aminozuur-

afhankelijkee activatie van de mTOR/p70S6 kinase route geblokkeerd wordt door AICAR. 

Wanneerr de mTOR/p70S6 kinase route niet langer meer geactiveerd kan worden door 

aminozurenn wordt de eiwit synthese voor een deel geblokkeerd. Dit leidt weer tot een energie 

besparingg daar de synthese van eiwitten veel energie kost. 

Inn hoofdstuk 5 is gekeken naar de effecten van aminozuren en insuline op de 

signaaltransductiee en hun interactie. Er is gekeken naar verschillende kinasen, specifieke eiwitten 

diee andere eiwitten via fosforylering kunnen beïnvloeden in hun activiteit, zowel positief als 

negatief.. Een van deze kinasen is het p70S6 kinase. p70S6 kinase is betrokken bij de regulatie van 

dee eiwit synthese en wordt via het eiwit kinase mTOR gefosforyleerd en geactiveerd. Daarnaast 

zijnn er nog diverse andere eiwit kinasen betrokken bij de activatie van p70S6 kinase waaronder PI 

3-kinasee en PKB. In rattehepatocyten kunnen aminozuren, in de concentratie die gevonden is 

tijdenstijdens de gevoede toestand in de poortader van de rat (4AA), p70S6 kinase maximaal activeren. 

Aminozuren,, in de concentratie die gevonden is tijdens vasten in de poortader (1 AA), kunnen 

p70S66 kinase alleen maximaal activeren wanneer insuline aanwezig is. Terwijl 1 AA leidt tot lichte 

activatiee van p70S6 kinase, heeft insuline totaal geen effect op p70S6 kinase activering in de 

afwezigheidd van aminozuren. Deze eigenschappen staan in tegenstelling tot de activatie van het 

PII 3-kinase en het PKB eiwit die alleen door insuline worden geactiveerd en niet door 

aminozuren.. Er is nog veel onenigheid in de literatuur omtrent de vraag of PI 3-kinase nu wel of 

niett deel uitmaakt van de door aminozuren-geactiveerde signaaltransductie route. Uit onze 

experimentenn in rattelevercellen is gebleken dat voor activatie van p70S6 kinase door aminozuren 
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alleenn basale activiteit van PI 3-kinase nodig is maar dat aminozuren zelf PI 3-kinase activiteit niet 

stimuleren.. Zoals al eerder aangegeven leidt activering van p70S6 kinase tot een stimulatie van de 

eiwitt synthese en dus is het eigenlijk niet zo verwonderlijk dat insuline alleen geen effect heeft 

p70S66 kinase activatie, want voor eiwitsynthese zijn aminozuren onmisbaar daar zij de 

bouwstenenn van eiwitten zijn. Tijdens een eiwitrijke en suikerarme maaltijd zal de aminozuur 

concentratiee hoog zijn terwijl de insuline concentratie laag zal zijn; doordat aminozuren alleen in 

staatt zijn om p70S6 kinase te activeren kan er in deze situatie dus toch stimulatie van 

eiwitsynthesee plaats vinden. Het omgekeerde geldt ook: na een periode van vasten zorgt het eten 

vann een suikerrijke maaltijd voor een verhoging van de insuline spiegels in het bloed en dit leidt 

inn samenwerking met de lage aminozuur concentraties (1 AA) in het bloed tijdens vasten tot 

stimulatiee van p70S6 kinase activiteit en dus tot activering van de eiwitsynthese. Onder 

verschillendee situaties kan er dus toch altijd activatie van de eiwitsynthese plaatsvinden. 

Dee cel heeft de beschikking over 20 aminozuren, maar deze zijn niet allemaal even 

effectieff in de stimulatie van p70S6 kinase. Zoals beschreven in hoofdstuk 6 is vooral het 

aminozuurr leucine een sterke activator van de p70S6 kinase activiteit, maar voor volledige 

activatiee van p70S6 kinase is naast leucine ook een toename in cel volume (cel zwelling) nodig. 

Eenn aantal aminozuren waaronder glutamine en proline geven in combinatie met leucine een 

volledigee stimulatie van p70S6 kinase. Glutamine en proline geven aanleiding tot cel zwelling 

hetgeenn leidt tot een verlaging van de chloride concentraties in de cel (zie boven). Het zou goed 

kunnenn dat deze verlaging in chloride concentratie er voorr zorgt dat bepaalde eiwit kinasen 

waaronderr het AMPK en eiwit fosfatasen (eiwitten die een fosfaatgroep van een ander eiwit 

afsplitsen)) verlaagd worden in hun activiteit waardoor de stimulerende werking van leucine op de 

mTOR/p70S66 kinase route versterkt wordt. Een ander enzym dat wellicht geremd wordt door 

chloridee ionen is het eiwit dat aminozuren koppelt aan het transfer RNA (tRNA), het 

zogenaamdee AA-tRNA synthetase. Het tRNA molecuul zorgt voor transport van aminozuren 

naarr de plek waar eiwit synthese plaatsvindt, de ribosomen, en zorgt ervoor dat het juiste 

aminozuurr wordt ingebouwd op de juiste plek in het nieuw te maken eiwit. Wanneer de chloride 

concentratiee hoog is (bijvoorbeeld tijdens een periode van vasten, dus lage aminozuur 

concentratiess en geen celzwelling) is het AA-tRNA synthetase geremd in zijn activiteit zodat de 

concentratiee van het vrije tRNA (waaraan dus geen aminozuur gebonden zit) verhoogd wordt. In 

dee literatuur zijn er aanwijzingen dat de concentratie van dit aminozuur-vrij e tRNA als aminozuur 

sensorr zou kunnen optreden en misschien de activiteit van mTOR kan beïnvloeden. 

Ondersteuningg voor deze hypothese hebben wij gevonden door gebruik te maken van een 

aminozuurr variant, een aminoalcohol, die leidt tot verhoging van het vrije tRNA en de activering 

vann p70S6 kinase door aminozuren blokkeert. De aminoalcohol variant van leucine, leucinol, was 

hett meest effectief in het blokkeren van aminozuur-geactiveerde stimulatie van p70S6 kinase. Een 

deell van de remmende werking van leucinol kan verklaart worden door activatie van het AMPK 

eiwitt door leucinol en het andere deel door de verhoging van de concentratie van het vrije tRNA 

doorr leucinol. Hoe aminozuren, in het bijzonder leucine, de mTOR/p70S6 kinase route activeren 

iss nog niet opgehelderd maar het zou kunnen dat het tRNA hierin een belangrijke rol speelt. 
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Uitt de resultaten gepresenteerd in dit proefschrift blijkt duidelijk dat aminozuren een 

signaaltransductiee route kunnen activeren waarvan mTOR en p70S6 kinase onderdeel zijn. Het 

mechanismee verantwoordelijk voor deze activatie in nog steeds onduidelijk. In hoofdstuk 7 

wordtt hierop dieper ingegaan en mogelijke mechanismen worden besproken. Daarnaast wordt 

ingegaann op de mogelijke implicaties van aminozuur-afhankelijke signaaltransductie, of het 

ontbrekenn daarvan, bij diabetes, kanker en veroudering. 
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Dankwoord d 

Samenwerkingg vormt de basis voor het "succes" van de mens. Samenwerking ligt ook aan de 

basiss voor succesvolle wetenschap, vandaar dat ik een aantal mensen wil bedanken, want zonder 

henn was dit boekje er nooit gekomen. 

"Wijj staan op de schouders van reuzen', zei Newton over de klassieke filosofen als Aristoteles, 

Platoo en Archimedes. Fred jij bent de reus op wiens schouders ik heb mogen staan en mij in de 

gelegenheidd heeft gebracht om over de landschappen van de biochemie te kunnen kijken. Ik ben 

jee zeer dankbaar dat jij mijn co-promotor hebt willen zijn. Jouw enthousiasme verrast me nog 

steedss om maar te zwijgen over je biochemische kennis. Elke keer als ik op een dood spoor zat 

wistt jij me weer te inspireren met vernieuwende ideeën die hebben geleid tot een aantal mooie 

artikelen.. Nu schijn je zelfs de ruimte in te kunnen, maar blijf maar met beide benen op de grond 

zodatt je veel tijd kunt spenderen bij Loes, je lieve vrouw, en Teun, je kleinkind waar je altijd vol 

trotss over verteld over wat hij nu weer kan. Ik hoop nog veel van je te kunnen leren en niet alleen 

opp wetenschappelijk gebied. 

Ed,, begonnen als mijn promotor maar inmiddels met emeritaat, promotie onderzoek wil wel eens 

watt uidopen. Ik wil je bedanken voor je interesse in mijn onderzoek en voor de nuttige discussies 

tijdenss onze werkbesprekingen. 

Hans,, mijn nieuwe promotor, ik wist niet dat een mens zoveel dingen tegelijk kan doen. Jou 

krachtt om verschillende onderzoekslijnen samen te voegen tot een geheel verbaasd mij nog 

steeds.. Ik wil je bedanken voor de steun en interesse in mijn onderzoek en wens jou ook veel 

success maandag de 28ste juni met jouw eerste promovendus. 

Dee leden van de promotiecommissie wil ik bedanken voor het kritisch lezen van dit proefschrift 

enn de nuttige op- en aanmerkingen. 

Georgee jij bent als de handen van de reuzen, want de reuzen kunnen wel met goede ideeën 

komenn maar zonder een goede uitvoering is het nog niets. Het wereldrecord foudoos pipetteren 

staatt vast op jouw naam en jouw deskundige manier van het opereren van een rat kunnen maar 

weinigg mensen evenaren. Buiten alle proeven die we samen hebben gedaan wil ik ook even stil 

staann bij alle gesprekken die we hebben gehad over onderwerpen zoals politiek, spirualiteit en het 

gezinsleven.. George het ga je goed. . 

Wendyy zonder jouw inzet was dit boekje niet wat het nu is. Jouw kennis van de engelse taal heeft 

mijj enorm geholpen alsmede jouw prettige sociale instelling. Op elk moment kon ik bij je 

aankloppenn met een nieuwe versie die jij dan weer binnen no-time gecorrigeerd en voorzien had 

vann nuttige suggesties, nogmaals hartelijk bedankt. 

Marri,, het sociale dier van onze groep, voor elke verjaardag stond jij klaar om een leuk cadeautje 

tee kopen en de kamer te versieren. Niets is jou teveel gevraagd. Ik wil je bedanken voor de 

gezelligee tijd die we samen hebben gehad en nog steeds hebben tijdens de koffie pauzes en de 

lunchess in de zon (desnoods met de jas aan). Nooit ben je te beroerd om je hulp aan te bieden en 

jee voetbalkennis (of is het toch een dosis geluk?) heeft me blij verrast. Het is voor mij een eer dat 

jee mijn paranimf wilt zijn. 
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Judith,, de nieuwe duizendpoot op ons lab, niets is voor jou teveel en het lijkt erop dat jij elke 

techniekk zo in je vingers hebt. Het isoleren van levercellen is een makkie voor jou, maar is aan mij 

niett besteed. Alhoewel ik je af en toe niet kan verstaan (Limburgs is toch niet mijn taaltje) hebben 

wee samen toch veel goede proeven gedaan die mede hebben geleid tot dit boekje. Nu nog de 

laatstee hobbel, mijn promotie, maar dat zal wel lukken met jou als paranimf aan mijn zijde. 

Renééé mijn reuze student, als spring in het veld kwam je op ons lab terecht met een altijd zonnig 

humeur.. Het heeft mij veel plezier gedaan jouw ontwikkeling te volgen die heeft geleid tot een 

zeerr goed eindverslag, waarvan de resultaten zijn verwerkt in hoofdstuk 6. 

Sonjaa (nooit ging jij op tijd naar huis want je sociale kant won het elke keer weer, een kant van 

jouu waar ook ik veel aan heb gehad), Wilma (die zich de kaas niet van het brood laat eten) Jos 

(jammerr dat je ons nu alweer hebt verlaten, veel succes met je roeping), Shreyas (tsja*) en 

Marriëllee (de vrolijke noot) bedankt dat jullie mij getolereerd hebben op de ladiesroom. 

*jaa zo makkelijk kom je er niet vanaf. Van jou is er echt maar één, eentje waar je op kunt bouwen 

enn die je kunt vertrouwen en die vol pit zit en waar je je vingers aan kunt branden. Bedankt voor 

jee schitterende bijdrage aan mijn omslag. 

Edwardd (alias Ebi) en Dahpne (alias Daffie) jullie hebben als de twee aio's vóór mij, mede de 

basiss gelegd voor dit boekje. Ebi ook bedankt voor de vele soms wat wilde theorieën over 

signaleringg en de gezellige voetbalpooltjes voor de ontspanning, ook leuk dat ik nu weet waar 

Tuitjenhornn ligt. Daffie we hebben heel wat proeven samen gedaan wat mij erg goed bevallen is, 

nett zoals samen op congres naar Nice en samen labwerk doen in Parijs. Nooit geweten dat 

vegetariërss zo vrolijk kunnen zijn. 

Saskia,, Marriëtte, Cindy en Karen ik wil jullie bedanken voor de labhulp die ik gekregen heb en 

niett te vergeten alle lunches die we gezamenlijk gehad hebben en me elke keer weer die lach 

bezorgdee die je nodig hebt om de dag door te komen. 

Annekee jou wil ik bedanken voor het vele kweekwerk en de vele nuttige tips hierover en 

natuurlijkk de fijne samenwerking tijdens de proeven in je "knuffelhok" waarvan we de monsters 

nuu toch echt eens op gel moeten zetten. 

Datt ik dit jaar ook nog het voetbalspel "Dreamteam" mag winnen vind ik teveel verwennerij, dat 

haddenn jullie, waaronder Rolf (dat jij niet gewonnen hebt, ik snap het niet! Maar bedankt dat je 

mijj er altijd aan herinnerde dat Vitesse weer eens had verloren, helaas dit seizoen wel erg vaak! 

Enn natuurlijk bedankt voor de wijze lessen wat betreft het plak en knipwerk), Marco (de 

Feyenoordd fan in de verkeerde stad waar ik echt meer van had verwacht, volgend jaar dan maar?) 

Antonn (de stille kracht die toch nog hoog eindigt) Boris (wisselen is toch een vak apart!) Sijmen 

(leukk dat je mee hebt gedaan maar ik denk dat je meer om de HPLC geeft) en Dave (o nee 

voetball is echt niets voor jou, alhoewel jij wel overal veel van afweet, of doet alsof. Van je kennis 

hebb ik dankbaar gebruik gemaakt, altijd staat jouw deur open bedankt voor al je wijze raad, en we 

hebbenn toch maar mooi de 2-D techniek in het AMC binnen gehaald), echt niet hoeven doen. 

Maarr niet getreurd volgend jaar is er weer een kans. 

Patrice,, I want to thank you for your generosity. It was a pleasure working with you and I want to 

thankk you for all the lively discussions we had about autophagy, signalling and life in general. 
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Erie,, Anne, Sébastien, Sophie, Chantal, Stuart et les autres, thanks for the warm welcome during 

myy stay in Paris. You really made me feel like home. 

Oudd collega's waaronder Erwin (de .mp3 koning waarvan ik de muzieksmaak nooit helemaal zal 

waarderenn maar waarvan ik des te meer de gezelligheid op het lab en daar buiten kan waarderen), 

Daniëll (nog iemand met een aparte muzieksmaak ook wel bekend als de aquarium stroming), 

Yurii M. (eindelijk iemand die wel smaak heeft voor muziek, bedankt dat je Coldplay op ons lab 

hebtt gebracht) Lori en Mies wil ik bedanken voor de gezellige sfeer op het lab. 

Verderr wil ik Gabor (te herkennen aan zijn gelach 3 gangen verderop en aan zijn smeuïge 

verhalenn uit de kliniek die je het liefst vertelde tijdens het uit eten gaan met de groep) Ans (een 

schatt aan ervaringen), Roel (handiger dan handig) en Yuri G. (praat bijna net zoveel als Judith) 

nogg bedanken voor de bijdrage aan de prettige werksfeer. 

Richardd bedankt voor de hulp op het gebied van de computer en succes met je eigen promotie. 

Inn het bijzonder wil ik Annette Joke en Danielle bedanken, want zonder secretariaat kan geen 

enkelee promovendus. Jullie deur staat altijd open en nooit kwam ik ongelegen, altijd waren jullie 

behulpzaamm wanneer er een faxje of een pakketje verstuurd moest worden wat eigenlijk gisteren 

all op de plaats van bestemming had moeten zijn. 

Romanaa en Ger behoeven geen introductie koffie koffie koffie koekjes koekjes koekjes jullie 

kondenn altijd voldoen aan onze grote vraag hiernaar. Maar buiten dat zaten jullie altijd klaar voor 

eenn gezellig gesprek wat minstens zo belangrijk is. 

Hanss Sauerwein ik wil je bedanken voor de mogelijkheid die je mij geboden hebt om te kunnen 

samenwerkenn met de kliniek. Met veel interesse luister ik naar jouw ideeën en je motto: als het 

maarr publiceerbaar is, daar moet ik nog even aan wennen. 

Regjee en Saskia jullie zijn een verrijking op ons lab en het is goed voor mijn humeur om jullie te 

zienn pipetteren©. 

Verderr wil ik iedereen van de afdeling biochemie bedanken voor de borrels, kerstlunches, 

labuitjess en wat nog meer. 

Lievee Jan, Tineke en Martine mijn dierbare ouders en zus. Jullie wil ik met name bedanken voor 

dee onvoorwaardelijke steun die ik altijd van jullie heb gekregen. Altijd stonden jullie voor mij 

klaar.. Ik hoop nog lang van jullie te kunnen genieten en misschien op een dag te kunnen 

uideggenn wat ik nou echt al die afgelopen jaren heb gedaan. En nee dat is niet alleen maar kikkers 

opblazenn zoals door veel vrienden wordt gedacht! 

Hett beste wordt vaak tot het laatst bewaard zo ook nu. Lieve lieve Wilma wat jij voor mij 

betekentt kan ik niet onder woorden brengen maar ik zie het elke dag weer terug in onze twee 

fantastischee zonen Harm-Jan en Thijs. Samen gaan we verder op reis in ons leven, ik kan niet 

wachten! ! 
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