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General Introduction

Background
The mammalian target of Rapamycin (mTOR) is a serine/threonine kinase belonging to the PIKK 
(phosphatidyl-inositol	3’	kinase-related	kinases)	family	of	kinases.	The	kinase	exists	in	two	functi-
onal	complexes	in	the	cell,	mTORC1	and	mTORC2.	The	best	characterized	complex	and	main	focus	
of this introduction, mTORC1, is involved in cell growth, translation, autophagy and metabolism 
and	 is	 regulated	 by	 insulin,	 growth	 factors,	 nutrients,	 hypoxia	 and	 energy	 stress	 (reviewed	 in	
(Sengupta et al., 2010)). The main substrates of mTORC1 are S6K1 and 4EBP1, which are most 
often	used	as	 readout	 for	mTORC1	activity.	The	 importance	of	 this	complex	 is	underscored	by	
the involvement of overactive mTOR signalling in multiple cancers (reviewed in e.g. (Zoncu et 
al.,	2011a))	and	by	the	fact	that	disruption	of	various	complex	components	is	embryonic	lethal	
(Goorden et al., 2011; Guertin et al., 2006; Murakami et al.,	2004).	The	other	complex,	mTORC2,	
is	less	well	characterized	but	is	thought	to	be	regulated	by	growth	factors	through	an	unknown	
mechanism	 (Box	 1).	 In	 contrast	 to	mTORC1,	 this	 complex	 is	 not	 regulated	 by	 nutrients	 and	 is	
involved in the regulation of the cytoskeleton, survival, proliferation, metabolism and translation 
(Jacinto et al., 2004, 2006; Oh et al., 2010; Sarbassov et al., 2004). The main substrates of this 
complex	are	PKB,	SGK1,	Rac1	and	PKCα,	of	which	PKB	S473	phosphorylation	is	most	often	used	as	
readout of mTORC2 activity (Wullschleger et al., 2006).
The main regulator of mTORC1 activity is the small GTPase Ras homolog enriched in brain (Rheb). 
Small GTPases are proteins whose activity is regulated by their nucleotide status. They shuttle 
between an active GTP-bound state and an inactive GDP-bound state in the cell. Most small 
GTPases	are	under	the	control	of	guanine-nucleotide	exchange	factors	 (GEFs),	which	exchange	
the bound GDP for the more abundant GTP, thereby activating the protein. Besides their intrinsic 
GTPase activity, small GTPases are also regulated by GTPase activating proteins (GAPs) which 
catalyse the hydrolysis of GTP to GDP, thereby inactivating the GTPases. An important GAP in the 
mTOR	signalling	pathway	 is	 tuberin	 (TSC2),	which,	 in	 complex	with	hamartin	 (TSC1),	 regulates	
the inactivation of Rheb (Castro et al., 2003; Garami et al., 2003; Inoki et al., 2003; Tee et al., 
2003; Zhang et al.,	2003).	 Inactivating	mutations	 in	either	gene	of	 the	TSC	complex	are	 found	
in	approximately	85	percent	of	Tuberous	Sclerosis	patients	(Dabora	et al., 2001). These patients 
develop hamartomas in several organs, including the brain, lung, kidney and heart and suffer 
often	from	seizures,	developmental	delay	and	behavioural	problems	(Borkowska	et al., 2011).
The TOR signalling pathway is highly conserved in all major eukaryotic lineages and probably 
both	complexes	were	already	present	 in	LECA,	the	 last	common	eukaryotic	ancestor	(Van	Dam	
et al., 2011; Serfontein et al., 2010), which indicates the importance of this signalling pathway 
in	eukaryotic	species.	While	 in	most	major	 lineages	TOR	is	 found	 in	two	complexes	(except	for	
plants, which only possess mTORC1), some species have a duplication of TOR. This duplicated TOR 
protein	has	a	dedicated	function	in	each	complex.	This	duplication	occurred	for	example	in	the	
yeasts S. cerevisiae and S. pombe. Furthermore, the regulation of TORC1 by Rheb is also strongly 
conserved. However, not all species that contain TORC1 also contain Rheb, like the green algae, 
plants, and the yeasts C. glabrata and E. gossypii. Judging from the presence of Rheb orthologs 
in very distinct species, Rheb was probably already present before or originated in LECA. The 
regulation	of	Rheb	by	TSC2	is	also	strongly	conserved	in	most	species	except	for	C. elegans and S. 
cerevisiae in	which	no	TSC1/TSC2	complex	is	present,	while	Rheb	is	present.	TSC2,	like	Rheb,	was	
probably present before or originated in LECA. Since no TSC2 orthologs are found in C. elegans 
and S. cerevisiae,	results	on	mTOR	regulation	in	these	species	should	be	extrapolated	with	caution	
to other model systems, because this regulation could differ substantially from model systems in 
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which TSC2 orthologs are present.
In this introduction I will describe the upstream regulation of mTORC1 and downstream effects 
of mTORC1 regulation induced by growth factors and nutrients. Moreover, I will discuss in detail 
the regulation of the small GTPase Rheb, of which the regulation and function is the main focus of 
this	thesis.	This	introduction	is	extended	in Chapter 4, where the regulation of mTORC1 signalling 
by	hypoxia	and	energy	stress	and	the	subsequent	effects	on	mTOR	signalling	and	mitochondrial	
function is reviewed.

mTORC1 signalling in murine development
The	mTORC1	complex	 itself	consists	of	mTOR,	regulatory-associated	protein	of	mTOR	(Raptor),	
LST8/G-protein	β-subunit	like	protein	(mLST8/GβL),	the	proline-rich	Akt-substrate	(PRAS40)	and	
the DEP-domain containing interactor of mTOR (DEPTOR). Deletion of different components of 
the	mTOR	 signalling	 pathway	 in	mice	 leads	 to	 different	 phenotypes.	 Homozygous	 deletion	 of	
mTOR and Raptor is embryonic lethal and the embryos die around embryonic day 6.5, during 
implantation (Guertin et al., 2006; Murakami et al., 2004). Although the blastocysts of these 
embryos appear normal, neither the inner cell mass (ICM) nor the trophoblasts are capable of 
proliferating	 in	 culture.	 The	 Raptor	 null	 blastocysts	 expand	 slightly	more	 than	 the	mTOR	 null	
blastocysts, but also stop growing at day 4 and detach around day 6 to 7. On the other hand, 
heterozygous	mTOR	mice	develop	normally	and	are	fertile.	Deletion	of	the	third	component	of	
the	mTORC1	complex	LST8,	which	is	also	a	component	of	mTORC2,	results	in	embryonic	lethality,	
but these embryos survive a little bit longer than the mTOR and Raptor null embryos and die 
around embryonic day 10.5, during midgestation (Guertin et al., 2006). These embryos show a 
developmental delay and die due to defective vascular development. Deletion of the mTORC2 
component Rictor shows the same phenotype as the LST8-null mice and these embryos also die 
around embryonic day 10.5 (Guertin et al., 2006; Shiota et al., 2006). In culture, the loss of LST8 as 
well as the loss of Rictor show a reduction in phosphorylation of S473 on PKB, but no effect on the 
other phosphorylation site, T308, and do not block the activation of PKB completely (Guertin et 
al., 2006; Shiota et al.,	2006).	This	means	that	PKB	S473	phosphorylation	is	not	a	prerequisite	for	
PKB activation and also not for PKB T308 phosphorylation. LST8 and Rictor deficient MEFs show 
the same phenotype with no apparent effect on phosphorylation of S6K1, S6 and 4EBP1. In the 
LST8-deficient MEFs this could be because LST8 deficiency reduces the Rictor-mTOR interaction, 
while showing no effect on the Raptor-mTOR interaction. This suggests a different role for LST8 
in	both	complexes	and	a	more	essential	role	in	mTORC2	compared	to	mTORC1.	Interestingly,	em-
bryos that are depleted of Rheb, the component that is generally considered to be essential for 
mTORC1	activity,	survive	approximately	twice	as	long	as	their	Raptor	and	mTOR	counterparts	and	
die around embryonic day 13.5 (Goorden et al., 2011). This suggests that Rheb is not essential for 
mTORC1 activity, an observation that we will further confirm in Chapter 3. Rheb null embryos are 
also developmentally delayed and show an improper development of the cardiovascular system. 
In culture, Rheb-/- MEFs show decreased S6 and 4EBP1 phosphorylation and increased IRS1 and 
PKB phosphorylation, probably due to a decrease of the negative feedback loop of S6K1 on IRS1.
If	we	look	at	the	deletion	in	mice	of	the	complex	components	of	the	GAP	for	Rheb,	TSC1	or	TSC2,	
than we see that deletion of these components is embryonic lethal and the embryos die around 
day 9.5-12.5 (Kobayashi et al., 1999, 2001; Onda et al., 1999). The main cause for embryonic 
lethality	of	both	TSC1	and	TSC2	null	embryos	is	the	failure	of	neural	tube	closure.	Heterozygous	
mice develop in 100% of the cases renal cystadenomas within a year and in 80% of the cases 
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Box 1; mTORC2
In contrast to the intensive investigation of mTORC1, little is known about the regulation 
of	mTORC2.	This	complex	consists	of	mTOR,	 the	 rapamycin-insensitive	companion	of	mTOR	
(Rictor),	mLST8/GβL,	mammalian	stress-activated	protein	kinase	interacting	protein	1	(mSin1),	
DEPTOR and the protein observed with Rictor-1 (Protor-1 or PRR5L). A role for mTORC2 has been 
reported in the regulation of the actin cytoskeleton, translation, proliferation, cell survival and 
metabolism (Jacinto et al., 2004; Sarbassov et al., 2004; Shiota et al.,	2006).	Homozygous	dele-
tion of Rictor, mLST8 or mSin1 in mice is embryonic lethal and underscores the importance of 
mTORC2 in normal development (Guertin et al., 2006; Jacinto et al., 2006; Shiota et al., 2006). 
The regulation of mTORC2 is not understood, but is thought to rely on PI3K via an unknown 
mechanism. Upon insulin stimulation, a pool of mTORC2 associates with translating ribosomes 
via Rictor and/or mSin1 binding to the 60S subunit in a PI3K-dependent manner. Once bound 
to ribosomes, mTORC2 becomes activated by an unknown mechanism. mTORC2 activity is not 
required	for	binding	to	ribosomes,	but	the	mTORC2-ribosome	interaction	does	correlate	with	
mTORC2	activity	(Zinzalla	et al., 2011). This mechanism of regulation of mTORC2 activates this 
complex	only	in	growing	cells,	since	ribosome	content	determines	the	growth	capacity	of	cells.	
While associated to the translating ribosomes mTORC2 stimulates the phosphorylation of PKB, 
its major downstream target, in its turn motif (TM) at T450. This phosphorylation prevents PKB 
ubiquitination	and	subsequent	degradation	and	aggresome	formation	(Facchinetti	et al., 2008; 
Ikenoue et al., 2008; Oh et al., 2010). Furthermore, active mTORC2 that is not associated to 
ribosomes, but activated via a different unknown mechanism, stimulates the phosphorylation 
of PKB in its hydrophobic motif (HM) at S473. Phosphorylation of PKB in its activation loop 
(A-loop) at T308 is not regulated by mTORC2, but under the control of PDK1. Both S473 and 
T308 phosphorylation are stimulated by growth factors, while phosphorylation of T450 is not. 
Loss of S473 phosphorylation leads to reduced cell survival upon stress induction, but has no 
effect on proliferation (Facchinetti et al., 2008; Ikenoue et al., 2008). This could be because 
loss of S473 phosphorylation by ablation of Rictor or mSin1 only affects PKB activity towards 
FoxO1/3a,	but	has	no	effect	on	PKB	activation	towards	TSC2	and	GSK3,	or	on	mTORC1	activity	
(Jacinto et al., 2006; Shiota et al., 2006).

renal	hemangiomas	within	1.5	years.	Tumour	development	 in	heterozygous	mice	 is	due	to	the	
loss of the wild-type TSC allele. The phenotype of the TSC-null mice is influenced by the genetic 
background of the mice and also differs from the phenotype shown for the Eker Rat, which carries 
an insertional mutation of the rat TSC2 gene, and human TSC patients, who also show variability 
in phenotype. These observations suggest that there is a species-specific and intraspecies specific 
mechanism of tumorigenesis caused by the deletion of TSC1 or TSC2.

mTOR signalling pathway
Upstream regulation of mTORC1 
mTORC1	 activity	 is	 regulated	 by	 insulin,	 growth	 factors,	 nutrients,	 energy	 stress	 and	 hypoxia.	
Activation of mTORC1 leads to a shift from catabolic to anabolic metabolism leading to increased 
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protein synthesis, cell growth and proliferation and inhibition of autophagy (Figure 1). Here, I will 
discuss the regulation of mTORC1 by growth factors and nutrients and refer to Chapter 4 for a 
review	on	mTORC1	regulation	by	energy	stress	and	hypoxia.

Insulin and growth factor stimulation of mTORC1
Insulin and growth factors are positive regulators of mTORC1 activity through the PI3K-PKB 
pathway and the MAPK pathway (Figure 1). Insulin binds the insulin receptor (IR) and induces 
binding and activation of insulin receptor substrate 1, IRS1 and thereby activation of the PI3K 
pathway. Activated phosphatidylinositide 3-kinase (PI3K) phosphorylates PtdIns(4,5)P2 (PIP2), 
leading to the generation of PtdIns(3,4,5)P3	(PIP3)	at	the	plasma	membrane	and	the	subsequent	
recruitment and activation of 3-phospoinositide-dependent protein kinase-1, PDK1 (Anderson 
et al., 1998; Bayascas et al., 2008; Currie et al., 1999; Filippa et al., 2000; Lucas and Cho, 2011). 
Activated PDK1 recruits PKB to the plasma membrane and activates PKB via phosphorylation 
(Frödin et al., 2002; Scheid et al., 2002). Activation of PKB leads to the phosphorylation of TSC2 
and	thereby	the	inactivation	of	the	TSC1/TSC2	complex	and	release	of	the	GAP	activity	towards	
Rheb (Anderson et al., 1998; Potter et al., 2002). Activation of Rheb leads to the activation of 
mTORC1 by an unknown mechanism (Saucedo et al., 2003; Stocker et al., 2003). Active mTORC1 
will recruit and activate its downstream substrates ribosomal protein S6 kinase beta-1, S6K1, 
and the eukaryotic translation initiation factor 4E-binding protein 1, 4EBP1 (Fingar et al., 2002). 
Activation of these substrates stimulates protein synthesis and cell growth (Dowling et al., 2010; 
Fingar et al., 2002). S6K1, in turn, phosphorylates and inactivates IRS1, thereby providing a nega-
tive feedback loop on the growth factor stimulated pathway (Haruta et al., 2000).
The other pathway that is activated by growth factors is the MAPK pathway. The insulin/IGF re-
ceptor substrates IRS1 and Shc interact upon activation with the GEF Sos and the adapter protein 
Grb2, which trigger the MAPK pathway (Baltensperger et al., 1993; Pronk et al., 1994; Skolnik et 
al., 1993). Once activated, MAPK and RSK phosphorylate and inactivate TSC2 (Ma et al., 2005; 
Roux	et al., 2004) and, in addition, they phosphorylate and activate Raptor (Carriere et al., 2011; 
Carrière et al., 2008). Furthermore, MAPK, via RSK, phosphorylates and activates the mTORC1 
downstream	 target	 S6	 (Roux	 et al., 2007). Interestingly, although it is generally believed that 
Rheb is essential for activation of mTORC1, we show in Chapter 3 that mTORC1 activity is not 
completely blocked in Rheb-deficient cells under normal growth conditions. Using pharmacologi-
cal inhibitors, we demonstrate a role for the ERK/RSK kinases in this Rheb-independent mTORC1 
activation.

Nutrient regulation of mTORC1

Regulation of mTORC1 activity by intracellular amino acids

It has been known for many years that amino acid deprivation leads to the inhibition of mTORC1 
(Hara et al., 1998; Kim et al., 2002, 2003). However, although amino acid deprivation leads to 
a reduced association between mTOR and Rheb, it does not alter the Rheb nucleotide binding 
status (Long et al.,	 2005).	Overexpression	of	Rheb	 is	 able	 to	 completely	 reverse	 the	effects	of	
amino	acid	deprivation	on	mTORC1	signalling,	probably	via	mislocalization	of	overexpressed	Rheb	
that activates mTORC1 on different locations in the cell than endogenous Rheb (Avruch et al., 
2009). The mechanism behind the amino acid regulation of mTORC1 has been unknown for many 
years, but the identification of the Rag GTPases as important players of this regulation has pushed 
this field forward (Kim et al., 2008; Sancak et al., 2008) (Figure 2A). In Drosophila and mammalian 
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cells, heterodimeric Rag GTPases (RagAB/CD) transmit the amino acid signal to mTORC1, thereby 
promoting	cell	growth	and	inhibiting	autophagy.	The	Rag	GTPases	are	localized	on	the	lysosome/
Rab7	positive	vesicles	via	their	interaction	with	the	so-called	Ragulator	complex	(p18-p14-MP1-
HBXIP-C7orf59	 complex)	 (Sancak	et al., 2010), which has GEF activity towards RagA and RagB 
(Bar-Peled et al.,	2012).	RagA	and	RagB	are	inactivated	by	the	GAP	complex	GATOR1	(DEPDC5-
Nprl2-Nprl3	 complex)	 (Bar-Peled	 et al., 2013). The regulation of mTORC1 activity by the Rag 
GTPases is parallel to the TSC pathway. The current model is that if cells are amino acid depleted, 
the	inactivation	of	the	Rag	GTPase	complex	results	in	cytoplasmic	localization	of	mTORC1.	When	
cells	are	replenished	with	amino	acids,	the	Rag	GTPase	complex	becomes	activated	and	targets	
mTOR to the lysosome via a GTP-dependent interaction with Raptor. Since Rheb is also thought 
to	 localize	 at	 the	 lysosome,	mTORC1	 can	 now	be	 activated.	 Although	 these	 studies	 identified	
important	players	in	the	regulation	of	mTORC1	by	amino	acids,	they	still	do	not	explain	how	the	
amino	acid	signal	is	transmitted	and	activates	the	Rag	GTPases.	This	model	also	does	not	explain	
the Rheb-independent inhibition of 4EBP1 phosphorylation that we observe in Rheb-deficient 
cells after depletion of amino acids (Chapter 3).
Other players that have been reported to be important for the nutrient-induced activation of 
mTORC1	are	the	small	GTPases	RalA	and	ARF6	in	complex	with	phospholipase	D1	(PLD1)	(Jiang	
et al., 1995; Luo et al., 1998) (Figure 2B). Transformation of NIH-3T3 fibroblasts with either v-Src 
or H-Ras leads to the activation of both RalA and ARF6, which together lead to the elevation of 
PLD activity (Jiang et al., 1995; Luo et al., 1998; Xu et al., 2003). Moreover, GTP loading of RalA is 
stimulated by amino acids and this activation of RalA is a critical step in the activation of mTORC1 
independent of Rheb (Maehama et al., 2008). RalA knockdown does not affect insulin-induced 
mTORC1 activation. In addition, the class 3 PI3K Vps34 is also essential for the nutrient regulation 
of mTORC1 without being part of the insulin input (Byfield et al., 2005; Nobukuni et al., 2005). 
Vps34 activity is negatively regulated by amino acid starvation, glucose deprivation and AMPK ac-
tivation and is suggested to be activated by the increase in intracellular calcium concentration in-
duced by amino acids (Gulati et al.,	2008).	Vps34	in	complex	with	Vps15	leads	to	the	generation	of	
PI(3)P, which recruits proteins with a PX-domain, like PLD1 and PLD2. This recruitment is essential 
for PLD activity upon nutrient stimulation (Xu et al., 2011; Yoon et al., 2011). In contrast with the 
activation of mTORC1 by RalA, the activation of mTORC1 by Vps34 and PLD is Rheb-dependent, 
suggesting a Rheb-dependent and a Rheb-independent mechanism of mTORC1 activation by 
PLD	upon	nutrient	 stimulation.	Amino	acid	 stimulation	 leads	 to	 the	co-localization	of	mTORC1	
and PLD1 in a Vps34 and PX-domain dependent manner and is necessary for the activation of 
mTORC1 upon amino acid stimulation. Interestingly, this activation is independent of the Rag 
pathway. However, activation of the Rag pathway upon amino acid stimulation is suggested to be 
dependent	on	basal	PLD	activity,	since	S6K1	activation	by	expression	of	constitutive	active	Rag	is	
diminished upon PLD1 knockdown in the presence and absence of amino acids (Yoon et al., 2011). 
Together, these data suggest a model in which three pathways integrate on mTORC1 to support 
amino acid signalling with the first and second being the Rheb-dependent Rag signalling and 
Vps34-Vps15-PLD pathways and the third being the Rheb-independent RalA-ARF6-PLD pathway. 
The importance of Vps34 in amino acid-induced mTORC1 activation is not generally underscored 
(Wiczer	and	Thomas,	2012).	Nevertheless,	amino	acid-induced	mTORC1	activity	is	compromised	
in Vps34-/- MEFs, while, remarkably, mTORC1 appears fully functional when grown in the pre-
sence of serum (Jaber et al., 2012). We have seen this same phenomenon on mTORC1 activity 
in the absence of Rheb (Chapter 3), suggesting that acute and continuous mTORC1 activity are 
regulated via different pathways.
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Figure 1: mTOR signalling pathway. Overview of major upstream regulatory events on mTORC1 and major down-
stream effectors of mTORC1. Insulin and growth factors stimulate mTORC1 activity by binding growth factor receptors 
and stimulating downstream signaling. Activation leads to stimulation of PIP3 generation by PI3K. PIP3 recruits PDK1, 
which	in	turn	activates	PKB.	PKB	represses	the	GAP	activity	of	the	TSC1/2	complex	towards	Rheb,	which	leads	to	GTP-
loaded	active	Rheb	and	subsequent	activation	of	mTORC1.	Growth	factors	simultaneously	activate	MAPK	signaling,	
which	stimulates	mTORC1	activity	via	the	inactivation	of	the	TSC1/2	complex	and	the	direct	phosphorylation	of	Raptor.	
Finally, growth factors stimulate mTORC2 activity in a PI3K-dependent manner, but by an unknown mechanism. Amino 
acids also stimulate mTORC1 activity by activating the Rag GTPases. This activation recruits mTORC1 to the lysosomes 
where	it	is	in	close	proximity	to	Rheb.	Negative	regulation	of	mTORC1	activity	occurs	when	cells	are	deprived	of	oxygen	
or	nutrients.	Reduced	availability	of	oxygen	stabilizes	HIF1α	and	thereby	activates	the	REDD1/2	proteins	that	stimulate	
the	TSC1/2	complex.	Nutrient	depletion	stimulates	the	TSC1/2	complex	via	the	activation	of	AMPK	via	either	LKB1	
activation or an increase in AMP levels. In addition, AMPK directly inhibits mTORC1 activity via the phosphorylation 
of Raptor. Upon activation, mTORC1 regulates a subset of downstream effects like protein synthesis via S6K and 4EBP, 
autophagy	via	Ulk1	phosphorylation	and	energy	homeostasis	via	PGC1α	and	YY1.
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Finally, regulation of mTORC1 by amino acids may involve the mitogen-activated protein kinase 
kinase kinase kinase 3, MAP4K3 (Figure 2C). MAP4K3 activity is regulated by amino acids, but 
not by insulin or rapamycin. Knockdown of MAP4K3 inhibits amino acid induced S6K1 activation 
and	overexpression	delays	the	dephosphorylation	of	S6K1	upon	amino	acid	withdrawal	(Findlay	
et al., 2007). Furthermore, amino acid withdrawal leads to the activation of phosphatase PP2A. 
The	 regulatory	 subunit	 of	 this	 phosphatase,	 PR61ε,	 associates	with	MAP4K3	upon	amino	acid	
withdrawal and inhibits mTORC1 activity via dephosphorylation of MAP4K3 (Yan et al., 2010). The 
role for MAP4K3 in amino acid signalling was suggested to be a crucial determinant of signalling 
leucine availability to mTORC1 (Schriever et al., 2012). Whether the MAP4K3 and the other amino 
acid signalling pathways act in parallel or whether MAP4K3 is a component of one of the other 
pathways is not known yet. However, in Drosophila it has been shown that there is a physical 
interaction between MAP4K3 and the Rag GTPases, suggesting a role for MAP4K3 in the Rag 
signalling pathway (Bryk et al., 2010; Resnik-Docampo and de Celis, 2011).

How are nutrients sensed by mTORC1?

Despite the current progress that has been made in understanding the amino acid regulation 
of mTORC1, it is still not clear how amino acids are sensed by mTORC1 or how amino acids can 
in crease the kinase activity of mTORC1. The most important amino acid in the regulation of 
mTORC1 activity is leucine. Deprivation of only leucine from the medium strongly inhibits mTORC1 
signalling towards S6K1 (Hara et al., 1998). A model proposed to signal amino acid availability to 
mTORC1 is via the Leucyl-tRNA Synthetase, LRS (Han et al., 2012) (Figure 3A). Intracellular leucine 
levels are sensed by LRS, via a direct interaction. LRS, like mTORC1, has an amino acid-dependent 
lysosomal	 localization	and	forms	a	complex	with	mTORC1	by	binding	to	RagD	and	Raptor	in	an	
amino acid-dependent manner. The active synthetase directly binds and inactivates the RagD GTP-
ase, leading to activation of the RagB/RagD heterodimer. A negative regulator of this pathway is 
suggested to be the SH3 binding protein 4, SH3BP4 (Kim et al., 2012b). This protein binds the Rag 
GTPases upon amino acid deprivation and prevents the formation of an active Rag heterodimer 
by inhibiting GTP hydrolysis. Binding to the inactive Rag GTPase also prevents binding of mTORC1 
to	the	Rag	complex	and	subsequent	translocation	to	the	lysosome.
A second model by which leucine can be sensed in the cell is proposed to be via the direct binding 
of leucine to glutamate dehydrogenase (GDH) (Figure 3B), which stimulates the conversion of 
glutamate	 to	 α-ketoglutarate	 (α-KG)	 during	 glutaminolysis.	 Glutamine	 is	 metabolized	 during	
glutaminolysis	to	produce	α-KG	to	restore	citrate	levels	and	replenish	the	citric	acid	(TCA)	cycle	
(anaplerosis) in cells under the Warburg effect (DeBerardinis et al., 2007). Intriguingly, induction 
of glutaminolysis leads to the translocation and activation of mTORC1 via an increase in GTP 
loading of RagB in an osteosarcoma cell line (Durán et al., 2012). On the other hand, inhibition 
of	glutaminolysis	can	be	overcome	by	the	overexpression	of	constitutively	active	Rheb.	However,	
this	 effect	 could	 also	be	due	 to	mislocalization	of	Rheb	due	 to	overexpression,	which	 renders	
mTORC1	activation	insensitive	to	its	intracellular	localization.
A third model has been suggested to involve the vacuolar ATPase (v-ATPase) (Zoncu et al., 2011b) 
(Figure 3C). The conformation of this ATPase is changed upon the accumulation of amino acids 
inside the lysosome. This conformational change leads to the activation of the GEF activity of 
Ragulator to which it is coupled. In contrast to the outside-in mechanism of amino acid sensing 
described by the direct binding of leucine to LRS and GDH, this latter scenario describes an inside-
out mechanism of amino acid sensing that leads to mTORC1 activation. Whether cells use these 
pathways	simultaneously,	in	parallel	or	in	a	situation-	and	localization-specific	manner	needs	to	
be determined by future research.
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Figure 2: Intracellular regulation of mTORC1 activity by amino acids. 2A. Rag-dependent amino acid regulation of 
mTORC1. In	the	absence	of	nutrients	mTORC1	is	in	the	cytosol	and	the	Rag	heterodimer	is	localized	on	the	lysosomes	
via its interaction with the Ragulator. The Rag heterodimer is in the inactive conformation with GDP-bound RagA/B and 
GTP-bound	RagC/D.	Upon	nutrient	stimulation	Ragulator	is	activated	and	induces	nucleotide	exchange	of	RagA/B.	This	
active conformation of the Rags leads to the translocation of mTORC1 from the cytosol to the lysosomes, bringing it in 
close	proximity	with	its	activator	Rheb.	2B. PLD1-Vps34 regulation of mTORC1. RalA and ARF GTPases interact directly 
with PLD1. GTP loading of RalA is stimulated by amino acids and activates mTORC1 independent of Rheb. Vps34 activi-
ty is repressed by amino acid starvation. Upon nutrient stimulation Vps34 associated with Vps15 generates PI(3)P and 
the recruitment of PLD1 and PLD2 and activation of mTORC1. This latter activation is Rheb-dependent. 2C. MAP4K3 
regulated mTORC1 activity. In mammalian cells, phosphorylated MAP4K3 inhibits mTORC1 activity in the absence of 
amino acids via an unknown mechanism. In Drosophila a direct interaction of MAP4K3 to TOR and the Rag GTPases has 
been	reported	(Resnik-Docampo	and	De	Celis,	2011).	The	regulatory	subunit	of	PP2A,	PR61ε,	associates	with	MAP4K3	
upon amino acid withdrawal and inhibits mTORC1 activity via dephosphorylation of MAP4K3.
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Role of amino acid transporters in mTORC1 activation 

A number of amino acid transporters have been described to play a role in the amino acid sensing 
mechanism that activates mTORC1. The most direct link has been described for the proton-
assisted amino acid transporters PAT1 and PAT4 (SLC36A1 and SLC36A4, respectively). For PAT1 
a	model	is	suggested	in	which	PAT1	is	required	for	normal	amino	acid-induced	mTORC1	translo-
cation	and	activation	by	co-localizing	with	Rag	GTPases	on	specific,	but	not	all,	late	endosomes	
and lysosomes (Ögmundsdóttir et al., 2012a). PAT1 physically interacts with amino acids inside 
late endosomes and lysosomes and will transport these amino acids together with protons out of 
the lysosomes upon increased amino acid concentrations inside the organelles. This local proton 
export	is	suggested	to	activate	the	v-ATPase	and	thus	activation	of	mTORC1	(Heublein	et al., 2010; 
Ögmundsdóttir et al.,	2012b).	The	reported	plasma	membrane	localization	of	PAT1	could	suggest	
that PAT1 is transported from the plasma membrane to the late endosomes and lysosomes upon 
amino acid stimulation. One major drawback of this mechanism is that leucine is not a substrate 
for	PAT1	and	therefore	does	not	explain	the	leucine-induced	mTORC1	activation	after	amino	acid	
deprivation.	For	PAT4,	which	is	 localized	on	the	plasma	membrane	and	recycling	endosomes,	a	
mechanism has been suggested in which PAT4 regulates mTORC1 indirectly by regulating the 
intracellular amino acid concentration. Through the regulation of trafficking of PAT4, the small 
GTPase Rab12 controls degradation of PAT4 and mTORC1 activity (Matsui and Fukuda, 2013). 
Double knockdown of PAT1 and PAT4 shows no additional effects on mTORC1 activity, suggesting 
that these two amino acid transporters function in the same pathway (Heublein et al., 2010).
A second set of amino acid transporters with a role in mTORC1 regulation are the L-glutamine 
transporter SLC1A5 and the heterodimeric bidirectional antiporter SLC7A5/SLC3A2 that regulates 
the	 exchange	of	 intracellular	 L-glutamine	 for	 extracellular	 L-leucine.	 The	model	 for	 this	 set	 of	
transporters is that SLC1A5 increases intracellular L-glutamine concentrations which can act as an 
efflux	substrate	for	SLC7A5/SLC3A2,	thereby	increasing	the	intracellular	L-leucine	concentrations	
(Nicklin et al., 2009). One could envision that this increased leucine concentration may then be 
sensed	by,	for	example,	LRS	and	GDH,	and	will	increase	mTORC1	activity	by	the	above	described	
mechanisms.	The	feedback	regulation	of	these	transporters	by	mTOR	is	complex.	On	one	hand,	
mTOR regulates trafficking of SLC3A2 to the plasma membrane in a rapamycin-insensitive man-
ner, while on the other hand rapamycin treatment decreases mRNA levels of SLC1A5, SLC7A5 and 
SLC3A2 (Edinger et al., 2003; Peng et al., 2002).
The final amino acid sensor described recently in the regulation of mTORC1 in vitro and in vivo 
is the heterodimeric amino acid taste receptor T1R1-T1R3 (Wauson et al., 2012). Knockdown of 
this G-protein coupled receptor reduces growth factor and amino acid-induced mTORC1 activity 
even in the presence of amino acids, probably due to a reduction in the translocation of mTORC1 
to the lysosomes upon stimulation. Interestingly, upon knockdown of the taste receptor, the 
expression	of	the	L-glutamine	transporter	SLC1A5	and	the	antiporter	SLC3A2	was	upregulated,	
indicating a compensatory mechanism of the cells to the loss of mTOR signalling. The proposed 
model by which this receptor induces mTORC1 activity is that binding of amino acids stimulate 
the	receptor,	which	in	turn	activates	PLCβ.	This	latter	activation	stimulates	calcium	entry	into	the	
cell and MAPK activation, which leads to the activation of mTORC1.
Taking	all	these	data	together,	amino	acid	regulation	of	mTORC1	is	under	the	control	of	extracel-
lular amino acid sensors (PAT1, PAT4, SLC1A5, SLC7A5/SLC3A2, T1R1/T1R3), intracellular amino 
acid sensors (LRS, GDH, v-ATPase) and intracellular regulators of mTORC1 activity (Rag GTPases, 
MAP4K3,	PLD1,	VPS34).	The	exact	connection	between	all	these	different	players	is	not	known	
yet, but will hopefully lead to the complete understanding how amino acids are sensed and how 
the amino acid status of a cell is transmitted to adaptations in cellular metabolism.
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Figure 3: Nutrient-sensing mechanisms in mTORC1 activation. 3A. LRS and SH3BP4-dependent mTORC1 activation. 
Intracellular	leucine	levels	are	sensed	by	LRS.	Upon	binding	LRS	translocates	to	the	lysosome	and	forms	a	complex	with	
mTORC1 by binding to RagD and Raptor. Active LRS directly binds and inactivates RagD. This pathway is negatively regu-
lated by SH3BP4. This protein binds the Rag GTPases upon nutrient deprivation and prevents the formation of an active 
Rag heterodimer by inhibiting GTP hydrolysis. Binding to the inactive Rag GTPase also prevents binding of mTORC1 to 
the	Rag	complex	and	subsequent	translocation	to	the	lysosome.	3B. mTORC1 activation by glutaminolysis. A second 
mechanism by which leucine can be sensed in the cell is via the direct binding of leucine to GDH, which stimulates 
the	conversion	of	glutamate	to	α-KG	during	glutaminolysis.	Induction	of	glutaminolysis	leads	to	the	translocation	and	
activation of mTORC1 via an increase in GTP loading of RagB. 3C. mTORC1 activation stimulated by v-ATPase. A third 
mechanism of activation is via the v-ATPase. The conformation of this ATPase is changed upon the accumulation of 
amino acids inside the lysosome. This conformational change leads to the activation of the GEF activity of Ragulator.
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mTORC1 regulation by energy stress and hypoxia
Finally,	mTORC1	is	negatively	regulated	by	energy	stress	and	hypoxia,	which	leads	to	a	change	in	
metabolism from anabolism to catabolism. This negative regulation of mTORC1 activity by the 
energy status of the cell is dominant over the positive regulation by mitogenic stimuli. Since 
mitochondria are the major energy supplier of the cell, mitochondrial function is tightly linked to 
energy homeostasis of the cell and will rapidly respond to changes in energy status. A distortion 
in mitochondrial function has been associated with cancer, mitochondrial myopathies, aging, 
obesity and type 2 diabetes (Schapira, 2012). mTORC1 is an important player in the metabolic 
adaptation of the cell to changes in energy levels via the adaptation of mitochondrial function 
and	glycolytic	flux.	In	addition,	mTORC1	is	an	important	player	in	the	maintenance	of	mitochon-
drial	quality	when	energy	levels	are	not	limiting.	I	refer	to	Chapter 4	for	an	extended	review	on	
the role of mTORC1 signalling in the regulation of mitochondrial function.

mTORC1 activation by the small GTPase Rheb
Six	years	after	the	discovery	of	Rheb	in	neuronal	tissue	of	rats,	the	first	paper	was	published	des-
cribing a potential function of Rheb in cell growth. It was shown in the yeast Schizosaccharomyces 
pombe that loss of Rheb leads to small, round cells that arrested cell growth and division. This 
phenotype resembled the phenotype induced by nitrogen starvation (Mach et al., 2000). In ad-
dition, loss of the membrane-targeting signal of Rheb leads to the accumulation of S. pombe cells 
in the G0/G1 phase of the cell cycle, again demonstrating a role for Rheb in cell cycle progression 
and growth (Yang et al., 2001). Major progress was made in deciphering the role of Rheb in cell 
growth regulation, by the discovery that Rheb promotes cell growth and cell cycle progression 
as a component of the insulin/TOR signalling network and thereby as an essential regulator of 
dS6K in the model organism Drosophila (Patel et al., 2003; Saucedo et al., 2003; Stocker et al., 
2003). In addition, it was reported by five independent groups that Rheb activity is regulated 
by	the	TSC1/TSC2	complex	and	that	TSC2	is	the	GAP	for	Rheb	(Castro	et al., 2003; Garami et al., 
2003; Inoki et al., 2003; Tee et al., 2003; Zhang et al., 2003). Altogether, these data placed Rheb 
downstream	of	the	TSC	complex	and	upstream	of	TOR	in	the	TOR	signalling	pathway.	Recently,	
Tre2-Bub2-Cdc16 (TBC) 1 domain family, member 7 (TBC1D7) was identified as a third component 
in	the	TSC	complex	(Dibble	et al.,	2012).	TBC1D7	binds	the	complex	through	TSC1	and	leads	to	
the	stabilization	of	the	protein.	Knockdown	of	TBC1D7	decreased	the	association	between	TSC1	
and TSC2 and results in increased mTORC1 signalling through the release of GAP activity towards 
Rheb. TBC1D7 is not involved in the amino acid regulation of mTORC1 signalling.

Rheb structure
Rheb	 is	ubiquitously	 expressed	and	particularly	 abundant	 in	muscle	and	brain	 (Gromov	et al., 
1995; Legate et al.,	2011).	The	human	gene	for	Rheb	is	mapped	to	chromosome	7,	at	7q36	(Mizuki	
et al., 1996). The second Rheb gene, named RhebL1 or Rheb2, is mapped on chromosome 12, 
12q13.12.	RhebL1	is	primarily	expressed	in	the	brain	and	in	several	peripheral	tissues.	Rheb	and	
RhebL1	share	51%	sequence	identity	and	share	some	of	their	function	(Box	2).
In addition, three pseudogenes have been mapped, of which two are on chromosome 10 and 
one	on	chromosome	22.	The	Rheb	family	of	G	proteins	defines	a	unique	family	within	the	Ras	
superfamily of G proteins. Rheb is most closely related to the Ras, Rap and Ral subfamily with 
a	30-40%	shared	sequence	identity	(Mach	et al., 2000; Romeo et al., 2012). The basal intrinsic 
GTPase activity of Rheb is low, leading to a basal GTP loading status of 15-25%, which is higher 
than seen for other small GTPases in this superfamily (Im et al., 2002). The lack of a functional 
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TSC1/2	complex	leads	to	the	GTP	loading	of	65-75%	of	Rheb	in	the	cell	and	thus	to	the	constitutive	
activation of Rheb (Garami et al., 2003). The Rheb proteins contain, like the other Ras superfamily 
members,	5	short	stretches,	the	G1-G5	boxes,	which	are	involved	in	the	recognition	and	binding	
of	guanine	nucleotides	and	a	CAAX	box	at	the	C-terminus	involved	in	the	localization	of	Rheb	to	
intracellular	membranes	(Mizuki	et al.,	1996)	(Figure	4).	The	G1	box	is	also	known	as	the	P-loop	
and	 is	 the	guanine	nucleotide	binding	site.	The	G2	box	 is	 the	effector	 region	and	undergoes	a	
conformational	change	upon	GTP	or	GDP	binding.	The	G3	box	 is	 involved	in	the	binding	of	the	
nucleotide-associated Mg2+	 ion.	The	G4	box	 forms	a	hydrogen	bond	with	the	guanine	ring	and	
stabilizes	the	protein	by	interacting	with	residues	in	the	G1	box.	Finally,	the	G5	box	residues	make	
indirect	associations	with	the	guanine	nucleotide	and	this	box	is	less	well	conserved	among	the	
Ras superfamily members. The conformational change upon GTP or GDP binding is primarily con-
fined to two loop regions, called the Switch I and the Switch II region, which overlap with the G2 
and	the	G3	box,	respectively.	If	the	GTPase	is	GTP	bound,	these	regions	display	a	binding	surface	
with	high	affinity	for	effector	proteins.	GTP	hydrolysis	and	thus	release	of	the	γ-phosphate,	will	
lead to a conformational change that decreases the affinity for the effector protein and thus leads 
to the attenuation of downstream signalling.

Rheb activation
Small	GTPases	have	a	low	intrinsic	GTPase	activity	and	require	a	GTPase	activating	protein	for	ef-
ficient GTP hydrolysis. These GAPs catalyse the hydrolysis reaction by coordinating the position of 
the	water	molecule	and	stabilizing	the	transition	state	by	neutralizing	the	negative	charge	at	the	
γ-phosphate	(reviewed	in	(Bos	et al.,	2007)).	GAPs	from	different	families	do	not	share	sequence	
homology, but members within a subfamily do. The first model for GTP hydrolysis catalysed by a 
GAP	comes	from	the	Ras-RasGAP	complex	(Scheffzek	et al., 1997). The catalysis reaction starts 
with	the	stabilization	of	the	glutamine	at	position	61	of	the	Ras	GTPase,	which	leads	to	the	opti-
mal positioning of the water molecule. Furthermore, the arginine finger of RasGAP is positioned 
in	the	phosphate	binding	site	of	the	Ras	GTPase,	thereby	stabilizing	the	transition	state.	Mutation	
of glutamine 61 renders the Ras GTPase insensitive for RasGAP, leading to a constitutive active 
protein. However, not all superfamily members are regulated by their GAPs via the same mecha-
nism.	 For	example,	 the	 regulation	of	 the	Rap	GTPase	by	RapGAP	differs	 from	 the	Ras-RasGAP	
reaction (Scrima et al., 2008). The Rap GTPases do not have a glutamine at position 61 and the 
RapGAPs do not have an arginine finger, but have an asparagine thumb. This asparagine thumb is 
inserted in the phosphate binding site of the GTPase and probably coordinates the position of the 
water	molecule	as	well	as	the	stabilization	of	the	transition	state.	The	GAP	for	Rheb	also	has	an	
asparagine thumb instead of an arginine finger and was therefore essentially thought to regulate 
Rheb via the same mechanism as Rap is regulated by RapGAP (Li et al., 2004). However, the Rheb 
family	of	G	proteins	 is	unique	in	the	Ras	superfamily	because	it	differs	 in	several	characteristic	
properties from the Ras and Rap GTPases (Yu et al.,	2005).	For	example,	the	glycine	on	position	
12 in the activation loop of the Ras/Rap small GTPases is highly conserved and mutation to an 
arginine reduces the intrinsic GTPase activity and reduces the sensitivity of the Ras/Rap proteins 
to the inactivation by a Ras/Rap GAP. However, Rheb has a conserved arginine on position 15, 
which	can	explain	the	low	intrinsic	GTPase	activity	of	Rheb,	but	cannot	explain	why	Rheb	is	not	
resistant to inactivation by its GAP. Recently, it has been shown that the tyrosine on position 
35 of Rheb covers the phosphate moiety of GTP, which leads to the closure of the GTP binding 
site	 and	 thus	hinders	dissociation	of	 the	nucleotide	 and	excludes	 the	 access	of	 an	 asparagine	
thumb	(Mazhab-Jafari	et al., 2012). It was suggested that the tyrosine on position 35 pulls the 
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γ-phosphate	of	the	nucleotide	and	the	catalytic	water	away	from	the	threonine	at	position	38,	
thereby reducing its catalytic contribution. In addition, TSC2 may promote hydrolysis in part by 
disrupting	the	electrostatic	interaction	between	the	tyrosine	on	position	35	and	the	γ-phosphate	
of the nucleotide. The second difference between the Ras/Rap GTPases and Rheb is in the switch 
I	region,	which	is	the	region	that	recognizes	and	interacts	with	effectors.	This	region	undergoes	a	
conformational change upon GDP or GTP binding. The Ras/Rap GTPases have a charged side chain 
at position 31 in this region for the specificity for their effectors. In contrast, Rheb GTPases do 
not have any charged side chains in the corresponding region, which suggests that Rheb interacts 
with its effectors in a different way. Lastly, Rheb differs in its switch II region from the Ras GTPases. 
The switch II region undergoes a minor conformational change during GDP/GTP transition, while 
a major conformational change occurs in Ras/Rap GTPases. The conserved glutamine on position 
64 is shared between the Ras and Rheb GTPases, but its function differs, since the glutamine in 
the Rheb GTPase does not interact with GTP or other residues at the catalytic site. Mutation of 
this site to a lysine does not change the sensitivity of Rheb to its GAP, while the same mutation in 
Ras GTPases renders them resistant to deactivation by a RasGAP. Furthermore, the conformation 
of the switch II region of Rheb places the glutamine at position 64 in a catalytically incompetent 
conformation, which leads to the low intrinsic GTPase activity of Rheb. Additionally, it was sugges-
ted that the asparagine at position 65 is absolutely essential for the sensitivity of Rheb towards 
its	GAP	by	adding	a	negative	charge	for	stabilization	of	the	hydrolytic	water	(Mazhab-Jafari	et al., 
2012). Taken together, it could be that auto-inhibition of catalysis maintains Rheb in its highly 
activated state upon growth factor stimulation.
The	GTP	loading	of	small	GTPases	is	stimulated	by	guanine	nucleotide	exchange	factors	(GEFs).	
However,	such	a	factor	is	not	yet	known	for	Rheb	and	the	existence	is	a	matter	of	debate.	However,	
there	is	convincing	evidence	that	a	GEF	exists.	For	example,	it	has	been	shown	that	deletion	of	
tsc1 and tsc2 in S. pombe	leads	to	increased	resistance	to	canavinine,	a	toxic	analogue	of	arginine.	

Box 2; RhebL1
Two Rheb proteins are present in mammalian cells, Rheb and RhebL1 (Rheb2). Both GTP ases 
are	 ubiquitously	 expressed	 and	 localize	 at	 the	 same	 perinuclear	 region	 in	 the	 cytoplasm	
(Yuan et al.,	2005).	Furthermore,	both	proteins	are	found	to	be	overexpressed	in	tumor	cell	
lines (Basso et al.,	2005).	The	activity	of	RhebL1	is	also	regulated	by	the	TSC	complex,	which	
functions as a GAP towards Rheb and RhebL1 (Tee et al., 2005). RhebL1, like Rheb, functions 
upstream of mTOR, but it is debatable whether its regulatory activity is as potent as Rheb 
(Sato et al., 2009; Tee et al.,	2005).	Overexpression	of	RhebL1	 increases	phosphorylation	of	
S6K1	independent	of	insulin	and	phosphorylation	of	4EBP1	and	subsequent	release	of	eIF4E	in	
a rapamycin-dependent, but wortmannin-independent, manner. This suggests that RhebL1 is 
not regulated by the PI3K pathway (Dunlop et al., 2009; Tee et al., 2005). In contrast, Bonneau 
and Parmar reported that knockdown of Rheb and RhebL1 did not show an additive effect on 
the phosphorylation of S6, while showing an additive effect on cell growth inhibition (Bonneau 
and Parmar, 2012). These latter data suggest that Rheb is able to compensate for the absence 
of RhebL1, but not vice versa. However, the authors did not show any evidence that RhebL1 
silencing was effective and it is intriguing why they did not validate their results in a cell line 
from mouse origin for which they reported to have a specific RhebL1 antibody (Parmar and 
Bonneau, 2010).
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Uptake of arginine in S. pombe is regulated by tsc1 and tsc2 through rhb1+. Remarkably, it was 
shown that the arginine uptake defect induced by tsc deletion could be rescued by a dominant 
negative form of rhb1+, which has severely reduced nucleotide binding capacity. Since GEFs have 
a	preference	 for	binding	 to	nucleotide-free	GTPases,	 it	was	hypothesized	 (Van	Slegtenhorst	et 
al., 2004) that the only way in which this mutant could rescue the arginine uptake defect was by 
sequestering	a	GEF	from	endogenous	rhb1+. Furthermore, it has been shown by our group that 
the	exchange	activity	of	Rheb	is	10	times	faster	in vivo than in vitro, which suggests an additional 
factor	involved	in	the	stimulation	of	the	exchange	activity.	Finally,	in	addendum 2, we show that 
there	 is	 exchange	activity	 towards	Rheb	present	 in	 cell	 lysates.	 There	have	been	 two	proteins	
published with the potential of being the RhebGEF. The first protein is the translationally control-
led tumor protein TCTP. It was shown in vitro and in vivo in Drosophila that dTCTP associates with 
dRheb	and	displays	guanine	nucleotide	exchange	activity	(Hsu	et al., 2007). Furthermore, it was 
shown that dTCTP is essential for Rheb GTP-loading in organ growth. However, two independent 
groups could not confirm the observations from this study (Rehmann et al., 2008; Wang et al., 
2008). Rehmann et al.	could	not	detect	exchange	activity	of	TCTP	towards	Rheb	 in vitro, no in-
teraction of TCTP and Rheb by NMR, and no effect of TCTP depletion in cells on the downstream 
targets of Rheb. Wang et al. could not reproducibly detect an effect of TCTP depletion on mTORC1 
signalling in amino acid or insulin stimulated cells and could not rescue mTORC1 signalling in 
amino	 acid	 starved	 cells	with	 overexpression	 of	 TCTP.	 Furthermore,	 they	were	 also	 unable	 to	
detect a stable interaction between TCTP and Rheb or mTORC1. Taken together, these data sug-
gest that TCTP is probably not the GEF for Rheb. The second protein that has been suggested 
to be the GEF for Rheb is the protein associated with myc, PAM. Spingosine-1-phosphate, S1P, 
activates mTORC1 in a Rheb-dependent, but PI3K- and PKB-independent manner (Maeurer et 
al.,	2009).	Overexpression	of	PAM	via	liposomal	delivery	of	protein	enhances	S1P-induced	mTOR	
phosphorylation. Although PAM has previously been shown to be a regulator of TSC2 by medi-
ating	 its	 ubiquitination	 (Murthy	et al., 2004), the S1P activated mTOR activity is independent 
of the degradation of TSC2. Therefore, it was suggested that PAM could be a GEF for Rheb and 
thereby regulates the S1P-induced mTOR activity. However, data confirming this hypothesis have 
never been published. Furthermore, it has been reported that cationic lipids used for delivery of 

Figure 4: Structure of human Rheb.	G1-G5	boxes	are	indicated.	Nucleotide	binding	site	is	indicated	with	yellow	bal-
loon. Magnesium ion binding site is indicated with bleu balloon. Switch I and II regions are indicated. At the bottom 
the	structural	alignments	of	the	nucleotide	binding	region,	the	effector	region	and	the	CAAX-box	are	shown	for	human	
Rheb1 and 2, Drosophila Rheb (dRheb) and S. pombe Rheb (rhb1+).
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siRNA	into	cells	show	an	off-target	effect	and	significantly	increase	mTOR	expression	(Verreault	
and	Bally,	2009).	Therefore,	it	should	be	explored	more	thoroughly	whether	the	mTOR	activation	
induced	by	PAM	is	not	a	side	effect	of	the	delivery	system	used	for	expression	of	the	protein.

mTOR regulation by Rheb
The mechanism by which Rheb regulates mTOR activity is not known. It was shown that Rheb 
binds to the upper lobe of the mTOR catalytic domain, but surprisingly this binding was inde-
pendent of the nucleotide loading of Rheb (Long et al., 2005, 2007). An increased binding to 
mTOR was seen for the mutants of Rheb, S20N and D60I, with markedly reduced GTP binding 
(<5%) compared to wild type. The mTOR bound to these mutants is essentially devoid of kinase 
activity. In addition, a slightly reduced mTOR-Rheb interaction was seen for mutants of Rheb, 
Q64L	and	I39K,	with	GTP	charging	higher	or	equivalent,	respectively,	to	wild	type.	Thus,	although	
GTP charging of Rheb does not promote the Rheb-mTOR interaction, GTP loading of Rheb is 
necessary for the activation of mTOR catalytic activity. The direct interaction of Rheb with mTOR 
is still controversial, since the interaction has never been shown between endogenous Rheb and 
mTOR in mammalian cells. Furthermore, in S. pombe only hyperactive mutants of Rhb1 with a 
higher GTP loading than wild type interact with Tor2. These data imply that in contrast to the 
mammalian system, the Rhb1-Tor2 interaction in yeast is dependent on the nucleotide status 
of Rhb1 (Urano et al., 2005). In addition, the mitochondrial FK506-binding protein 38, FKBP38, 
was	 found	 as	 a	 Rheb-interacting	 protein	 in	 a	 yeast-two-hybrid	 screen.	 Follow-up	 experiments	
suggested that Rheb binds the mTOR interacting protein FKBP38 in a GTP-dependent manner 
through its switch I segment and that this interaction displaces FKBP38 from mTOR, thereby 
releasing the inhibition on the kinase domain of mTOR by FKBP38 (Bai et al., 2007; Ma et al., 
2008). However, these results are debated in literature by studies that were unable to confirm 
the	interaction	of	Rheb	with	FKBP38	and	could	not	show	an	effect	of	FKBP38	overexpression	or	
knockdown on the activation of mTORC1 signalling (Sato et al., 2009; Uhlenbrock et al., 2009; 
Wang et al.,	2008).	This	lack	of	effect	of	FKBP38	overexpression	was	refuted	again	and	proposed	
to	be	an	effect	of	the	differences	in	protein	expression	in	the	studies	(Dunlop	et al., 2009). This 
was supported by showing that FKBP38 inhibits Rheb and RhebL1 mediated mTORC1 activity in 
a	dose-dependent	manner.	However,	 this	study	did	not	explain	 the	differences	observed	upon	
FKBP38 knockdown. Finally, it was suggested that FKBP38 does not have an effect on mTORC1 
activity, but has an mTOR-independent effect on the inhibition of apoptosis via Rheb (Ma et al., 
2010). It was proposed that the interaction of the anti-apoptotic proteins Bcl2 and Bcl-XL with 
FKBP38 is negatively regulated by Rheb in a GTP-dependent manner. A decrease in GTP loading 
of Rheb diminishes the interaction with FKBP38, which in turn will recruit Bcl2 and Bcl-XL to the 
mitochondria to induce autophagy. Finally, mTORC1 activation by Rheb has been suggested to be 
via the binding of GTP-loaded Rheb to PLD1 to generate phosphatidic acid (PA) (Sun et al., 2008) 
(Figure 2B). PLD1 activation by a subset of growth factors stimulates PA production and activation 
of mTORC1 and this activation is essential for cell growth (Ballou et al., 2003; Fang et al., 2003). PA 
is a positive regulator of mTOR activity that, like FKBP38, also binds to the FRB domain of mTOR. 
PA can stimulate S6K and 4EBP1 phosphorylation in cells deprived of serum in a PI3K-independent 
and rapamycin-dependent manner. However, PA is unable to activate mTORC1 in cells deprived 
of amino acids (Fang et al., 2001). A model was suggested in which mTOR and PLD1 are in close 
proximity	localized	on	endomembranes,	where	upon	mitogenic	stimulation	PLD1	becomes	acti-
vated and produces PA, which in turn binds and activates mTORC1. This model was elaborated by 
the discovery that the mitogenic stimulation of PLD1 in cells depends on Rheb (Sun et al., 2008). 
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It was shown that Rheb binds and activates PLD1 in vitro in a GTP-dependent manner and that 
this regulation is dependent on the presence of amino acids. A more detailed description of the 
regulation of PLD1 by amino acids is given previously in this introduction.

mTORC1 and Rheb localization
The	C-terminus	of	Ras	GTPases	is	important	for	their	cellular	localization	and	function.	Different	
post-translational lipid modifications of the Ras-related GTPases determine their responses by 
regulating access to and residence time in membrane compartments. Furthermore, the lipid 
modifications determine the onset, duration and amplitude of the signalling responses of the 
GTPases by controlling the membrane affinity and membrane association time. GTPases from the 
Ras	family	have	a	CAAX-box	at	their	C-terminus	which	is	either	farnesylated	(15	carbons)	or	gera-
nylgeranylated	(20	carbons).	The	C	in	the	CAAX-box	is	a	cysteine,	the	AA	are	any	aliphatic	amino	
acids (leucine, isoleucine, valine) and the X is any amino acid. This latter amino acid determines 
the	prenylation	moiety	of	the	GTPase.	The	enzyme	farnesyltransferase	(FTase),	which	transfers	the	
farnesyl group from farnesylpyrophosphate (FPP) to the GTPase, prefers a methionine or serine on 
this position and the geranylgeranyl transferase type I (GGT-I), which transfers the geranylgeranyl 
group from geranylgeranyl pyrophosphate to the GTPase, prefers a leucine on this position. After 
attachment of the prenylation moiety to the cysteine, the AAX is removed by proteolysis and the 
cysteine becomes methylated. These steps make the prenylation of the GTPase irreversible. The 
stable	membrane	association	of	Ras	GTPases	requires	farnesylation	in	combination	with	a	second	
membrane targeting signal. This signal can either be the palmitoylation of the cysteines adjacent 
to the farnesylation site or a polybasic stretch in the C-terminus of the GTPase. The palmitoyla-
tion occurs at the surface of the Golgi apparatus and will translocate the GTPases to the plasma 
membrane through the secretory pathway. The polybasic stretch bypasses the secretory pathway 
and	localizes	at	the	plasma	membrane	through	electrostatic	interactions	with	negatively	charged	
headgroups of phospholipids at the inner leaflet of the plasma membrane. De-palmitoylation 
or phosphorylation detaches the GTPase from the membrane, leading to cytosolic diffusion 
and binding of the GTPase to abundant membranes in the cytosol. Re-palmitoylation and de-
phosphorylation can than occur which redirects the GTPase back to the plasma membrane.
The C-terminus of Rheb is unusual among GTPases in that it only contains a farnesylation site 
but	no	additional	membrane	targeting	signals.	This	 suggests	 that	 the	 localization	of	Rheb	may	
not	be	restricted	to	lysosomes,	which	is	the	main	site	where	Rheb	localization	has	been	reported	
(Buerger et al., 2006; Flinn et al., 2010; Saito et al., 2005). Rheb becomes farnesylated on the 
endoplasmic	reticulum	and	is	subsequently	transported	to	the	Golgi	complex	for	signal	transduc-
tion	to	mTORC1.	This	translocation	is	required	for	proper	signal	transduction,	since	a	farnesylated	
Rheb mutant that is trapped on the ER has reduced signalling activity. Mutation studies of Rheb 
have	furthermore	shown	that	not	only	an	intact	Golgi	complex,	but	also	the	CAAX	box	of	Rheb	
and farnesylation of Rheb are essential for its signalling function (Buerger et al., 2006; Hanker et 
al.,	2010).	Deletion	of	the	CAAX	box,	mutating	the	cysteine	to	a	serine	to	prevent	farnesylation,	
or	changing	the	prenylation	of	the	CAAX	box	from	farnesylation	to	geranylgeranylation	all	lead	to	
impaired S6K activation via mTORC1.
The	intracellular	localization	and	trafficking	of	mTORC1	in	activated	and	less	active	states	is	also	
not completely understood. There are several reports on the intracellular location of mTORC1 
showing	 localization	on	 the	mitochondria,	neuronal	 cell	membranes,	nucleus,	endoplasmic	 re-
ticulum, Golgi apparatus and the lysosomal surface (Bachmann et al., 2006; Desai et al., 2002; 
Drenan et al., 2004; Flinn et al., 2010; Ramanathan and Schreiber, 2009; Sabatini, 1999; Sancak 
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et al., 2010; Withers et al., 1997; Zhang et al., 2002). As described previously, the translocation of 
mTORC1 to the lysosomes is dependent on the availability of amino acids. If amino acids are de-
pleted	mTORC1	is	localized	throughout	the	cytoplasm	and	if	amino	acids	are	replenished	mTORC1	
co-localizes	with	the	lysosomal	marker,	LAMP2,	at	the	perinuclear	region.	This	translocation	occurs	
independently of mTORC1 activity, TSC2, Rheb or growth factors (Clippinger and Alwine, 2012; 
Sancak et al., 2010). The signalling of mTORC1 is still sensitive to amino acids even if mTORC1 
or Rheb, but not both, are targeted to the plasma membrane (Sancak et al., 2010), suggesting 
that	the	localization	of	Rheb	and	mTORC1	in	close	proximity	of	each	other	is	more	important	for	
signalling than their location in the cell. This is supported by the observation that mTORC1 that is 
forced	targeted	to	the	lysosomes	still	requires	Rheb	for	its	signalling	function.	However,	although	
lysosomal targeting of mTORC1 is able to subsititute for the amino acid regulation, it cannot sub-
stitute for the growth factor input, suggesting a differential regulation of mTORC1 activation by 
amino acids and growth factors (Sancak et al., 2010). In Chapter 2 for a more complete overview 
on	the	endosomal	localization	and	function	of	mTORC1	and	Rheb	is	given.

Complex organization of mTORC1
The	mTORC1	complex	has	a	dimeric	organization	with	a	central	cavity	consisting	of	two	monome-
ric	complexes.	In	the	dimeric	structure	there	are	two	Raptor	molecules,	which	each	contacts	both	
mTOR molecules (Yip et al., 2010). mLST8 on the other hand, contacts only one mTOR molecule 
in	the	complex.	PRAS40	localizes	to	the	small	tips	in	the	midsection	of	the	central	core	and	the	
N-terminus of Raptor. Based on these data it is suggested that PRAS40 acts as a competitive 
inhibitor for the binding of substrates to Raptor and is not likely an inhibitor of the mTOR kinase 
domain.	Rapamycin	(Box	3)	initially	disrupts	the	complex	formation	by	binding	to	only	one	com-
plex	in	the	dimer.

mTOR
The mTOR protein is a 270 kDa serine/threonine protein kinase (Figure 5A). The N-terminal HEAT-
repeats of the kinase are involved in substrate binding and are bound by Raptor and Rictor. The 
FAT (FRAP-ATM-TTRAP)-domain in combination with a FATC domain (FAT COOH-terminal domain) 
is involved in the structuring and the stability of the kinase and both domains are critical for 
mTOR kinase activity (Dames et al., 2005). The FAT domain is also the binding site for a negative 
regulator	 of	 the	 complex,	DEPTOR	 (Peterson	et al., 2009). Binding of rapamycin-FKBP12 com-
plex	 to	 the	 (FKBP12-Rapamycin-binding)	 FRB	 domain	 inhibits	 the	 activity	 of	mTORC1,	 but	 not	
mTORC2, by disrupting the interaction between Raptor and mTOR. It is unknown how binding of 
rapamycin-FKBP12	is	prevented	in	mTORC2.	Next	to	the	FRB	domain	is	the	kinase	region	of	mTOR	
and	 the	binding	 site	 of	mLST8/GβL	which	potently	 stimulates	mTOR	 kinase	 activity,	 but	 has	 a	
different	role	in	both	complexes	as	evident	from	knockout	studies	described	previously	(Guertin	
et al., 2006). The kinase activity of mTOR is furthermore regulated by multiple phosphorylations. 
The	main	phosphorylation	site	of	mTOR	is	S1261.	This	site	is	located	next	to	the	HEAT	repeats	and	
is	not	complex	specific.	 In	mTORC1	this	site	 is	regulated	 in	a	Rheb-	and	amino	acid-dependent	 
manner and important for S6K1 and 4EBP1 phosphorylation, cell growth and S2481 autophos-
phorylation	(Acosta-Jaquez	et al., 2009; Dennis et al., 2011). This latter phosphorylation is induced  
in	both	complexes	by	serum,	growth	factors	and	insulin	in	a	PI3K-dependent	manner.	However,	
this site is only in mTORC1 sensitive to inhibition by rapamycin. The function of this site in both 
complexes	is	unknown	and	is	not	required	for	S6K1	and	4EBP1	phosphorylation	by	mTORC1	and	
not	required	for	the	interaction	between	mTOR	and	Raptor	or	mLST8	(Soliman	et al., 2010). In 
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contrast, phosphorylation of S2159 and T2164 in the kinase domain of mTOR does promote 
mTORC1 signalling to S6K1 and 4EBP1. Phosphorylation of these sites is dependent on nutrient 
availability and weakens the mTOR-Raptor and PRAS40-Raptor interaction and contributes to the 
activation of the intrinsic mTORC1 catalytic activity (Ekim et al., 2011). Finally, mTOR is negatively 
regulated by phosphorylation of T2446 and S2448. This latter site is phosphorylated by S6K1, 
creating a negative feedback loop (Chiang and Abraham, 2005).

Raptor
The second component of mTORC1 is the 150 kDa non-catalytic protein Raptor. Raptor is evolutio-
nary conserved and consists of a RNC (Raptor N-terminally conserved) domain, followed by three 
HEAT repeats and 7 WD40 repeats (Kim et al., 2002) (Figure 5B). Raptor is thought to function 
mainly	as	 scaffold	protein	within	 the	complex	 to	 recruit	downstream	targets	 to	mTOR.	Raptor	
binds the mTOR targets via their TOR signalling (TOS) motif. Phosphorylation of mammalian 
Raptor is regulated by mTOR, MAPK, RSK and AMPK, which induce phosphorylation on multiple 
sites in two clusters. The main Raptor phosphorylation site is S863. Phosphorylation of this site 
is	 induced	by	mTOR	and	 is	 required	for	the	activation	of	mTORC1	(Wang	et al., 2009). Growth 
factors, amino acids and cellular energy all regulate the phosphorylation of S863. However, amino 
acids and insulin are unable to induce phosphorylation in the absence of one another. Phos-
phorylation	of	S863	is	required	for	the	phosphorylation	of	S855	and	S859	of	which	the	function	is 
unknown (Foster et al.,	2010).	Since	mTORC1	complexes	isolated	from	growth	factor	stimulated	
cells have increased mTOR kinase activity but do not contain detectable levels of associated Rheb, 
a model was proposed in which Rheb binding to mTOR initiates a conformational change in the 
complex	(Wang	et al.,	2009).	The	concomitant	phosphorylation	of	S863	than	stabilizes	this	change	
and leads to mTORC1 kinase activity that persists in the absence of Rheb association. The MAPK-
pathway also impinges on Raptor, which enables MAPK and RSK to regulate mTORC1 activity in an 
insulin, and thus PI3K, independent manner (Carriere et al., 2011; Carrière et al., 2008). TPA and 
EGF can stimulate Raptor phosphorylation that is sensitive to MEK inhibition, but not to mTORC1 
complex	inhibition	(Carrière	et al., 2008). Both MAPK1 and MAPK3 are needed for raptor phosp-
horylation	on	S8,	S696	and	S863	and	subsequent	activation	of	mTORC1.	The	phosphorylation	of	
Raptor	by	MAPK	does	not	regulate	the	mTOR-Raptor	interaction	or	the	stability	of	the	complex	
and does not regulate S6K1 and 4EBP1 binding to Raptor (Carriere et al., 2011). In addition, all 
four	RSK	isoforms	can	stimulate	Raptor	phosphorylation	on	S719,	S721	and	S722	and	subsequent	
positive regulation of mTORC1 activity. Mutation of these sites shows no effect on S6K, 4EBP1 or 
mTOR binding to Raptor (Carrière et al., 2008). The final kinase that is known to have an effect 
on Raptor phosphorylation is AMPK. AMPK phosphorylated Raptor on two well-conserved serine 
residues, S722 and S792. Phosphorylation of these sites induces 14-3-3 binding to Raptor and 
subsequent	inhibition	of	mTORC1	activity	and	cell	cycle	arrest	(Gwinn	et al., 2008).

mLST8/GβL
The	mTOR	associated	protein	LST8/GβL,	which	is	a	component	of	both	mTORC1	and	mTORC2	is	a	
36 kDa protein which consists entirely of 7 WD repeats and binds the catalytic domain of mTOR 
(Figure 5C). Not much is known about the function of this protein within mTORC1, but is probably 
important for signalling both growth factor and nutrient conditions to mTORC1 by regulating the 
stability of the mTOR-Raptor interaction (Kim et al., 2003). LST8 does not activate mTOR kinase 
activity.
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PRAS40
PRAS40 has been identified as a specific member of mTORC1 (Vander Haar et al., 2007; Oshiro et 
al., 2007; Sancak et al., 2007; Thedieck et al., 2007; Wang et al., 2007). PRAS40 binds the mTORC1 
complex	predominantly	through	an	interaction	with	Raptor	via	its	TOS	motif,	but	also	binds	to	the	 
kinase domain of mTOR. PRAS40 has a RAIP (Arg-Ala-Ile-Pro) motif for mTOR dependent phos-
phorylation	and	an	N-terminal	nuclear	export	signal	(NES)	(Figure	5D).	Multiple	insulin-induced	 
phosphorylation sites have been identified in PRAS40 on S183, S202/S203, S212, S221, and T246 
(Saci et al., 2011). Phosphorylation of T246 is stimulated by PKB (Kovacina et al., 2003) and largely 
rapamycin-insensitive (Fonseca et al., 2007; Vander Haar et al., 2007). The phosphorylation of this 
site is dependent on the phosphorylation of the serine residue on position 473 of PKB by mTORC2 
(Toschi et al.,	2009)	and	required	for	the	efficient	phosphorylation	of	S183	by	mTOR	(Nascimento	
et al., 2010). Phosphorylation of both S183 and T246 is necessary for the stable interaction of 
PRAS40 with 14-3-3 proteins (Nascimento et al., 2010). The phosphorylation of S221 is also regu-
lated by mTOR. This site is involved in the insulin-induced binding of 14-3-3 proteins to PRAS40 
(Vander Haar et al., 2007; Saci et al., 2011). Initial papers reported PRAS40 as a negative regulator 
of	the	complex	by	competing	for	binding	to	Raptor	with	the	other	substrates	of	mTORC1.	They	
showed that knockdown of PRAS40 resulted in enhanced phosphorylation of S6K1 and 4EBP1, 
while	overexpression	of	PRAS40	had	the	opposite	effect.	Although	these	studies	agreed	on	the	
inhibitory function of PRAS40 on mTORC1 activity and the regulation of the interaction of PRAS40 
with Raptor by insulin, they disagreed on the regulation of this interaction by amino acids and the 
effect	of	PRAS40	overexpression	on	cell	size.	They	all	show	that	the	interaction	of	PRAS40	with	
14-3-3 proteins is enhanced upon insulin stimulation, thereby disrupting the interaction between 
PRAS40 and Raptor (Vander Haar et al., 2007; Oshiro et al., 2007; Sancak et al., 2007; Thedieck 
et al., 2007; Wang et al.,	2007).	This	14-3-3	interaction	and	subsequent	dissociation	of	PRAS40	
from Raptor is completely dependent on the availability of amino acids and abolished in amino 

Box 3; Rapamycin
Rapamycin is a macrolide that was first discovered as a product of the bacterium Streptomyces 
hygroscopicus in a soil sample from Easter Island. It is a drug with potent immunosuppressive 
and anti-proliferative properties. In the clinic, rapamycin (Sirolimus) is mainly used to prevent 
organ rejection after transplantation, occlusion of coronary arteries after angioplasty and the 
growth	of	tumors.	Rapamycin	binds	FKBP12	to	form	a	drug-receptor	complex	that	is	able	to	
bind the FRB domain of mTOR and thereby reduces the mTOR-Raptor interaction. This will 
lead	to	inhibition	of	the	mTORC1	activity,	but	not	mTORC2.	The	FKBP12-Rapamycin	complex	is	
unable to bind preformed mTORC2, but is able to bind free mTOR and will bind to newly syn-
thesized	mTOR	and	free	mTOR	from	complex	turnover.	Therefore,	prolonged	treatment	can	in	
certain cell types lead to inhibition of mTORC2 activity, since there will be less mTOR available 
to	form	complexes	(Sarbassov	et al., 2006). However, in some mammalian systems it has been 
shown that Rapamycin does not affect the stability of mTORC1, while reducing mTOR kinase 
activity by 80% (McMahon et al., 2005; Sarbassov et al., 2004). Furthermore, many eukaryotes 
that live in soil, like C. elegans and plants, show no binding of Rapamycin-FKBP12 to TOR (Long 
et al., 2002; Sormani et al., 2007). In plants, this insensitivity is due to the developed natural 
resistance of these organisms by mutations in plant FKBP proteins (Sormani et al., 2007).
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Figure 5: Primary human structures mTORC1 complex components. 5A. mTOR. 5B. Raptor. 5C. mLST8. 5D. PRAS40. 
5E. DEPTOR. Structures are not scaled relative to each other. Structures of the components are shown in the middle 
of each representation. At the top of this structure are the kinases involved in the regulation of the component. The 
phosphorylated sites are indicated with a yellow balloon. At the bottom of each structure the interacting proteins are 
indicated.
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acid-limited conditions. However, upon amino acid deprivation not all studies show a stimulatory 
effect on the interaction of PRAS40 with Raptor, suggesting that the role of PRAS40 in the inhi-
bition of mTORC1 signalling under amino acid-limited conditions is minor compared to its role 
upon insulin stimulation. In contrast to the regulation of mTORC1 activity by the MAPK pathway, 
PRAS40 association with mTORC1 and 14-3-3 proteins is not regulated by this pathway (Fonseca 
et al., 2008; Wang et al.,	2007).	Adding	to	the	complexity	of	the	regulation	of	mTORC1	by	PRAS40	
is a study where knockdown of PRAS40, and thus dissociation of PRAS40 from Raptor, impaired 
the signalling downstream of mTORC1, while insulin stimulation also dissociated PRAS40 from 
Raptor, but induced mTORC1 signalling (Fonseca et al., 2007). In addition, it was shown that the 
extent	 to	which	PRAS40	 impairs	mTORC1	signalling	 is	 independent	of	 its	ability	 to	bind	14-3-3	
proteins	and	that	the	release	of	PRAS40	from	the	complex	is	not	required	for	the	stimulation	of	
mTORC1 (Fonseca et al., 2008). Therefore, it could be that the role of PRAS40 is not in the control 
of mTORC1 activity, but rather in the control of the downstream effects of mTORC1 signalling 
by	regulating	substrate	binding	to	the	complex.	Additionally,	a	study	towards	a	role	of	PRAS40	
in mTOR signalling in Drosophila suggested that the regulation of mTORC1 activity by PRAS40 is 
tissue specific and dependent on posttranslational modifications of PRAS40 (Pallares-Cartes et 
al., 2012). Taken together with all the in vitro studies, it could well be that the contrasting results 
are the result of cell-type specific roles of PRAS40.

DEPTOR
Finally,	another	recently	identified	complex	member	is	DEPTOR	(Peterson	et al., 2009). DEPTOR 
is a 48 kDa mTOR-interacting protein and is part of mTORC1 and mTORC2 (Figure 5E). DEPTOR 
binds	mTOR	via	its	PDZ	domain.	DEPTOR	is	an	inhibitory	protein	of	both	complexes.	It	consists	of	
an N-terminal DEP domain and a C-terminal PDZ domain. Regulation of DEPTOR occurs through 
its	 degradation.	 Both	mTOR	 complexes	 are	 negative	 regulators	 of	 DEPTOR	 protein	 and	mRNA	
expression.	The	phosphorylation	of	DEPTOR	promotes	its	release	from	mTOR	and	correlates	with	
its degradation.

Downstream effects of mTORC1
The major downstream effect of mTOR signalling is on the stimulation of cell growth via the 
increase in translational capacity of the cell through ribosome biogenesis and the activation of 
translation. Ribosome biogenesis is regulated by mTORC1 via the transcription factors TIF-1A, 
TIF-1B, UBF, eIF4B, and TFIIIB. Translational activation is induced by mTORC1 via its downstream 
substrates S6K and 4EBP. Furthermore, mTOR signalling regulates metabolic adaptations of the 
cell via the activation of transcription of genes involved in angiogenesis, cholesterol and fatty 
acid	biosynthesis,	mitochondrial	biogenesis,	and	adipogenesis	(HIF1α,	SREBP,	PGC1α,	and	PPARγ,	
respectively). Finally, mTORC1 inhibits autophagy via Ulk1/Atg13.

mTORC1-mediated regulation of cell growth 
Cell	growth	(the	increase	in	cell	size	and	mass)	and	cell	proliferation	(the	increase	in	cell	number)	
are	separate	processes.	Cell	growth	is	a	requirement	for	cell	cycle	progression	and	thus	prolifera-
tion,	but	cell	cycle	progression	is	not	a	requirement	for	cell	growth,	since	cells	continue	to	grow	
in	size	when	cell	division	is	blocked.	TOR	signalling	is	involved	in	both	processes	(Acosta-Jaquez	
et al., 2009; Dowling et al., 2010; Ekim et al., 2011; Fingar et al., 2002; Murakami et al., 2004; 
Uritani et al., 2006), although not via the same mechanism. TOR signalling via 4EBP1 stimulates 
cell	cycle	progression	and	not	cell	size,	while	TOR	signalling	via	S6K1	stimulates	cell	size	and	not	
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cell cycle progression (Dowling et al., 2010; Fingar et al., 2002). The effects of TOR signalling on 
cell growth and proliferation are mainly through the PI3K/PKB/TSC2/Rheb-pathway (Frödin et 
al., 2002; Goorden et al., 2011; Patel et al., 2003; Saucedo et al., 2003; Stocker et al., 2003; Yang 
et al., 2001). In addition, the involvement of mTORC2 via the activation of PKB has also been 
reported (Rosner et al.,	2009).	TOR	signalling-mediated	effects	on	cell	size	and	proliferation	are	
through the induction of ribosome biogenesis, the induction of translation via S6K1 and 4EBP1, 
and the stimulation of de novo pyrimidine synthesis.

mTORC1-mediated regulation of ribosome biogenesis

The	effect	of	mTORC1	signalling	on	ribosome	biogenesis	has	been	reviewed	extensively	(Jastrzeb-
ski et al., 2007; Mayer and Grummt, 2006; Proud, 2009; Wang and Proud, 2006; Wei and Zheng, 
2009). In short, ribosome biogenesis is one of the major energy consuming processes of the cell 
and is regulated by mTORC1 signalling on all three levels of synthesis. First, mTORC1 signalling 
regulates transcription initiation by RNA polymerase I (Pol I), which transcribes all ribosomal 
RNA	except	5S	RNA,	via	regulation	of	TIF-1A,	TIF-1B	and	UBF,	which	are	transcription	initiation	
factors	 required	 for	 Pol	 I	 function.	 Secondly,	mTORC1	 signalling	 regulates	 the	 transcription	 of	
ribosomal proteins by RNA polymerase II (Pol II), via the regulation of eIF4B as described later. 
Lastly, mTORC1 signalling regulates the synthesis of 5S RNA by RNA polymerase III (Pol III) and 
subsequent	 ribosome	 assembly,	 via	 the	 regulation	 of	 the	 transcription	 initiation	 factor	 TFIIIB,	
which in turn regulates the phosphorylation status and transcriptional activity of Pol III and the 
regulation	of	TFIIIC,	a	DNA-binding	factor	that	recognizes	the	promoters	of	tRNA	and	5S	rRNA	ge-
nes. After synthesis, all ribosomal proteins are transported into the nucleus where they assemble 
with the four rRNAs produced in the nucleolus into functional ribosomes. These ribosomes are 
transported out of the nucleus into the cytoplasm where they catalyse protein translation.

mTORC1-mediated regulation of translation

mTOR involvement has been shown in all three steps of protein synthesis, namely translation 
initiation, elongation and termination. Most of the effects of mTOR on protein synthesis are 
through	its	well-known	and	best	characterized	substrates,	S6K	and	4EBP.

S6K1

One	of	the	best	characterized	substrates	of	mTORC1	is	ribosomal	protein	S6	kinase	beta-1,	S6K1	
(Figure	6A).	This	kinase	consists	in	two	isoforms	in	the	cell.	The	long	isoform,	p85	S6K1,	has	an	ex-
tra	N-terminally	located	polybasic	nuclear	localization	signal	in	comparison	to	the	short	isoform,	
p70	 S6K1,	which	 is	 cytoplasmic.	 This	 latter	 isoform	 requires	 both	 PI3K-	 and	MAPK-dependent	
signals for full activation (Alessi et al., 1997). The homolog of S6K1, p54 S6K2, is present in two 
isoforms in the nucleus of the cell and is activated by mitogens in a PI3K-dependent manner. Both 
S6 kinases phosphorylate the ribosomal protein S6. Conserved TOS motifs, which are essential for 
mTORC1-mediated activation of S6K, have been identified in the N-terminus of these S6 kinases 
in different species (Schalm and Blenis, 2002). Furthermore, regulation of activation of this kinase 
is also dependent on multiple phosphorylation sites in the C-terminal auto-inhibitory domain 
(S424, T421, S418, S411), the activation loop (T229) and the linker region coupling the cataly-
tic and auto-inhibitory domain (S404, T389, S371, T367) (Dennis et al., 1998). The mechanism 
of activation of S6K1 upon mitogen stimulation involves four steps. Activation starts with the 
phosphorylation of S424 and S418 in the auto-inhibitory domain by a serine/threonine-kinase 
like	mTOR,	MAPK	or	RSK,	thereby	releasing	the	inhibition	and	exposing	the	T389	phosphorylation	
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site.	This	site	will	 then	be	subsequently	phosphorylated	by	mTOR,	 leading	to	a	conformational	
change of the protein. Neither of these events activates the kinase. The conformational change 
induced	by	T389	phosphorylation	opens	 the	activation	 loop	and	exposes	 the	T229	 site,	which	
will be phosphorylated by PDK1 which enables S6 binding near this site. Elimination of either the 
T389 or the T229 phosphorylation site deactivates the kinase and these sites are thus critical for 
S6K1 activation. The phosphorylation sites S424 and T421 in the auto-inhibitory domain are regu-
lated by both mTORC1 and the MAPK-pathway, while T389 in the linker region is only regulated 
by mTORC1. Raptor is in vitro	not	 required	 for	 the	phosphorylation	of	S6K1,	 since	Raptor-free	
mTORC1-induced phosphorylation of S6K1 can still be inhibited by rapamycin (Yip et al., 2010).
Activation	of	S6K1	leads	to	subsequent	activation	or	inhibition	of	multiple	downstream	targets	
(Figure 6B). The main downstream target activated by S6K1 is the ribosomal protein S6 in the 40S 
ribosome.	Activation	of	 rpS6	 leads	 to	 increased	cell	growth	and	 increased	cell	 size,	one	of	 the	
major downstream effects of mTORC1 signalling (Fingar et al., 2002). Another important down-
stream	 target	 of	 S6K1	 is	 IRS1.	 Phosphorylation	 and	 subsequent	 inactivation	of	 IRS1	 generates	
a negative feedback loop from S6K1 to PI3K signalling (Haruta et al., 2000). S6K1 furthermore 
stimulates translation initiation via phosphorylation of the tumour suppressor PDCD4 (program-
med cell death 4) and eukaryotic translation initiation factor 4B, eIF4B (reviewed in (Magnuson 
et al.,	2012)).	Upon	phosphorylation,	eIF4B	is	recruited	into	complexes	containing	eIF3	where	it	
will	promote	recruitment	of	ribosomes	to	the	5’	end	of	the	mRNA	and	to	complexes	containing	
eIF4A	 where	 it	 will	 activate	 eIF4A.	 This	 activation	 will	 subsequently	 enhance	 RNA	 unwinding	
during translation initiation. S6K1 stimulates translation elongation, which is the step in protein 
synthesis	 that	 requires	most	 energy.	 S6K1	 activates	 elongation	 factor	 2,	 eEF2,	 via	 inactivation	
of its inhibiting kinase, eEF2K. Upon activation, eEF2 will bind to ribosomes and promote the 
translocation of the tRNA from the ribosome. Finally, S6K1 stimulates cell survival by inactivating 
GSK3,	Bad	and	Mdm2,	stimulates	transcription	by	activating	ERα	and	CREMt	and	induces	mRNA	
processing via SKAR and CBP80.

4EBP1

The	other	well	characterized	substrate	of	mTORC1	is	the	eukaryotic	initiation	factor	4E-binding	
protein 1 (4EBP1) (Figure 7A). Phosphorylation of 4EBP1 will lead to the release of the eukary-
otic	translation	initiation	factor	4E	(eIF4E).	This	released	eIF4E	will	bind	to	the	scaffold	complex	
eIF4G	and	induce	cap-dependent	mRNA	translation	initiation	(Figure	7B).	4EBPs	are	required	for	
mTORC1-mediated proliferation independent of S6K. The effects of 4EBPs on proliferation are not 
via	an	effect	on	cell	size	or	cell	survival,	but	rather	via	an	effect	on	the	cell	cycle	(Dowling	et al., 
2010). 4EBP1 is a 15-20 kDa protein consisting of an N-terminal RAIP motif, an eIF4E binding do-
main and a C-terminal TOS motif for binding to Raptor. The TOS motif recruits Raptor and brings 
4EBP1	in	the	proper	conformation	in	close	proximity	to	mTOR	and	is	required	for	the	mTORC1-
mediated phosphorylation (Dowling et al., 2010; Wang et al., 2006, 2005). The RAIP motif of 
4EBP1	is	a	regulatory	motif	required	for	the	phosphorylation	of	4EBP1	in	response	to	amino	acids	
and insulin (Dunlop et al., 2009; Wang et al., 2005). Phosphorylation of 4EBP1 is dependent on the 
presence of amino acids and the most important phosphorylation sites of 4EBP1 are T37, T46, S65 
and T70. The primary phosphorylation sites of 4EBP1 are T37 and T46, with the latter being the 
priming site for phosphorylation, since mutation of this site leads to impaired phosphorylation of 
all other sites (Gingras et al., 1999). Phosphorylation of T37 and T46 is regulated by amino acids, 
but not by serum and insulin, and can be blocked by the PI3K inhibitors LY and Wortmannin (WM) 
but not by rapamycin. This suggests that phosphorylation of the N-terminal threonines in 4EBP1 
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involves a rapamycin insensitive output of mTOR signalling. Phosphorylation of these sites alone 
is unable to disrupt the interaction between 4EBP1 and eIF4E (Gingras et al., 1999; Wang et al., 
2005).	It	is	suggested	that	the	binding	of	4EBP1	to	eIF4E	is	required	for	efficient	phosphorylation	
of 4EBP1, probably induced by a conformational change induced by the binding of eIF4E (Wang 
et al., 2005). Phosphorylation of S65 and T70 on the other hand is regulated by insulin, serum 
and	amino	acids.	Phosphorylation	of	S65	is	required	for	the	subsequent	phosphorylation	of	T70	
and both phosphorylations can be blocked by rapamycin, but not by LY and WM (Gingras et al., 
1999; Wang et al., 2005). Intriguingly, while S6K1 and 4EBP1 phosphorylation are inhibited by 
rapamycin, only S6K1 inhibition is persistent. 4EBP1 phosphorylation re-emerges after 6 hours 
of rapamycin treatment in a rapamycin-insensitive manner and is completely re-phosphorylated 
after 12 hours of treatment, suggesting the involvement of a mTORC1-independent kinase in the 
regulation of 4EBP1 that compensates for the sustained mTORC1 inhibition (Choo et al., 2008).
Insulin and amino acids stimulate 4EBP1 binding to Raptor and mTOR leading to the induction 
of	phosphorylation	of	all	four	sites	and	the	subsequent	release	of	4EBP1	from	Raptor	and	eIF4E	
(Dunlop et al., 2009; Rapley et al., 2011; Wang et al., 2006). The binding of 4EBP1 to Raptor is 
mutually	exclusive	with	S6K	and	PRAS40	(Rapley	et al., 2011). The role of Rheb in the regulation 
of binding of 4EBP1 to mTORC1 is not completely elucidated, since the Tamanoi lab reported that 
RhebGTP has a significant enhancing effect on the this binding (Sato et al., 2009) and the Avruch 
and Lawrence, Jr. labs reported that RhebGTP is not involved in the regulation of 4EBP1 activity or 
the binding of 4EBP1 to mTOR and Raptor (Rapley et al., 2011; Wang et al., 2006).
Recently, two studies were published in which ribosome profiling was performed on human 
prostate cancer cells (PC3) and MEFs treated with the mTOR kinase inhibitors Torin1 and PP242, 
which inhibit both mTORC1 and mTORC2 (Hsieh et al., 2012; Thoreen et al., 2012). Ribosome pro-
filing was used as an unbiased approach to determine active translation of mRNA. Both studies 
reported that interference with mTOR signalling affects predominantly mRNAs with a terminal 
oligopyrimidine tract (TOP) and/or a pyrimidine-rich translational element (PRTE) in their 5’UTR 
(85-89% of total), which code mainly for ribosomal proteins. This makes the presence of one of 
these	sequences	a	strong	predictor	for	mTORC1	sensitivity	of	the	mRNA.	It	was	shown	that	the	
effects of mTOR inhibition by PP242 are largely at the level of translation initiation and not elon-
gation and mainly through 4EBPs. These data suggest that most of the effects of mTOR signalling 
on translation are through 4EBPs and not S6Ks.

mTORC1-mediated regulation of de novo pyrimidine synthesis

Another way in which mTORC1 controls cell proliferation is via the synthesis of nucleotides, es-
pecially pyimidines essential for S-phase progression. Recently, two independent labs showed via 
quantitative	phosphoproteomics	and	metabolic	profiling	that	mTORC1	stimulates	the	production	
of new nucleotides to increase DNA and RNA synthesis in the control of ribosome biogenesis 
and cell proliferation (Ben-Sahra et al., 2013; Robitaille et al., 2013). No effect of mTORC1 was 
seen on purine synthesis. This effect of mTORC1 is via S6K, which phosphorylates and activates 
the	enzyme	that	catalyzes	the	first	three	steps	in	de novo pyrimidine synthesis, CAD (carbamoyl-
phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase). A model is suggested 
in	which	mTORC1	catalyzes	the	first	three	steps	of	de novo pyrimidine synthesis and delays the 
transcriptional	 activation	 of	 the	 pentose	 phosphate	 pathway,	which	 produces	 the	 enzyme	 re-
quired	for	a	late	step	in	de novo pyrimidine synthesis, PRPP (5-phosphoribosyl-1-pyrophosphate).
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mTORC1-mediated regulation of metabolism
Since	cell	growth	cannot	occur	without	 the	metabolic	processes	 that	are	required	 for	 the	syn-
thesis of macromolecules, it is not surprising that mTORC1 is involved in the regulation of these 
metabolic processes. These downstream effects of mTORC1 signalling are largely regulated via 
the activation of transcription factors by mTORC1 (Figure 8).

Stimulation	of	glycolysis	and	angiogenesis	via	HIF1α

HIF1α	 is	a	master	 transcriptional	 regulator	of	oxygen	homeostasis.	Under	normoxic	conditions	
HIF1 levels are regulated via the Von Hippel-Lindau (VHL) tumor suppressor protein, which 
marks	 hydroxylated	HIF1α	 for	 degradation	 via	 ubiquitylation.	 Under	 hypoxic	 conditions	HIF1α	
is	 stabilized	 and	 binds	 the	 constitutively	 expressed	 HIF1β	 to	 form	 an	 active	 HIF	 transcription	
regulating	complex.	This	complex	induces	the	expression	of	target	genes	that	lead	to	metabolic	
adaptation of the cell (reviewed in Chapter 4) or stimulation of angiogenesis via the induction 
of transcription of VEGF (O’Hagan et al.,	2009).	HIF1α	mRNA	and	protein	levels	are	increased	in	
TSC2-/- cells through the effect of mTORC1 on 4EBP1. In addition, genes involved in the regulation 

Figure 6: Structure and downstream targets human p70 S6K1. 6A. Structure p70 S6K1. At the top of the p70 S6K1 
structure are the kinases involved in the regulation of S6K1. The phosphorylated sites are indicated with a yellow bal-
loon. Raptor interaction of S6K1 is via TOS motif. NTD; N-terminal domain, CTD; C-terminal domain, HM; Hydrophobic 
motif,	TM;	Turn	motif,	NLS;	Nuclear	localization	signal.	6B. Downstream targets of S6K1. Proteins activated or inhibited 
by S6K1 are indicated. Activation of S6K1 leads to stimulation of translation initiation, translation elongation, mRNA 
processing,	cell	size,	cell	growth	and	protein	synthesis.	Inhibitory	actions	of	S6K1	are	on	survival	and	PI3K/PKB	signaling.	
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of glycolysis are induced in these cells, like Glut1, which leads to increased glucose uptake, LDHA, 
which convert pyruvate to lactate, and PDK1, which inactivates pyruvate dehydrogenase (Düvel 
et al.,	2010).	Therefore,	it	seems	that	mTORC1	has	a	dual	role	in	the	activation	of	HIF1α	under	
hypoxic	conditions.	It	stabilizes	the	protein	that	is	already	present	in	the	cytoplasm	and	it	induces	
its protein levels via the induction of translation.

Stimulation	of	mitochondrial	biogenesis	via	YY1/PGC1α

One	of	the	master	regulators	of	mitochondrial	biogenesis	is	the	PPARγ	co-activator	PGC1α.	Trans-
criptional	 complexes	 that	 contain	 PGC1α	 control	mitochondrial	 oxidative	 function	 to	maintain	
energy	homeostasis	in	response	to	nutrients	and	hormonal	signalling.	PGC1α	in	skeletal	muscle	
improves	metabolic	responses	by	increasing	mitochondrial	mass	and	enhancing	oxidative	capa-
city	(Wenz	et al.,	2008,	2009).	PGC1α	acts	in	a	complex	with	mTORC1	and	the	YY1	transcription	
factor (Cunningham et al., 2007; Romanino et al., 2011). It was shown that mTOR-mediated 
phosphorylation	of	YY1	 induced	the	 interaction	of	YY1	with	PGC1α,	 thereby	directly	activating	
gene	expression	of	mitochondrial	genes	involved	in	oxidative	function	(Blättler	et al., 2012). Intri-

Figure 7: Structure and downstream effect of human 4EBP1. 7A. Structure of human 4EBP1. At the top of the struc-
ture are the mTORC1 regulated phosphorylation sites. The phosphorylated sites are indicated with a yellow balloon. 
Raptor interaction of 4EBP1 is via TOS motif. 7B. Downstream effect of 4EBP1. Phosphorylation of all four phosphory-
lation sites of 4EBP1 induces the release of eIF4E which function is inhibited by binding to 4EBP1. Once released eIF4E 
will	bind	to	the	scaffold	complex	eIF4G	and	induce	cap-dependent	mRNA	translation	initiation.
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guingly,	PGC1α	stabilizes	the	HIF1α	protein	and	thereby	induces	HIF1α	target	genes	to	adapt	to	
the	increased	oxygen	demand	that	is	required	for	ATP	generation	after	mitochondrial	biogenesis	
(O’Hagan et al.,	2009).	In	addition,	PGC1α-stimulated	HIF1α	transcriptional	activity	leads	to	the	
induction	of	genes	involved	in	angiogenesis,	and	will	thus	reduce	the	limiting	oxygen	supply	to	
the	hypoxic	tissue.

Regulation of lipid metabolism

Various roles for mTORC1 in the control of lipid metabolism have been reported. Control of lipid 
metabolism involves regulation of anabolic and catabolic processes. The anabolic processes are 
lipogenesis and adipogenesis in which AcetylCoA is converted to free fatty acids. These free fatty 
acids are then esterified by glycerol to generate triacylglycerol (TAG) which is stored as energy 
source. In order to use these lipid storages as energy sources, TAG can be converted to free fatty 
acids	and	AcetylCoA	by	the	catabolic	processes	of	lipolysis	and	β-oxidation,	respectively.	mTORC1	
stimulates these anabolic processes and inhibits these catabolic processes as described in more 
detail below (Figure 8).

Stimulation of lipogenesis via SREBP

In	the	same	screen	that	identified	HIF1α	as	a	downstream	target	of	mTORC1,	the	sterol	regula-
tory element-binding protein (SREBP) was reported as a downstream target. SREBP is a master 
regulator of transcription of genes involved in de novo lipid and sterol biosynthesis (Düvel et al., 
2010).	However,	the	exact	mechanism	by	which	mTORC1	regulates	SREBP	function	is	unknown.	
SREBP is involved in mTORC1-mediated cell growth, since knockdown of SREBP attenuated this 
growth.	In	addition,	nuclear	accumulation	of	SREBP	and	subsequent	SREBP-induced	gene	trans-
cription is blocked by rapamycin (Porstmann et al., 2008). Furthermore, mTORC1 regulates SREBP 
gene transcription, promoter activity and nuclear SREBP protein abundance via the regulation of 
another transcription factor involved in lipid and sterol biosynthesis, Lipin-1. This transcription 
factor is translocated to the nucleus upon mTORC1 activation, where it induces SREBP transcrip-
tion (Peterson et al., 2011).

Stimulation of adipogenesis via PPARγ

Adipose tissue is important for energy homeostasis, lipid metabolism and insulin action. The 
peroxisome	proliferator-activated	receptor	gamma	(PPARγ)	 is	a	key	player	 in	adipogenesis,	 the	
process of cell differentiation by which pre-adipocytes become adipocytes. This transcription fac-
tor is involved in the induction of transcription of adipogenic genes and the maintenance of the 
differentiated state of the adipocytes. Differentiated adipocytes secrete a wide range of factors 
involved in energy homeostasis. It is proposed that nutrients and insulin stimulate mTORC1 acti-
vity,	which	in	turn	induces	the	expression	and	transactivation	of	PPARγ,	since	rapamycin	blocks	
these latter processes (Kim and Chen, 2004). At the same time, insulin-induced inhibition of the 
PKB	 target	 FoxO1,	 releases	 the	 inhibitory	 effect	 on	 PPARγ	 gene	 transcription,	 thereby	 further	
increasing	transcription	of	PPARγ.

Inhibition of lipolysis via the lipases ATGL, HSL and LPL

When energy is limiting, TAG is needed to provide free fatty acids to be used as energy source. 
TAG is converted by the adipose triglyceride lipase (ATGL) to diacylglycerol (DAG), which is con-
verted to monoacylglycerol (MAG) by hormone sensitive lipase (HSL). MAG is finally converted 
to free fatty acid and glycerol by MAG lipase. Furthermore, TAG in circulating very low density 
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lipoproteins	(VLDL)	is	hydrolyzed	by	lipoprotein	lipase	(LPL)	to	stimulate	conversion	to	low	den-
sity lipoprotein (LDL). When energy sources are not limiting, mTORC1 promotes the storage of 
lipoproteins via the activation of LPL and the inhibition of ATGL and HSL (Chakrabarti et al., 2010; 
Ricoult and Manning, 2013; Soliman, 2011).

Inhibition of β-oxidation 

The free fatty acids generated via lipolysis are transferred to the inner mitochondrial mem-
brane	and	oxidixed	to	AcetylCoA	(β-oxidation)	to	fuel	the	TCA	cycle.	Inhibition	of	mTOR	increa-
ses	 β-oxidation	 and	 the	 production	 of	 free	 fatty	 acids.	 In	 addition,	 S6K1-/-	mice	 show	 a	 lean	
phenotype	 due	 to	 increased	 β-oxidation	 (Singh	 et al., 2009; Um et al., 2004). This inhibitory 
effect	of	mTORC1	on	β-oxidation	suggests	another	way	of	promoting	lipid	storage.	In	contrast,	as	
described previously, mTORC1 has a stimulatory effect on mitochondrial biogenesis which leads 
to	an	increase	in	β-oxidation	(Cunningham	et al., 2007).

Stimulation of lipid transport via LDLR

A final mode of regulation of lipid storage by mTORC1 is via the upregulation of the LDL receptor 
(LDLR),	which	is	required	for	the	uptake	of	LDL	from	plasma	into	the	liver	and	peripheral	tissues.	
The	expression	of	LDLR	is	under	the	control	of	SREBP	(Streicher	et al., 1996). In addition, mTORC1 
represses	the	expression	of	the	proprotein	convertase	PCSK9,	which	stimulates	the	degradation	
of LDLR (Ai et al., 2012). Repression of PCSK9 by mTORC1 will thus also lead to an increase in LDLR 
levels and stimulation of lipid transport.

Figure 8: mTORC1-mediated regulation of metabolism. Various metabolic processes have been reported to be affec-
ted	by	mTORC1.	mTORC1	has	a	stimulatory	effect	on	glycolysis	and	angiogenesis	via	the	regulation	of	HIF1α.	mTORC1	
is	involved	in	mitochondrial	biogenesis	via	the	regulation	of	the	transcriptional	complex	PGC1α-YY1.Lipid	metabolism	
is	regulated	by	mTORC1	via	inhibition	of	the	catabolic	processes	lipolysis	and	β-oxidation	and	stimulation	of	the	ana-
bolic processes lipogenesis, adipogenesis and esterification.
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mTORC1-mediated effects on autophagy
Macroautophagy (autophagy) is the selective degradation of cellular components. Under nutrient 
starved conditions autophagy is used as an alternative energy generating process. Autophagy is 
the process in which a double membrane is formed around the organelle or protein destined 
for degradation, called the autophagosome. The starvation-induced autophagosome biogenesis 
consists of multiple steps. The first step is the dephosphorylation of inhibitory mTOR-dependent 
sites	on	the	Ulk1-Atg13-FIP200	complex	(Ulk1	complex).	This	step	is	followed	by	the	autophos-
phorylation	of	this	complex	and	the	subsequent	assembly	with	Atg101.	The	third	step	is	the	acti-
vation	of	the	autophagy	complex	Beclin1-Atg14L-Vps34-Vps15.	The	last	step	is	the	recruitment	of	
the Atg16-Atg5/12 component of the isolation membrane elongation machinery. Ultimately, the 
autophagosomes are transported through the cell to the lysosomes. Fusion of these two organel-
les leads to the degradation of the content of the autophagosome by lysosomal hydrolases. The 
role of mTORC1 signalling in the regulation of mitochondrial specific autophagy, mitophagy, is 
discussed in more detail in Chapter 4.

Molecular mechanism of mTORC1-controlled autophagosome biogenesis

Ulk1	is	required	for	efficient	amino	acid	starvation-induced	autophagy	(reviewed	in	(Kundu,	2011;	 
Roach, 2011)). Under nutrient-rich conditions mTORC1 negatively regulates autophagy by phos-
phorylating and thereby inactivating Ulk1 and its binding partner Atg13. Under these conditions 
the	Ulk1	complex	associates	with	mTORC1	via	interacting	with	Raptor.	Under	nutrient-poor	con-
ditions, AMPK will be activated and directly phosphorylate Raptor in a LKB1-dependent manner, 
leading	 to	 the	binding	of	14-3-3	proteins	 to	Raptor	and	subsequent	 inhibition	of	mTORC1	and	
the	release	of	the	Ulk1-complex	from	mTORC1.	This	latter	release	facilitates	the	AMPK-regulated	
activation of autophagy by phosphorylating and activating Ulk1.

Perspective
Cancer is the uninhibited proliferation of cells in suboptimal nutrient conditions. Type 2 Diabetes 
is the inability of the body to correctly respond to nutrients and correctly use and store energy. 
Aging	 and	 neurodegenerative	 diseases	 are	 characterized	 by	 a	 defect	 in	 clearance	 of	 cellular	
content. In all these different disorders mTORC1 has been implicated (reviewed in (Laplante 
and Sabatini, 2012; Zoncu et al., 2011a)). Therefore, the complete understanding of amino acid 
regulated mTOR signalling could not only lead to better understanding of nutrient and lysosomal 
related diseases (Efeyan et al., 2012; Zoncu et al., 2011a), but also lead to new therapeutic targets 
in cancer. In addition, the complete elucidation of mTOR signalling will also help in targeting other 
diseases.	For	example,	the	role	of	mTOR	signalling	in	mitochondrial	function	and	mitochondrial	
diseases,	like	Parkinson’s,	Alzheimer’s	and	Huntington’s	disease,	could	shed	light	on	the	molecu-
lar mechanism behind these diseases and maybe new therapeutic strategies (Liesa et al., 2009; 
Schapira, 2012). It is therefore clear that complete understanding of mTOR signalling is of great 
importance for the clinic.
In human cancers are often mutations in components of the mTOR signalling pathway found 
that	lead	to	the	development	of	various	cancer	syndromes.	For	example,	inactivating	mutations	
in	LKB1	 lead	to	Peutz-Jegher’s	syndrome	characterized	by	the	development	of	hamartomatous	
polyps in the intestinal tract (Hemminki et al., 1997; Jenne et al., 1998). Inactivating mutations 
in	either	TSC1	or	TSC2	are	the	cause	of	Tuberous	Sclerosis	characterized	by	the	development	of	
hamartomas in multiple organs (Borkowska et al., 2011; Dabora et al., 2001). In addition, loss 
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of PTEN is very common in e.g. prostate and endometrial cancer (Li, 1997; Steck et al., 1997), 
activating mutations in PI3K are often found in human cancers (Jaiswal et al., 2009; Parsons et al., 
2008; Sun et al.,	2010)	and	overexpression	of	Rheb	is	found	in	some	human	lymphomas	(Mavrakis	
et al., 2008) and prostate cancers (Nardella et al., 2008). Finally, activating single amino acid 
changes in mTOR itself are detected in human cancers (Sato et al., 2010). Besides all these onco-
genic	mutations	within	the	PI3K-pathway,	approximately	30%	of	human	tumors	harbor	activating	
mutations in one of the three Ras isoforms, KRas, NRas or HRas. These activating mutations make 
these small GTPases resistant for GTP hydrolysis by their GAPs. Activation of Ras GTPases leads 
to the constitutive activation of the MAPK pathway and the PI3K pathway. Major problems in the 
treatment of these cancers are the lack of tumor specificity of the drugs and the development of 
drug	resistance	in	patients.	Farnesyltransferase	inhibitors	(FTIs)	are	used	to	block	the	localization	
of Ras proteins to the plasma membrane (reviewed in (Basso et al., 2006)). However, FTIs target 
all farnesylated proteins and not only Ras and in the case of Kras and NRas geranylgeranylation 
substitutes	for	the	loss	of	farnesylation.	Plasma	membrane	localization	of	Ras	can	also	be	blocked	
with farnesylthiosalicylic acid (FTS), which competes for binding to the plasma membrane with 
oncogenic Ras via binding to Ras-escort proteins (reviewed in (Blum et al., 2008)). Clinical trials 
with this latter drug are promising. Intriguingly, FTSs and FTIs have both been shown to inhibit 
mTOR signalling (McMahon et al., 2005). For FTSs, the effect could be due to the disruption of 
complex	formation	of	mTORC1	and	thereby	mTOR	kinase	activity,	since	addition	of	FTS	decrea-
ses the amount of Raptor bound to mTOR. For the FTIs, it could be that this effect is due to 
inhibition of membrane targeting of Rheb, since no proteins in mTORC1 are prenylated. Indeed, 
it has been shown that inhibition of Rheb by a FTI is responsible for the anti-tumor effect of this 
drug in PTEN-deficient tumors (Mavrakis et al., 2008). Rheb is an interesting target for FTIs, since 
geranylgeranylation of Rheb is unable to substitute for farnesylation (Hanker et al., 2010) and will 
therefore be less susceptible to the development of drug resistance. In addition, Rheb inhibition 
with FTIs in TSC-deficient cells in vitro shows promising results on the inhibition of serum-free and 
anchorage-independent growth of these cells (Gau et al., 2005). These results suggest that Rheb 
inhibition with a FTI is a potential therapeutic strategy for the treatment of Tuberous Sclerosis. 
It	should	be	kept	in	mind	that	drawbacks	of	inhibiting	mTOR	signalling	could	be	the	subsequent	
induction of autophagy is a mechanism against cell death and will not lead to the reduction of 
tumors. In addition, interfering in mTOR signalling can lead to the induction of a feedback mecha-
nism	(box	4)	that	reduces	the	effectiveness	of	the	drug,	or	inhibition	can	lead	to	drug	resistance	
by the development of activating mutations in PI3K and MAPK. Even dual inhibition of PI3K and 
mTOR can lead to increased MAPK signalling (Beauchamp and Platanias, 2012).
The work described in this thesis is performed to get a more complete understanding of the 
mTORC1 signalling pathway. The work is focused on a more complete understanding of Rheb 
signalling to fill the gaps in the understanding of the regulation and function of this small GTPase 
in	the	cell.	Especially	the	search	for	the	existence	of	a	Rheb	GEF	and	the	role	of	Rheb	in	compart-
ments in the cell aside from the lysosomes is intriguing to understand. For that reason, we inves-
tigated the effect of Rheb depletion on cell signalling and function in Chapter 3 and Addendum 1 
in order to get closer to complete understanding of the function of Rheb in the cell. In addition, 
the	importance	of	the	lysosomes	in	Rheb	and	mTORC1	localization	and	signalling	by	amino	acids	
is reviewed in detail in Chapter 4	and	extended	 in	Chapter 5	with	the	experimental	work	that	
suggests	that	there	is	a	function	for	Rheb	in	the	cell	that	is	not	dependent	on	its	localization	on	
the	lysosomes.	And	finally,	we	performed	experimental	work	on	the	search	for	the	unknown	GEF	
for Rheb, which is described in Chapter 6 and Addendum 2. 
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Chapter 2

Abstract
mTORC1 (mammalian target of rampamycin complex 1) is a highly conserved protein complex 
regulating cell growth and metabolism via its kinase mTOR (mammalian target of rapamycin). 
The activity of mTOR is under the control of various GTPases, of which Rheb and the Rags play a 
central role. The presence of amino acids is a strict requirement for mTORC1 activity. The hete-
rodimeric Rag GTPases localize mTORC1 to lysosomes by their amino-acid-dependent interaction 
with the lysosomal Ragulator complex. Rheb is also thought to reside on lysosomes to activate 
mTORC1. Rheb is responsive to growth factors, but, in conjunction with PLD1 (phospholipase D1), 
is also an integral part of the machinery that stimulates mTORC1 in response to amino acids. In 
the present article, we provide a brief overview of novel mechanisms by which amino acids affect 
the function of Rags. On the basis of existing literature, we postulate that Rheb is activated at 
the Golgi from where it will travel to lysosomes. Maturation of endosomes into lysosomes may 
be required to assure a continuous supply of GTP-bound Rheb for mTORC1 activation, which may 
help to drive the maturation process.

Introduction
mTORC1 (mammalian target of rapamycin complex 1) is a major regulator of cell growth and 
metabolism, controlling diverse processes including protein synthesis, ribogenesis, mito-
chondrial capacity and autophagy [1]. In mammals, mTORC1 consists of the serine/threonine 
kinase mTOR (mammalian target of rapamycin), mLST8 (mammalian lethal with sec-13 protein 
8), raptor (regulatory associated protein of mTOR) and PRAS40 (proline-rich Akt substrate of 40 
kDa). Raptor functions both as a scaffolding protein by interacting with mTOR substrates and as 
a regulatory unit for mTOR. The role of mLST8 is less well understood. The crucial function of 
mTOR requires sophisticated mechanisms of regulation that will result in activity levels tailored 
to meet themetabolic requirements of a cell under various conditions. Activation of mTORC1 
seen following stimulation of cells with growth factors and especially the insulin pathway has 
been well characterized. Active mTORC1 has multiple substrates that include p70 S6 kinase and 
4E-BP1 (eukaryotic initiation factor 4E-binding protein 1), which stimulate protein translation 
via distinct mechanisms [2]. In contrast, various cellular stresses such as nutrient deprivation or 
hypoxia strongly decrease mTORC1 activity. In general, the signalling pathways that sense cellular 
stress are dominant over growth factor signalling, thus preventing cell growth under unfavou-
rable conditions. A classical example is the observation by Hara et al. [3] that insulin-mediated 
activation of mTORC1 is prevented in cells depleted of amino acids. Remarkably, lack of amino 
acids does not interfere in the activation of upstream elements of the insulin pathway such as 
the insulin receptor itself or the serine/threonine kinase PKB (protein kinase B). In the presence 
of amino acids, PKB activates mTOR indirectly by inhibiting TSC (tuberous sclerosis complex) 
1/2 [4,5]. This complex consists of TSC1 and TSC2, loss of which results in tuberous sclerosis, 
a disease characterized by growth of non-malignant tumours in multiple organs. TSC2 contains 
a GAP (GTPase-activating protein) domain and functions as a negative regulator of the Ras-like 
GTPase Rheb [6,7]. Like other Ras-like GTPases, Rheb is only active (i.e. functions as an activator 
of mTORC1) when bound to GTP. Cells lacking either TSC1 or TSC2 have a high level of GTP-bound 
Rheb, which results in growth factor-independent mTORC1 activity. However, when these cells 
are amino-acid-depleted, mTORC1 activity is abolished and this is not accompanied by a decrease 
in GTP-bound Rheb [8,9]. This indicates that, next to Rheb, mTORC1 requires a second input for 
its activity that signals amino acid sufficiency.



Ch
ap

te
r 

2

51

Rheb and Rags come together at the lysosome to activate mTORC1

Localizing mTOR: mechanisms via which amino acids control Rags
The search for proteins that stimulate mTORC1 in response to amino acid sufficiency resulted 
in the identification of the Rag GTPases [10,11]. The GTPases RagA and RagB form constitutive 
heterodimers with the related RagC or RagD, respectively. In the presence of amino acids, RagA/B 
GTPases become GTP-loaded and induce translocation of mTORC1 from the cytoplasm to lysoso-
mes, bringing it into close proximity of Rheb [10]. The Rags do not contain a membrane-targeting 
sequence, but are bound to lysosomes by means of the Ragulator complex. Ragulator consists 
of LAMTOR [late endosomal/lysosomal adaptor, MAPK (mitogen-activated protein kinase) and 
mTOR activator] 1, 2 and 3 [also known as p18, p14 and MP1 (MAPK scaffold protein 1)], HBXIP 
(hepatitis B virus X-interacting protein) and C7orf59. Apart from binding mTORC1, Ragulator also 
functions as the amino acid-stimulated GEF (guanine-nucleotide-exchange factor) for RagA/B that 
brings these GTPases to their active GTP-bound state [12]. In order to stimulate the GEF activity 
of Ragulator, the lysosomal v- ATPase (vacuolar ATPase), to which it is coupled, needs to undergo 
a conformational change that is induced by accumulation of amino acids inside lysosomes. Sup-
porting evidence for this inside-out mode of regulation comes from the use of v-ATPase inhibitors 
and overexpression of the lysosomal amino acid exporter SLC36A1 (solute carrier 36A1)/PAT1 
(proton-coupled amino acid transporter 1) ([13], and see [14] for a review).
Among the amino acids that are important for mTORC1 activation, leucine is special in that it is 
sufficient to strongly activate mTORC1 in cells deprived of amino acids. This suggests that part of 
the amino-acid-sensing machinery binds leucine directly. One such molecule is LRS (leucyl-tRNA 
synthetase). LRS has been proposed to interact with the Rags in yeast and to keep the homologue 
of RagA in the GTP-bound state [15], whereas, in human cells, a role as a RagD-GAP has been pos-
tulated [16]. An alternative model for the role of leucine comes from studies on glutaminolysis. 
This process results in the production of high levels of 2-oxoglutarate (α-ketoglutarate) used to 
maintain tricarboxylic acid intermediates in mitochondria (anaplerosis) and form citrate, required 
for lipid production [17]. Glutaminolysis is especially important in rapidly growing cells such as tu-
mour cells. One of the two enzymes involved in glutaminolysis, GDH (glutamate dehydrogenase) 
is directly bound and activated by leucine, thus resulting in enhanced 2-oxoglutarate production. 
Intriguingly, addition of cell-permeant 2-oxoglutarate derivatives can specifically induce lyso-
somal translocation and activation of mTORC1 via an increase in GTP loading of RagB, but the 
underlying mechanism remains to be resolved [18]. Taken together, it appears that amino acids 
inside lysosomes as well as cytoplasmic leucine (derivatives) contribute to amino acid sensing.

Activating mTORC1: mechanisms involving Rheb
The rapid increase in mTORC1 substrate phosphorylation following stimulation of cells with insu-
lin or amino acids is critically dependent on Rheb. In the simplest model, GTP-bound Rheb either 
stimulates the kinase activity ofmTORC1 via direct interaction or induces a conformational change 
in mTORC1 that results in enhanced substrate turnover (Figure 1A). Rheb can interact with the 
N-terminal part of the mTOR kinase domain in an amino-acid-dependent manner [19,20]. Surpri-
singly, this binding is not specific for GTP-bound Rheb and, in fact, the affinity of GDP-bound and 
nucleotide-free Rheb for mTOR is higher. Using in vitro kinase assays, Long et al. [19,20] found 
mTORC1 isolated from cells co-transfected with wild-type or active mutants such as  RhebLeu64 to be 
much more active than that from cells co-transfected with mutants with a decreased nucleotide 
affinity such as RhebAsn20. However, post-lysis addition of GTP-bound Rheb to isolated mTORC1 
did not affect mTORC1's kinase activity in their hands. Also, later studies do not favour the idea 
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that Rheb increases the catalytic activity of mTOR [21]. Enhanced substrate binding to mTORC1 is 
thus an attractive alternative explanation for the action of Rheb and indeed increased binding of 
4E-BP1 to raptor can be detected in insulin-stimulated cells [22,23]. On the other hand, by apply-
ing a different immunoprecipitation protocol, the Sabatini laboratory demonstrated using in vitro 
kinase assays that GTP-bound Rheb can activate mTORC1 directly, whereas GDP-bound Rheb fails 
to do so [24]. This different procedure resulted in the maintenance of PRAS40 in mTORC1, which 
has an inhibitory activity that can be counteracted by Rheb-GTP. PRAS40 interacts with raptor via 
a so-called TOS (target of rapamycin signalling) motif that is also present in other mTORC1 sub-
strates, leading to a model in which PRAS40 prevents access of other substrates such as 4E-BP1 
[21,24,25]. However, given that knockdown of PRAS40 has no effect on mTORC1 in a variety of cell 
lines [23,26,27] and in Drosophila functions as a TORC1 (target of rapamycin complex 1) repressor 
only in oocytes [28], indicates that the picture is not yet complete (see also the discussion in [23]).
Indirect modes of mTORC1 activation by Rheb have also been described (Figure 1B) [29,30]. The 
most compelling evidence has been provided for PLD1 (phospholipase D1), which has all the 
hallmarks of an effector for Rheb: PLD1 is required for mTORC1 activation by serum or amino 
acids and interacts with Rheb in a GTP-dependent manner. This interaction leads to an increase in 
the catalytic activity of PLD1 [29]. PLD1 hydrolyses phosphatidylcholine to choline and PA (phos-
phatidic acid), which activates mTORC1 by binding to a region named FRB [FKBP12 (FK506-binding 
protein 12)–rapamycin-binding] [31]. The activity of PLD1 following serum stimulation is depen-
dent on amino acids [29,32]. In addition, replenishing cells starved for amino acids is sufficient 
to stimulate PLD1. The class III PI3K (phosphoinositide 3-kinase) VPS34 (vacuolar protein sorting 
34) functions upstream of PLD1 in this response [33]. VPS34, which had previously been shown 
to be responsive to amino acid stimulation, catalyses the formation of PtdIns3P [8,34]. Although 
there has been some debate on the importance of VPS34 (see [35] for a review), amino-acid-
induced mTORC1 activity is compromised in VPS34-deficient mouse embryonic fibroblasts [36]. 

Figure 1: Modes of mTORC1 activation by Rheb. 1A. Direct mode of mTORC1 activation by Rheb depends on the in-
teraction of Rheb with the kinase domain of mTOR. This may result in either an enhanced catalytic activity of mTOR or 
an increase in substrate turnover by changing the conformation of the entire complex. 1B. Indirect mode of mTORC1 
activation via PLD1. PLD1 is translocated to lysosomes via an interaction of its PX domain with PtdIns3P (PI-3P) pro-
duced by VPS34. Here it engages with Rheb in a GTP-dependent interaction with PLD1, which results in enhanced PA 
production. PA binding to mTOR enhances its activity.
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Remarkably, mTORC1 appears to be fully functional in these cells when grown in the presence 
of serum. PtdIns3P produced by VPS34 is a ligand for the PX (Phox homology) domain present 
in PLD1 and increases the catalytic activity of PLD1. In addition, PtdIns3P targets PLD1 to late 
endosome/lysosomes. Although this phospholipid is more abundant on early endosomes, it has 
also been detected on late endosomes/lysosomes [37]. The selective translocation of PLD1 to 
late endosomes/lysosomes may depend on the simultaneous interaction with GTP-bound Rheb. 
The VPS34/PLD1/PA pathway operates in parallel to the Rag GTPases. Indeed, when mTORC1 is 
constitutively targeted to lysosomes by expression of activated Rags, amino acids induce a further 
increase in mTORC1 activity [33].

The lysosome: the place to be for Rheb?
Activation of mTORC1 by Rheb at the lysosomal surface via amino-acid-dependent interactions 
of raptor with GTP-bound RagA/B provides the framework for understanding the role of amino 
acids. Rheb can interact directly with endomembranes by means of a C-terminal CAAX-box motif 
in which the cysteine residue becomes farnesylated [38]. In contrast with most other Ras-like 
GTPases, the C-terminus of Rheb lacks a second membrane-targeting signal such as a polybasic 
region or palmitoylated cysteine residues [39]. As a consequence, the association of Rheb with 
endomembranes is weak compared with other Ras family members. This loose association may 
underlie the different outcomes of immunofluorescence studies on the subcellular localization of 
overexpressed tagged versions of Rheb. In addition, detection of Rheb in fixed or permeabilized 
cells can differ from that in live-cell imaging (e.g. [40,41]). Various studies reported the presence of 
Rheb on the Golgi, ER (endoplasmic reticulum) and cytoplasmic vesicles ([41–43], and F.J.T. Zwart-
kruis and M.J. Groenewoud, unpublished work). On the basis of the use of a Golgi-targeted Rheb 
isoform and application of the Golgi-apparatus-disrupting drug brefeldin A, Buerger et al. [40] 
proposed that Rheb signals at the Golgi. However, Hanker et al. [42] demonstrated that the loca-
lization of Rheb was altered in cells lacking the enzymes for proper CAAX-box processing without 
affecting its capacity to stimulate mTORC1. A drawback of these studies is that the functionality of 
Rheb is tested in an overexpression setting. Under these conditions, Rheb becomes GTP-loaded, 
possibly by limiting amounts of TSC1/2, and is less dependent on its subcellular localization [44]. 
Lysosomal localization of Rheb was first suggested on the basis of partial co-localization with 
the late endosome marker Rab7 and vesicles marked by lysosome-specific compounds such as 
LysoTracker [45]. Rab7 also marks the compartment where mTORis situated in the presence of 
amino acids, supporting the notion that Rheb activates mTOR on lysosomes [10]. Taken together, 
it seems unlikely that Rheb is restricted to late endosomes/lysosomes, but these organelles may 
well be the single membrane-limited compartment where the local concentrations of mTOR and 
Rheb are high enough for a functional interaction. Since overexpression results in accumulation 
of Rheb at the ER/Golgi as well as GTP loading, it is plausible that Rheb is activated at this site. The 
existence of a membrane-bound GEF is consistent with the fact that overexpressed Rheb lacking 
an intact CAAX-box is less GTP-bound than wildtype Rheb [46]. 
It is clear that the CAAX-box of Rheb is required for efficient signalling in mammalian cells [40,42], 
consistent with findings in yeast [47]. If the weak membrane association of Rheb does serve a 
special function, it remains to be seen, but various options can be envisaged. First, Rheb may 
leave the lysosomes in complex with mTORC1 to keep it active at sites where mTORC1 has been 
reported to function, such as ribosomes [48]. Alternatively, rapid association to and dissociation 
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from lysosomes could be important for regulation of Rheb. For example, the intrinsic guanine-
nucleotide-exchange rate of Rheb increases upon membrane dissociation [49], but it is unclear 
whether this overcomes the requirement for a Rheb-GEF. The negative regulator of Rheb, TSC1/2, 
is present on lysosomes [50], suggesting that dissociation from lysosomes is not necessary to 
terminate Rheb signalling.
The maintenance of a functional endosomal/lysosomal pathway requires adaptation of the dyna-
mics of fusion and maturation of vesicles derived from various sources including the Golgi. Golgi 
vesicles will supply late endosomes and lysosomes with new hydrolases to degrade their contents, 
but may simultaneously target surface-located Rheb into the endosomal/lysosomal pathway [51]. 
This is compatible with the observation that interfering with the maturation of early and late 
endosomes, e.g. by altering the expression or regulation of Rabs involved in this process, affects 
mTORC1 activation. Reciprocally, mTORC1 pathway components signal back to adapt the capacity 
of the endosomal/lysosomal system to metabolic supplies and demands. For example, mTOR 
may function in the maturation of lysosomes [52], whereas Rheb has been hypothesized to target 
the amino acid transporter PAT1 from the cell surface to lysosomes [53]. PAT1 is able to promote 
cell growth and activate mTORC1 [54]. Like the v-ATPase, PAT1 interacts with the Rags, and it 
is possible that the extralysosomal flux of amino acids via PAT1 rather than the intralysosomal 
concentration is the signal that impinges on the Rags. A drawback of this model, however, is that 
PAT1 does not transport leucine, which would be expected for an amino acid sensor. Nonetheless, 
mislocalization of amino acid transporters is more frequently seen in relation to mutations in 
the TOR (target of rapamycin) pathway. In fission yeast, loss of tsc2 causes mislocalization of the 
amino acid transporter cat1. In budding yeast, the Rag orthologues Gtr1p and Gtr2p function in 
the localization of the amino acid transporter GAP1 (general amino acid permease 1) [55] and 
amino-acid-mediated TORC1 activation [56], indicating that many aspects of mTOR regulation 
are highly conserved during evolution. Phylogenetic analysis suggests that Rheb and the Rags are 
strongly linked during evolution (M.J.Groenewoud, T.J.P. van Dam and F.J.T. Zwartkruis, unpublis-
hed work). However, a further unravelling of the molecular mechanisms of amino acid sensing is 
required to understand better the spatiotemporal control of mTORC1 among various organisms.
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Abstract
The Ras-like GTPase Rheb has been identified as a crucial activator of mTORC1. Activation most 
likely requires a direct interaction between Rheb and mTOR, but the exact mechanism remains 
unclear. Using a panel of Rheb-deficient mouse embryonic fibroblasts (MEFs), we show that Rheb 
is indeed essential for the rapid increase of mTORC1 activity following stimulation with insulin 
or amino acids. However, mTORC1 activity is less severely reduced in Rheb-deficient MEFs in the 
continuous presence of serum or upon stimulation with serum. This remaining mTORC1 activity 
is blocked by depleting the cells for amino acids or imposing energy stress. In addition, MEK 
inhibitors and the RSK-inhibitor BI-D1870 interfere in mTORC1 activity, suggesting that RSK acts 
as a bypass for Rheb in activating mTORC1. Finally, we show that this rapamycin-sensitive, Rheb-
independent mTORC1 activity is important for cell cycle progression. In conclusion, whereas rapid 
adaptation in mTORC1 activity requires Rheb, a second Rheb-independent activation mechanism 
exists that contributes to cell cycle progression.

Introduction
The mTORC1 complex plays a vital role in adapting cellular metabolism of mammalian organisms 
to changing conditions like progress through development, food intake, prolonged starvation or 
acute stress (reviewed in [1]). Information about the availability of nutrients and growth factors is 
integrated by various proteins present in mTORC1 and transmitted via the kinase activity of mTOR 
(reviewed in [2]). In mammalian cells, two functionally distinct protein complexes, mTORC1 and 
mTORC2, exist that share mTOR and LST8 as subunits. Raptor and PRAS40 are unique for mTORC1. 
The best-studied mTORC1 substrates are p70 S6 kinase1 (S6K) and 4E-BP1. S6K is activated upon 
phosphorylation by mTORC1 and its activity is crucial for cell growth. 4E-BPs inhibit translation 
(reviewed in [3]) and proliferation by binding to the eukaryotic initiation factor eIF4E. mTORC1-
mediated phosphorylation leads to a release of 4E-BP from eIF4E, overcoming this inhibition [3,4]. 
Multiple inputs emanating from various signaling pathways underlie the complex upstream regu-
lation of mTORC1. The Ras-like GTPase Rheb is, when GTP-bound, a strong activator of mTORC1 
[5,6]. This GTPase is under the negative control of the heterodimeric tumor suppressor complex 
TSC1/TSC2. TSC2 harbors a GTPase activating protein (GAP) domain that normally drives Rheb 
into the inactive GDP-bound state. Insulin receptor signaling downregulates TSC2 GAP-activity 
via direct phosphorylation of TSC2 by the phospatidylinositol-3-phosphate dependent kinase 
PKB [7,8]. Other kinases like ERK and RSK have also been shown to phosphorylate and thereby 
negatively regulate TSC2 [1]. Conversely, when energy supplies are limited a rise in AMP levels 
will activate the kinase AMPK that increases TSC2 activity [9]. The importance of TSC1/TSC2 in 
the control of mTORC1 is revealed in tuberous sclerosis patients, where functional loss of either 
TSC1 or TSC2 results in non-metastatic tumors (reviewed in [10]). Indeed, in cells lacking TSC2 the 
fraction of GTP-bound Rheb is very high [11], which leads to constitutive mTORC1 activity. 
Raptor in the mTORC1 complex functions as a scaffold protein that by binding to so-called TOS-
motifs in substrates like S6K and 4E-BP1 enhances their phosphorylation by mTORC1 [12]. A 
regulatory function for Raptor has also been suggested [13]. For example, TSC2 deficient cells 
remain sensitive to energy stress via phosphorylation of Raptor by AMPK, which inhibits mTORC1 
[14]. Phosphorylation of Raptor at multiple, different residues by RSK [15] or ERK [16] on the 
other hand has been shown to positively regulate mTORC1. For ERK, these sites include S863 
that acts like a priming site required for further phosphorylation of Raptor. However, this site has 
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also been reported as a direct mTOR-phosphorylation site, indicating that mTOR, once activated, 
may influence the activity of the complex in which it resides [17,18]. PRAS40 is another mTORC1 
complex member that has been proposed to act as a negative regulator of mTORC1 via binding 
to Raptor [19,20]. Release of PRAS40 is thought to be a two-step process, in which PRAS40 is 
first phosphorylated by PKB at S246 and then by mTORC1 at S183. Release of PRAS40 makes the 
TOS-binding motif in Raptor available for other substrates [21].
Apart from post-translational control, mTORC1 is also regulated by its subcellular localization. 
Depriving cells of amino acids interferes in insulin-induced mTORC1 activity even though more 
upstream components of the insulin signaling pathway are activated normally [22]. Since ele-
vated mTORC1 activity in TSC2 knockout cells can also be suppressed by amino acid starvation, 
a TSC2-independent amino acid-sensing mechanism was postulated [23]. This mechanism was 
shown to involve the dimeric Rag GTPases (RagA/B and RagC/D) [24,25].  RagA/B is GTP-loaded in 
amino acid replete cells and targets the mTORC1 complex to lysosomes, where Rheb is located.
Despite its high level of conservation during evolution [26] species-specific functions for the 
mTOR pathway have been uncovered (reviewed in [27]). Furthermore, genetic studies using 
conditional knockout mice demonstrate tissue-specific roles for the mTOR pathway [28] [29] 
[30]. A functional mTOR pathway is crucial for normal development, since targeted disruption of 
either mTOR or Raptor in mice results in early embryonic lethality [31] [32] [33]. It was therefore 
surprising that the phenotype of mice lacking Rheb was much milder compared to that of mice 
mutant for Raptor or mTOR [34] [35]. Here we set out to address the question if mTORC1 would 
still be active in the absence of Rheb using a panel of MEFs. The results demonstrate that while 
Rheb is required for the strong insulin and amino acid-induced mTORC1 activity, residual mTORC1 
activity in Rheb-deficient cells is present, which is still subject to negative regulation by energy 
stress and amino acid withdrawal. This Rheb-independent mTORC1 activity helps to drive cell 
proliferation in a rapamycin-sensitive fashion. 

Results
We recently reported that genetic disruption of the Rheb results in embryonic lethality around 
day 12 [34]. Since this phenotype is much milder than that of mTOR or Raptor deletion, this result 
suggested that mTORC1 is active in the absence of Rheb or alternatively, that other signaling 
pathways can substitute for mTORC1. Therefore, we generated MEFs lacking Rheb. Spontane-
ously immortalized MEFs derived from a conditional Rheb knockout mouse in which exon 3 is 
surrounded by lox-sites [34] were infected with increasing amounts of Cre adenovirus. Four days 
after infection cells had strongly decreased levels of Rheb (Supplementary Figure 1A). Subcloning 
of Ad-CRE-infected cells yielded both Rheb-deficient cell lines (e.g. N21, N23) and cells that had 
retained Rheb (e.g. N45, N46). Genomic analysis (Figure 1A), Q-PCR (Figure 1B, Supplementary 
Figure 1B and 1C) and Western blotting (Figure 1C and D) demonstrated the complete absence 
of functional Rheb. Analysis of protein levels of various elements from the mTOR pathway did 
not reveal significant differences (Supplementary Figure 1D). Furthermore, mTOR was normally 
localized on LAMP1-positive vesicles as detected by immunofluorescence (Supplementary Figure 
1E and 1F). As expected, insulin stimulation of Rheb-deficient cells that had been serum starved 
only marginally activated mTORC1 as determined by probing cell lysates for phosphorylation of 
T389 of S6K, which is a direct target for mTORC1 (Figure 1C, compare lane 2 and 5 with 8). Simi-
larly, mTORC1 in Rheb-deficient cells was virtually irresponsive to replenishment of amino acids 
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Figure 1. Characterization of Rheb-deficient cells (N21, N23) or control cells (N46, N45). 1A. PCR on decreasing 
amounts of genomic DNA isolated from N46 cells (Rheb+/-), in which exon 3 from a single allele has been excised 
and N23 cells (Rheb-/-), in which exon 3 from both Rheb alleles have been removed. In the positive control lane (+) a 
mixture of DNA isolated from wild type animals, animals carrying the loxP sites surrounding exon 3 and Rheb-deficient 
embryos was used. In the negative control lane (-) no input DNA was used. 1B. Q-PCR on mRNA isolated from Rheb-
positive (N45; first and third bar) and Rheb-deficient (N23; second and fourth bar) cells using primers from exon 2 and 
3 (first and second bar) or from exon 2 and 5 (third and fourth bar). 1C. Analysis of mTORC1 activity in total lysates 
by Western blotting. Cells were serum starved overnight. and left untreated, stimulated with insulin for 30 minutes 
(Ins) or depleted for amino acids for two hours and then replenished with amino acids for 30 minutes (AA). Blots were 
probed with antibodies indicated on the right. The upper three panels represent reprobes of the same blot. GAPDH 
and Rap1 were used as loading controls. The immunoblots shown are representative for at least four experiments. 
Numbers on top of immunoblots indicate ratio Rap1 over pS6K T389. 1D. Cells were serum starved overnight. and left 
untreated, stimulated with insulin for 30 minutes (Ins) or with serum. The immunoblots shown are representative of 
observations for at least two experiments. Rap1 was used as loading control. Numbers on top of immunoblots indi-
cate ratio Rap1 over pS6K T389. 1E. Overview of the PI3K and ERK pathway components converging on mTORC1 and 
indication of the inhibitors and stimuli used in this study. Arrows represent activation, squares indicate inhibition. 1F. 
Asynchronously growing cells were either left untreated or treated with various concentrations of PP242 (2, 1 or 0.25 
µM) or rapamycin (50 nM) for 60 minutes. Total cell lysates were probed with antibodies indicated on the right. The 
immunoblots shown are representative for at least two experiments. GAPDH was used as loading control. Numbers on 
top of immunoblots indicate the ratio of pS6K T389 relative to GAPDH.
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following amino acid deprivation. Probing the same lysates for phosphorylation of S6, the down-
stream target of S6K, confirmed that loss of Rheb almost completely abolished insulin and amino 
acid-induced S6K activity. As expected, Rheb containing cells showed a strong enhancement of 
S6K activity in both situations. mTORC2 was normally activated by insulin in Rheb-deficient cells 
as judged from S473 phosphorylation of PKB. Under serum starved conditions the level of S473 
was elevated as compared to Rheb-containing MEFs, most likely resulting from a lower level of 
negative feedback from S6K to IRS1 [36]. These results are in line with the documented role of 
Rheb in activating mTORC1 upon stimulation of cells with insulin or amino acids.
Strikingly, we noticed that in Rheb-deficient cells grown in the presence of serum T389 phos-
phorylation of S6K was readily detectable, albeit at a lower level than in wild type cells (Figure 1F, 
compare lane 8 with 2 and 5). To test if this reflected mTORC1 activity, cells were treated with the 
ATP-competitive TOR inhibitor PP242 or with the mTORC1 inhibitor rapamycin (see figure 1E for 
an overview of the mTORC1 pathway and inhibitors used in this study). As can be seen in figure 1F, 
both inhibitors efficiently downregulated phospho-T389 levels (compare lane 1 with 2-5 and lane 
6 to 7-10), while only PP242 affected PKB phosphorylation at S473 via inhibition of mTORC2. To 
see if other direct mTOR substrates were also phosphorylated in Rheb-deficient cells, we probed 
for phosphorylation of PRAS40 at S183. The levels of S183 PRAS40 phosphorylation correlated 
with those of S6K and were also clearly decreased by PP242 and rapamycin. PRAS40 levels were 
equal in Rheb-positive and -negative cells.
The marked degree of S6K phosphorylation in Rheb-deficient cell lines grown in serum prompted 
us to further investigate regulation of mTOR by serum. Therefore, we compared phosphorylation 
of S6 following insulin or serum stimulation of cells that had been starved of serum overnight. S6K 
activity was enhanced in both cell types following serum stimulation, although less pronounced 
in Rheb-deficient cells. In agreement with the data presented above, insulin stimulation only 
resulted in a significant increase in phosphorylation of S6 in wild type cells, while almost no effect 
was seen in Rheb-negative cells (Figure 1D). Thus, mTORC1 is still active in Rheb-deficient cells 
when grown in the continuous presence of serum or when stimulated with serum.
To further substantiate that S6K phosphorylation in Rheb-deficient cells requires mTORC1 activity, 
we knocked down Raptor by RNAi. Indeed, a clear decrease in serum-induced S6K phosphory-
lation was seen in Rheb-deficient cells (Figure 2A, compare lane 3 with 4). Another hallmark 
of mTORC1 activity is inhibition by energy stress via activation of AMPK that and subsequent 

A B

Raptor

pS6K T389

Raptor RNAi

Rheb-/- (N21) Rheb+/+ (N45)

GAPDH

pS6 S235/236

 l +  l +

  sss

 l +  l +

  sss

pS6 S235/236 
(short)

1 2 3 4 5 6 7 8

0.7 0.5 0.7 0.4 0.6 0.7 1.7 1.0

 l +  l +  l + TSC2 RNAi

pS6K T389

TSC2

Rhe
b-/

- (
N21

)

Rhe
b+

/+ 
(N

45
)

Rhe
b-/

- (
N23

)

1 2 3 4 5 6

1.1 1.51.0

Figure 2. Western blot analysis of total lysates from Rheb-deficient cells (N21) and control cells (N45). 2A. Cells 
treated with scrambled siRNA (-) or siRNA oligo’s directed against Raptor (+) were serum starved overnight (SS) or sti-
mulated with serum for 90 minutes (S). Western blots were probed with the antibodies indicated on the right. A repre-
sentative example of one out of two experiments is shown. Numbers on top of immunoblots indicate the ratio of pS6K 
T389 relative to GAPDH. 2B. Control (N45) and Rheb-deficient fibroblasts (N21, N23) were transfected with scrambled 
siRNA oligo’s or siRNA targeting TSC2. Total lysates of cells in the presence of serum were analyzed by Western blot-
ting with the antibodies indicated on the right. The immunoblots shown are representative of observations for at least 
two experiments. Numbers on top of immunoblots indicate ratio pS6K T389 in cells with TSC2 RNAi relative to control.
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phosphorylation of Raptor on S722 and S792 [14]. Therefore, cells were treated with phenformin 
or AICAR to activate AMPK. Both agents efficiently blocked T389 phosphorylation of S6K in asyn-
chronously growing MEFs (Supplementary Figure 2A, compare lane 1 with 2-3 and lane 5 with 
6-7). Also osmotic stress induced by addition of sorbitol, completely abolished mTORC1 activity 
(compare lane 1 with 4 and 5 with 8). All three compounds clearly activated AMPK as judged from 
phosphorylation of S172 and induced phosphorylation of Raptor on S792. 
One obvious explanation for the residual mTORC1 activity in Rheb-deficient fibroblast would be 
the presence of RhebL1. This protein is highly similar to Rheb, but has a much more restricted ex-
pression pattern. Although there are no indications from the literature that suggest that RhebL1 
would selectively respond to serum and not to insulin, we decided to knock down RhebL1. Knock 
down of RhebL1 using siRNA did not affect S6K activity (Supplementary Figure 2B, lane 1 versus 
2-3). Since efforts to detect endogenous RhebL1 protein in MEFs using commercial antibodies 
were unsuccessful, Q-PCR was used to judge the efficacy of RNAi (Supplementary Figure 2C). 
As an alternative, we knocked down TSC2 that has been reported to act on RhebL1 [37] to see 
if this would lead to an increased S6K phosphorylation. While T389 phosphorylation of S6K is 
enhanced by TSC2 knock-down in control cells (Figure 2B, lane 5 versus 6), no such effect is seen 
in Rheb-deficient cell lines (lane 1 versus 2 and lane 3 versus 4). Together, these data further 
underscore that S6K phosphorylation in Rheb-deficient cells is mTORC1 dependent and sensitive 
to known negatively regulatory inputs other than TSC2. To see if a similar Rheb-independent 
level of mTORC1 activity could be detected in other asynchronously growing cells, we performed 
Rheb and RhebL1 knockdown experiments in A549 cells (Supplementary Figure 2D). Despite an 
efficient knockdown of Rheb, which led to a reduction in phosphorylation of S6K T389 following 
insulin stimulation (lane 2 versus 4), a much less pronounced effect was seen in asynchronously 
growing cells (lane 7 versus 8). Additional knockdown of RhebL1 did not further decrease S6K 
phosphorylation (lane 6 and 9). These results support the idea that mTORC1 activity is partially 
Rheb-independent. 
4E-BP1 is another established mTOR target, which inhibits translation via its well-documented 
binding to eIF4E. 4E-BP1 is phosphorylated by mTOR at T37 and T46. However, in order to release 
4E-BP1 from eIF4E-binding phosphorylation of additional sites by mTOR is required, most notably 
S65 and T70. The differentially phosphorylated isoforms of 4E-BP1 can readily be separated by 
SDS-PAGE and analyzed with phosphosite-specific antibodies. In asynchronously growing control 
cells 4E-BP1 appeared as a doublet of which the highest band was most intense (Figure 3A, lane 
6). In Rheb-deficient cells 4E-BP1 antibodies recognized three distinct bands, of which the upper 
two were strongest (lane 1). Treatment with rapamycin completely shifted 4E-BP1 to the two 
fastest migrating species in Rheb-deficient cells, indicative for de-phosphorylation of the protein 
(lane 5). In control cells a fraction of 4E-BP1 remained in the upper band (lane 10), indicating 
that phosphorylation of 4E-BP1 is more resistant to rapamycin treatment compared to Rheb-
deficient cells. PP242 treatment increased the mobility of 4E-BP1 in both cell lines (lanes 2-4 
and 7-9). Probing the same lysates with phospho-specific T37/T46 anti-4E-BP1 antibody showed 
that PP242 eliminates phosphorylation at T37 and T46 in either cell line, while rapamycin was 
much less effective in blocking phosphorylation of these sites (compare lanes 2-4 with 5 and 7-9 
with 10). This is in accordance with earlier publications [38] [39] [40]. Based on literature [41], 
we expected the upper band of 4E-BP1 in Rheb-deficient cells to represent a fraction of 4E-BP1 
phosphorylated at S65 and/or T70. Phospho-specific antibodies for these sites indeed recogni-
zed bands at the expected size that disappeared following treatment with rapamycin or PP242. 
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Phosphorylation of 4E-BP1 at T46 is strongly decreased in Rheb-deficient cells as demonstrated 
with a non-phospho-T46-specific antibody. Both rapamycin and PP242 induced a further increase 
in the levels of non-phospho-T46. These data again demonstrate that mTOR activity is decreased, 
but not absent, in Rheb-deficient cells compared to control cells. To rule out that the observed 
mTORC1 activity resulted from mutations during the immortalization process, we generated a 
second series of Rheb-deficient MEFs starting with MEFs that were immortalized by expression 
of SV40 large T. Also in these cells diminished mTORC1 activity was detectable as judged from 
phosphorylation of mTORC1 substrates like S6K and 4E-BP1 (Supplementary Figure 3Aa and 3B). 
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Figure 3. Effect of mTOR inhibition on 4E-BP1. 3A. Asynchronously growing cells Rheb-deficient cells (N21) or control 
cells (N45) were either left untreated or treated with various concentrations of PP242 (2, 1 or 0.25 µM) or rapamycin 
(50 nM) for 60 minutes. Total cell lysates were probed with antibodies indicated on the right. 3B. Rheb-deficient cells 
(N21) or control cells (N45) were serum starved overnight and stimulated with insulin, serum or rapamycin as indica-
ted on the top. Alternatively cells were depleted for amino acids for two hours (-AA) after which the culture medium 
was reconstituted with amino acids (-AA +AA) for 30 minutes or serum (-AA +serum) for 90 minutes. Total lysates 
were analyzed by Western blot with the antibodies indicated on the right. 3C. Association of 4E-BP1 with eIF4E from 
Rheb-deficient (N21, N23) or Rheb-positive (N45) cells. Cells serum starved overnight and then either treated with 
rapamycin for 1 hour or depleted for amino acids for two hours. Alternatively, they were grown in complete medium 
(lanes 10-12). Subsequently, cells were lysed and eIF4E plus associating proteins were pulled down using an m7GTP-
Sepharose pull-down assay. Isolated proteins (upper two panels) and total lysates (lower three panels) were analyzed 
by Western blotting with the antibodies indicated on the right. In all cases the immunoblots shown are representative 
of observations for at least two experiments.
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Furthermore, mTORC1 activity could also be induced by serum and TPA in a rapamycin sensitive 
manner in these cells (Supplementary Figure 3A-C). 
Next, we investigated if physiological stimuli would modify 4E-BP1 phosphorylation in Rheb-
deficient MEFs. Stimulation of serum starved Rheb-deficient cells with serum or insulin had 
little effect on the motility of 4E-BP1 (Figure 3B, compare lane 1 with 2-3 and lane 8 with 9-10). 
However, depletion of amino acids clearly decreased phosphorylation of 4E-BP1 even more than 
rapamycin treatment, as judged from the increase in the fastest migrating 4E-BP1 isoform (lane 4 
versus 7 and 11 versus 14 in the 4E-BP1 panel). Add-back of amino acids did not restore 4E-BP1 
phosphorylation (lane 4 versus 5), which is in line with the observations above that amino acids 
cannot rapidly activate mTORC1 in these cells (Figure 1C, lane 3 and 6). On the other hand, serum 
stimulation did restore phosphorylation of 4E-BP1 after amino acid deprivation (Figure 3B, lane 
4 versus 6). In contrast, 4E-BP1 phosphorylation occurred in response to both amino acids and 
serum in wild type cells (lane 11 versus 12-13).
The phosphorylation status of 4E-BP1 is predictive for its association with eIF4E, whose activity 
is blocked by 4E-BP1 binding. Binding of 4E-BP1 to eIF4E was measured by isolating eIF4E with 
M7GTP-sepharose beads. In accordance with the data above, we find that in asynchronously gro-
wing Rheb-negative cells a much larger fraction of 4E-BP1 is associated with eIF4E than in control 
cells (Figure 3C, lane 10-12). This difference is also seen when cells are serum starved (lane 4 
versus 1 and 7). Rapamycin increases the fraction of eIF4E-bound 4E-BP1 in both Rheb positive 
(lane 5) and negative cell lines (lane 2 and 8), but the amount is still higher in the latter cells. Con-
sistent with the more pronounced effect of amino acid starvation on T37/T46 phosphorylation of 
4E-BP1, downregulation of mTORC1 activity by amino acid depletion results in more equal levels 
of eIF4E-bound 4E-BP1 in control and Rheb-deficient cells (compare lanes 3, 6 and 9). In sum-
mary, we conclude that the absence of Rheb diminishes 4E-BP1 phosphorylation and increases 
its association with eIF4E. As seen for other mTOR substrates, residual levels of phosphorylation 
are diminished by rapamycin or PP242 treatment. Increased mTORC1 activity is only seen after 
serum stimulation, but not following replenishment with amino acids or stimulation with insulin. 
We next wished to delineate the signaling pathway via which serum can activate mTORC1 in 
Rheb-deficient cells by using a panel of pharmacological inhibitors. PI-3 kinase inhibitors like 
wortmannin and PI-103 efficiently inhibited mTORC1 (data not shown). Since we had noticed that 
serum, in contrast to insulin, significantly activates ERK in our fibroblasts, we blocked ERK activa-
tion with the MEK inhibitor U0126 (Figure 4A). U0126 clearly reduced T389 phosphorylation of 
S6K in Rheb-deficient cells (lane 5 versus 7). In wild type cells, U0126 had barely any effect (lane 
13 versus 15).
Previously, a role for ERK and/or RSK in mTORC1 activation has been documented, either via 
inactivation of TSC2 [42] [43] and/or via direct phosphorylation of Raptor [44] [15] [16]. First, 
we tested if specific activation of MEK/ERK with TPA could substitute for serum. Indeed, TPA 
activated mTORC1 (Figure 4B, lane 1 versus 5) suggesting that MEK/ERK activity is sufficient.
Since ERK can act upstream of RSK, the effect of the RSK inhibitor BI-D1870 on S6K phosphory-
lation by serum was tested. BI-D1870 had a profound effect on T389 phosphorylation of S6K in 
Rheb-negative cells (Figure 4C, lane 5 versus 6), indicating that it may be required. In contrast, S6K 
phosphorylation at T389 was largely insensitive to BI-D1870 in wild type cells (lane 13 versus 14). 
We noted however, that S473 phosphorylation of PKB was also affected in serum starved cells 
(compare lane 1 with 2 and 9 with 10) or asynchronously growing cells (data not shown), indica-
ting that BI-D1870 may target other kinases than RSK. This has also been reported by others [45] 
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Figure 4. Effect of pharmacological inhibitors on mTORC1 activity in Rheb-deficient cells and wild-type cells. 4Aa. 
Rheb-deficient (N21) or control cells (N45) were serum starved overnight and treated with U0126 (10 µM), rapamycin 
(50 nM) or a combination of both inhibitors for one hour before harvesting. Inhibitors were added 1 hour before serum 
stimulation. Total lysates were analyzed by Western blotting with the antibodies indicated on the right. A background 
band was used as a loading control. 4B. Effect of TPA on S6K phosphorylation in Rheb-deficient (N21) and control cells 
(N45). Cells were serum starved overnight and pretreated with U0126 for 1 hour or not. Cells were stimulated with 
serum or TPA for 90 or 30 minutes, respectively. Total cell lysates were analyzed by probing Western blots with the an-
tibodies indicated on the right. 4C. As 4A, but now with the RSK-inhibitor BI-D1870. In all cases immunoblots shown are 
representative of observations for at least two experiments. 4D. Small intestinal organoids with floxed alleles of either 
Rheb or Tsc1 were grown for seven days after overnight incubation with vehicle or tamoxifen (4-OHT) as indicated and 
analyzed for the proteins indicated on the right. 4E. Small intestinal organoids with floxed alleles of either Rheb (lane 
1 to 10) or Tsc1 (lanes 11 to 15) were grown for seven days after overnight incubation with vehicle or tamoxifen (4-
OHT) as indicated and left untreated (lanes 1, 5, 6, 10, 11, 15) or stimulated for 90 minutes with serum. Pretreatment 
with 50 nm rapamycin (lanes 3, 5, 8, 10, 13 and 15) or 10 µM U0126 (lanes 4, 9, 14). Numbers on top of immunoblots 
represent densitometric ratio of pS6 S235/236 over RalA. Numbers indicate the ratio of pS6K T389 relative to GAPDH 
in a, b and c and pS6 relative to RalA in e.
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[46]. We wondered if genetic deletion of Rheb woud have the same effect in other cell types. To 
this end, we generated small intestinal organoids from mice with either a floxed allele of Rheb or 
TSC1 in combination with tamoxifen-inducible Cre recombinase [47]. In these organoids, deletion 
of Rheb decreased mTORC1 signaling, whereas TSC1 had the opposite effect. Serum stimulation 
of Rheb-positive and Rheb-negative organoids revealed that loss of Rheb again lowered, but did 
not abolish S6 phosphorylation. Phosphorylation was sensitive to rapamycin, demonstrating the 
involvement of mTORC1 (Figure 4C). Also here U0126 had a profound effect. 
In the absence of Rheb, Raptor is a likely entrance point for stimulatory input on mTORC1. RSK has 
been reported to phosphorylate a cluster of conserved sites (S719, S721, S722) that are recognized 
by a phospho-PKB-substrate antibody [15]. In addition, ERK has been reported to phosphorylate 
S863, which functions as a priming phosphorylation required for further Raptor phosphorylation 
[16,44]. We therefore immunoprecipitated endogenous Raptor from Rheb-negative cells that 
had been serum starved. Insulin and serum stimulation caused a very mild increase in Raptor 
phosphorylation as detected with the phospho-PKB-substrate antibody suggesting that phos-
phorylation of these sites does not explain the differential effects on mTORC1 activity by these 
stimuli. A very similar pattern of phosphorylation was seen in Rheb-positive cells (Supplementary 
Figure 4A, lane 4 versus 5 and 6). S863 phosphorylation of Raptor showed a weak and variable 
response following insulin treatment in Rheb-deficient cells (Figure 5A, lane 2 and 8). In contrast, 
the effect of serum was strong and robust in both Rheb-deficient and control cells (lane 3, 6 and 
9), consistent with the strong activation of ERK by serum. This induction was partially inhibited 
by U0126 (Figure 5B, lane 10-12). Since S863 has also been reported as a direct target site for 
mTORC1, we tested the effect of various inhibitors on serum stimulated S863 phosphorylation. 
The PKB inhibitor AKT_VIII only had an inhibitory effect in Rheb-proficient cells, as would be 
expected on the basis of the reported inhibitory action of PKB on TSC2 (Figure 5C, lane 2 versus 5, 
7 versus 10 and 12 versus 15). Rapamycin lowered S863 phosphorylation in both Rheb-negative 
and -positive cells (lane 2 versus 3, 7 versus 8 and 12 versus 13). However, PP242 did not affect 
phosphorylation of this site in Rheb-deficient cells (lane 2 versus 4 and 12 versus 14) and only 
partially in Rheb-positive cells (lane 7 versus 9), suggesting that rapamycin may interfere in S863 
phosphorylation by destabilizing mTORC1 rather than by inhibiting mTOR. Together, these data 
are consistent with the notion that phosphorylation of S863 via ERK may contribute to serum 
stimulated mTORC1 activity (Figure 5D). 
Finally, the physiological relevance of mTOR activity in Rheb-deficient cells was investigated by 
studying cell cycle profiles following overnight treatment with rapamycin of cells grown in the 
continuous presence of serum (Figure 6A). A clear increase in cells in G1 (44 to 62%) was seen in 
control cells at the cost of cells in S phase (18 to 10%) and to a lesser extent M phase (28 to 23%). 
The proportion of cells in G1 in untreated Rheb-deficient cells was higher than that of control cells 
(64 and 54 instead of 44%), but also here a rapamycin-induced increase was observed (64 to 91% 
and 54 to 75%). This change in cell cycle distribution was even more pronounced when we treated 
cells with nocodazole so that cycling cells would accumulate in the G2/M phase, unless they had 
been arrested in G1. Under these circumstances a 2 fold increase in G1 was seen in control cells 
and a 3 fold increase in Rheb-deficient cells. Since long-term rapamycin treatment can affect 
mTORC2 function [48], we investigated phosphorylation of PKB by insulin. Both in untreated and 
rapamycin-treated cells, a clear induction of S473 of PKB was seen, independent of the Rheb 
status of cells (Figure 6B, compare lane 1 with 2 and 6 and lane 7 with 8 and 12). In contrast, 
overnight treatment with PP242 interfered in PKB phosphorylation (compare lane 2 with 4 and 
8 with 10). This demonstrates that the observed cell cycle effect of rapamycin is mediated via 
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inhibition of mTORC1 and not mTORC2. We used Western blotting to see if we could identify 
cell cycle regulators that were affected by overnight rapamycin treatment. Whereas we did not 
observe changes when cell lysates were probed with antibodies against p27 or p16 (data not 
shown), a pronounced decrease in cyclin D1 levels was noticed in Rheb-deficient cells. Consistent 
with this observation, phosphorylation of retinoblastoma decreased more in Rheb-deficient cells 
as compared to control cells (Figure 6C).  Clearly, these data show that the remaining mTORC1 
activity in Rheb negative cells is important for cell cycle progression.

Discussion
The current study using Rheb-deficient MEFs confirms previous studies that Rheb is required 
for rapid and strong activation of mTORC1 upon stimulation of serum starved cells with insulin 
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Figure 5. Analysis of Raptor phosphorylation. 5A. Rheb-deficient (N21, N23) or control cells (N45) were serum starved 
overnight and stimulated for 30 minutes with insulin or 90 minutes with serum. Endogenous Raptor was immuno-
precipitated and Western blots were probed for S863 phosphorylation (upper panel). Hereafter, blots were stripped 
and probed for total Raptor levels. A representative example from three experiments is shown. 5B. Rheb-deficient 
(N21, N23) or control cells (N45) were serum starved overnight and stimulated for 30 minutes with insulin or 90 
minutes with serum or pretreated with 10 µM U0126 before serum stimulation. Endogenous Raptor was immuno-
precipitated and Western blots were probed with a pS863 Raptor antibody (upper panel) and reprobed for Raptor 
(lower panel). A representative example from two experiments is shown.  In all panels numbers above the blot indicate 
the ratio of Raptor pS863 relative to Raptor. 5C. Rheb-deficient (N21, N23) or control cells (N45) were serum starved 
overnight and either left untreated or stimulated for 90 minutes with serum. Where indicated, cells were pretreated 
with rapamycin (50 nM), PP242 (2 µM) or the PKB-inhibitor AKT_VIII (10 µM) for 60 minutes. Hereafter, endogenous 
Raptor was immuno-precipitated and analyzed under 5A. The immunoblots shown are representative of observations 
for at least two experiments. A representative example from two experiments is shown. 5D. Schematic representation 
of the mechanism of Rheb-independent mTORC1 activation. Arrows represent activation, squares indicate inhibition.
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or amino acid replenishment of amino acid-deprived cells. Surprisingly, considerable mTORC1 
activity is present in Rheb-deficient cells when grown in serum. A compensatory role for RhebL1 
in mTORC1 activation is highly unlikely on the basis of our RNAi studies. Also, RhebL1 did not 
compensate for Rheb in genetic studies in mice [35]. 
How can we reconcile mTORC1 activity seen in Rheb-deficient cells when grown in serum with 
the lack of mTORC1 signaling following insulin stimulation? In contrast to insulin, serum activates 
ERK in our fibroblasts. Blocking ERK or its downstream target RSK with pharmacological inhibi-
tors strongly affects the residual mTORC1 activity in Rheb-deficient cells. Since phosphorylation 
of Raptor at multiple residues by RSK [15] or ERK [16] has been shown to positively regulate 
mTORC1, we favor a model in which Raptor phosphorylation by these kinases is sufficient for a 
basal level of mTORC1 in the absence of Rheb. In the case of ERK, these sites include S863 that 
acts like a priming site required for further phosphorylation of Raptor. Indeed, we confirm that 
Raptor is phosphorylated at S863 by serum stimulation. Intriguingly, mTOR itself also phospho-
rylates S863 in vitro and in vivo and is required for the Rheb-mediated increase of S6K phos-
phorylation seen in overexpression studies [17,44]. This is consistent with our observation that 
the mTOR inhibitor PP242 affects S863 phosphorylation in Rheb–positive cells, but not in cells 
lacking Rheb. Thus, mTORC1 may have a dual input via Raptor S863 phosphorylation only one of 
which is Rheb-mediated. It should be stressed however, that multiple studies indicate that the 
complete phosphorylation pattern of Raptor is instrumental for mTORC1 activity rather than just 
S863 phosphorylation. Indeed, since mTORC1 activity is BI-D1870 sensitive, RSK-mediated Raptor 
phosphorylation is most likely also required for the basal level of mTORC1 activity in the absence 
of Rheb. We think that Rheb-independent mTORC1 activity is not restricted to MEFs given our 
observations in small intestinal organoids lacking Rheb and RNAi experiments in A549 cells. In 
addition, Fonseca et al. noticed very limited TSC2 phosphorylation during TPA-induced mTORC1 
activation in HEK293 cells and suggested the existence of a TSC2-independent mechanism [46].
The molecular mechanism via which Rheb activates mTORC1 is still incompletely understood. 
From in vitro mTOR kinase assays it is clear that the association of Rheb with mTORC1 is not 
required for mTOR to be active. Rheb is not present in detectable amounts in immunoprecipitates 
used for mTOR kinase assays due to its low affinity for mTOR ([20], our unpublished observations). 
Rheb may activate mTOR kinase activity via direct binding [49] and this effect has been mimicked 
in in vitro mTORC1 kinase assays [20,50]. Alternatively, Rheb may enhance substrate binding to 
mTORC1, which is supported both by in vivo [51,52] and in vitro [53] evidence. Finally, Rheb may 
compete with mTORC1-inhibitory proteins like PRAS40 [19] [20] or possibly FKBP38 [54] [50] [53]. 
Unfortunately, we and others have not yet been able to find a specific effect of GTP-bound Rheb 
in in vitro mTORC1 assays (data not shown; see also [52]). 
The fact that amino acid depletion has a profound effect on mTORC1 activity in Rheb-deficient 
cells seems at odds with the prevalent model of regulation of mTORC1 by amino acids. In this 
model, dimeric Rag GTPases are activated by amino acids and target mTORC1 from the cytoplasm 
to lysosomes where Rheb is localized [55] [25] [24]. Apparently, a parallel system operates to 
downregulate mTORC1 when cells are starved for amino acids. One option is that mTORC1 down-
regulation by amino acids involves activation of phosphatase PP2A by association with PR61ε, 
leading to dephosphorylation of MAP4K3 [56]. Alternatively, decreased activity of the class III PI-3 
kinase VPS34 underlies the effect of amino acid depletion in Rheb-deficient cells. VPS34 produ-
ces PtdIns(3)P in an amino acid-dependent manner [23] [57]. Recently, PtdIns(3)P generated by 
VPS34 was shown to target PLD1 to lysosomes, where local production of phosphatidic acid could 
activate mTOR [58]. Interestingly, VPS34 negative MEFs resemble our Rheb deficient MEFs in that 
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Figure 6. Effect of Rapamycin on cell cycle profile of Rheb-deficient (N21, N23) or control cells (N45). 6A. Cells were 
grown in the absence or presence of 50 nM rapamycin, 250 ng/ml nocodazole or a combination thereof for 18 hours.  
Cell cycle profiles were determined as described under methods. The cell cycle profiles shown are representative 
of observations for two experiments. 6B. Rheb-deficient (N23) or control cells (N45) were grown overnight in the 
presence of 1.0 µM PP242 or 50 nM rapamycin on mTORC2 activity. Subsequently, cells were stimulated with insulin 
for 30 minutes and total lysates were analyzed by Western blotting using the antibodies indicated on the right. The 
immunoblots shown are representative of observations for two experiments. 6C. Rheb-deficient (N21, N23) or control 
cells (N45) were grown overnight in the presence of 50 nM rapamycin or were serum starved for 24 hours. Total lysates 
were analyzed by Western blotting using the antibodies indicated on the right. The immunoblots shown are represen-
tative for two experiments. Numbers on top represent the densitometic ratio of cyclin D1 over RalA.
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they do not acutely increase mTORC1 activity upon amino acid stimulation. Furthermore, when 
grown in the presence of serum VPS34 negative MEFs have normal levels of mTORC1 activity [59], 
demonstrating that the requirement for upstream activators of mTORC1 is dependent on the 
precise nature of the stimulus.
The TSC/Rheb/mTORC1 pathway is essential for rapidly adapting cellular and organismal me-
tabolism to changes in nutrients and growth factors (e.g. [29] [60]). In addition, this pathway 
functions in myelination of the brain [35]. We demonstrate here a role for Rheb-independent 
mTORC1 activity in cell cycle progression under normal growth conditions. mTOR-mediated 
cell proliferation in MEFs is known to depend on repressing 4E-BPs [4]. The decreased mTOR 
activity in Rheb-deficient cells results in a significant increase in non-phosphorylated 4E-BP1 and 
a concomitant increase in the fraction of eIF4E-associated 4E-BP1. Remarkably, this has no major 
impact on cell proliferation since growth rates do not differ significantly between Rheb-negative 
and control cells. Rapamycin further increases non-phosphorylated 4E-BP1 and this correlates 
with an increase in cells in the G1-phase of the cell cycle. This results in a decreased expression 
level of cyclin D1 and diminished phosphorylation of  retinoblastoma, especially in Rheb-deficient 
cells. A similar effect of rapamycin has previously been described [61] Since deletion of Rheb 
results in embryonic lethality in mid-gestation, which is much later than seen after disruption of 
another mTORC1-specific protein, Raptor [33], it is reasonable to assume that also during early 
embryogenesis mTORC1 is partially active in the absence of Rheb to drive cell cycle progression. 
This may seem implausible in light of all studies focusing on insulin-mediated mTORC1 activity, 
but is less surprising from an evolutionary point of view. Our previous evolutionary analysis of 
the mTOR pathway showed that Rheb was most likely present in the last eukaryotic common 
ancestor. However, during the emergence of e.g. green plants and algae Rheb has been lost, 
while mTORC1 proteins were conserved [26]. It will be interesting to see what the exact mode of 
activation is in species that contain mTORC1 proteins, but no Rheb. 

Material and Methods

Ethics statement
All experiments were approved by the local ethical committee for animal research (Dier Experi-
mentele Commissie (DEC) Erasmus MC; Approval EMC 2467) and were in accordance with the 
institutional animal care and use committee guidelines.

Antibodies and inhibitors
anti-phospho-T389-S6K, anti-phospho-S235/236-S6, anti-RAPTOR, anti-mTOR, anti-PRAS40, anti-
phospho-S473-PKB, anti-S6K, anti-4EBP1, anti-phospho-T37/46-4EBP1, anti- non-phospho-T46-
4EBP1, anti-phospho-ERK1/2, anti-pAMPK T172, anti-eIF4E and anti-IRS-1 were from Cell Signa-
ling; anti-phospho-PRAS40 S183 from IBL-America; anti-phospho-T246-PRAS40 from Invitrogen 
BioSource; anti-Raptor was from the University of Dundee (J. Hastie), anti-PKB was home-made; 
anti-GAPDH and anti-phospho-Raptor S863 were from Santa Cruz; anti-Rheb and anti-LAMP1 
were kind gifts of Richard Lamb and Peter van der Sluijs, respectively. 
Rapamycin was purchased from ENZO Life Sciences, UO126 from Promega, BI-D1870 from Axon 
Medchem and PP242 and AKT_VIII from Sigma Aldrich. 
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Cell lines, tissue culture and transfections
To obtain MEFs, 13 day pregnant homozygously floxed Rheb mice in C57Bl/6 background [34] 
were decapitated under deep isoflurane anesthesia and the embryos were isolated to obtain 
MEFs. Spontaneously immortalized or large T immortalized MEFs with a floxed Rheb allele were 
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FCS, 4 mM 
L-glutamine and pen/strep at 37°C with 5% CO2. MEFs were infected with Ad-CMV-Cre adenovirus 
(Vector-Biolabs) in the presence of 4 μg/ml polybrene added to a 1:1 mixture of fresh medium 
and medium conditioned by wild type MEFs. Two days after infections cells were grown for two 
passages on fibronectin-coated dishes. Hereafter Rheb-negative, monoclonal cell lines were 
obtained by serial dilution in 96 well plates. A549 cells were grown in RPMI supplemented with 
10% FCS, 4 mM L-glutamine and pen/strep at 37°C with 5% CO2. Stimulation of cells was done 
after overnight serum starvation, eventually followed by amino acid depletion for two hours in 
custom-made amino acid free DMEM (Gibco Life Technologies). Serum stimulation was done with 
10% fetal calf serum, final concentrations for insulin and TPA were 5 μg/ml and 100 ng/ml, respec-
tively. Stimulation with amino acids was done supplementing cells with the normal concentration 
of essential amino acids. Cells were pretreated with inhibitors for 60 minutes unless otherwise 
indicated. Concentrations used were: rapamycin (50 nM), UO126 and BI-D1870 (10 μM), PP242 as 
indicated. siRNA transfections were performed 72 and 48 hours before experiments with 50 nM 
ON-TARGETplus SMARTpools (Dharmacon Inc.) targeting indicated genes using Oligofectamine 
(Invitrogen). Small intestinal organoids were grown from Rhebf/f::Cag-CreERT+ and Tsc1f/f::Cag-
CreERT+ [47] mice as described in [62]. Excision of respectively Rheb and TSC1 was induced by 
over-night treatment with tamoxifen. Seven days later, organoids were treated as indicated in the 
figure legends, washed in ice cold PBS and lysed in Laemmli sample buffer. 

Cell lysates and immunoblotting
In all cases, cells were washed twice with ice cold PBS before scraping them in 1x Laemmli sample 
buffer. Western blotting was done using PVDF membrane. Blots were quantified with ImageJ.

7-methyl GTP-Sepharose pull-downs
7-Methyl GTP-Sepharose beads (GE Healthcare UK Limited; 15 μl/sample) were washed three 
times in M7-Lysis Buffer (100 mM KCl, 5 mM MgCl2, 0.5% TX-100, 20 mM Tris HCl (pH 7.5), 10% 
glycerol, 10 mM NaF, 1 mM Na2VO4 0.1 µM Aprotinin and 1 µM Leupeptin). Cells were washed 
twice with cold PBS and lysed in M7-Lysis Buffer. After spinning at 4°C, 14,000 rpm for 10 minutes, 
Part of the lysate was mixed with a quarter volume 5x LSB. The rest was tumbled with beads for 
45-60 minutes at 4°C, washed 4 times with M7-Lysis Buffer and mixed with 40 μl of 1x LSB. 

Quantitative real-time PCR
Expression of Rheb and RhebL1 mRNA was examined by reverse transcription of total RNA fol-
lowed by real-time quantitative PCR on an ABI cycler using SYBR Green (ABI) and the oligonucle-
otides 5'-TACCGGTCTGTGGGAAAGTC-3' (in exon 2), 5'-GCCCCGCTGTGTCTACAA-3' (in exon 3) and 
5'-TCCCCACCATATCCAACAAC-3' (in exon 5) for Rheb and the oligonucleotides 5'-ACTCGTGTGCTAT-
GCCACTG-3' and 5'-GCGCAGAGAGTTAACCGAGT-3' for RhebL1.

FACS analysis
Cells were grown to 90% confluency and following trypsinization resuspended in medium col-
lected from the corresponding plates. Following centrifugation (5’, 1,200 rpm), cells were washed 
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once with PBS, resuspended in 300 μl PBS and 700 μl 70% ethanol. After incubation at -20°C 
for 45 minutes, cells were spun (5’, 1,500 rpm) and resuspended in 500 μl PBS with 40 μg/ml 
Propidium Iodide and 10 μg/ml RNase. Following incubation at room temperature for 30 minutes 
in the dark, cell cycle analysis was performed on a BD FACSCalibur.

Immunofluorescence
MEFs were grown to confluency on glass coverslips and given fresh medium 16 hrs before fixation 
with 4% formaldehyde for 20 min. Cells were permeabilized with 0.25% Saponin for 10 minutes, 
blocked with 10% FCS in PBS with 0.25% Saponin for 30 minutes and incubated overnight with 
primary antibodies in PBS with 0.25% Saponin and 1% FCS. Incubation with secondary antibody in 
PBS with 0.25% Saponin and 1% FCS was done for 1 hour, and DAPI for 5 minutes. After washing 
cells were mounted and examined on a Zeiss Axioskop2 LSM510 confocal microscope.

Statistics
Data are expressed as means ± st. dev. Significance was assessed by unpaired t-test in IBM SPSS 
Statistics 20 (Armonk, NY, USA). P-values less than 0.05 were considered as significant.
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Supp. Fig. 1. 1A. Effect of short term infection of MEFs with a floxed allele of Rheb with Ad-CMV-Cre adenovirus. Total 
cell lysates were made of MEFs 96 hours after infection with increasing amounts of adenovirus in the presence of 2 or 
4 mg polybrene/ml as indicated. Lysates were analyzed by Western blotting with the indicated antibodies. 1B. Agarose 
gel with products of Q-PCR for Rheb mRNA from control cells (N45; lane 2 and 4) and Rheb-deficient (N23; lane 1 and 
3) cells using primers from exon 2 and 3 (lane 1 and 2) or from exon 2 and 5 (lane 3 and 4). 1C. Predicted truncated 
Rheb protein based on sequences of Q-PCR products from 1B, which matches prediction of targeting construct. 1D. 
Western blots of total cell lysates from Rheb-deficient cell lines (N21, N23) or Rheb-containing control cells (N45) pro-
bed with antibodies against proteins indicated. 1E. Immunofluorescence of localization of mTOR (red), LAMP1 (green) 
or co-localization of both (merge, yellow) in control (N45) and Rheb-negative cells (N23) grown in the continuous 
presence of serum. 1F. Quantification of the relative co-localization of mTOR and LAMP1 in control (N45) and Rheb-de-
ficient (N23) cells as shown in figure 1E. Immunofluorescence intensity was thresholded in Image-J and co-localization 
indices were determined with the following plugin; http://www.mbs.med.kyoto-u.ac.jp/imagej/index.html.
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Supp. Fig. 2. 2A. Cells kept in the presence of serum were treated with the agents indicated. Western blots with total 
lysates were probed with the antibodies indicated on the right. A representative example of two experiments is shown. 
Numbers on top of immunoblots indicate ratio Raptor S792 relative to Raptor. 2B. Western blot of total cell lysates 
from dishes that had been transfected with the indicated siRNA of Rheb-/- (N23) and Rheb+/+ (N45) cells. A represen-
tative example of two experiments is shown. Numbers on top of immunoblots indicate intensity of pS6K t389 relative 
to GAPDH. 2C. Quantification of the levels of RhebL1 RNA in Rheb-/- (N23) and Rheb+/+ (N45) cells as determined by 
Q-PCR. These were duplicates of the cells used in Supplementary Figure 2B. 2D. Western blot of total cell lysates from 
dishes of A549 cells that had been transfected with the indicated siRNAs and either serum starved o/n, stimulated 
with insulin for 20 minutes, or grown in the continuous presence of serum (CS). Representative im munoblots from 
two experiments are shown.
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Supp. Fig. 3. 3A. Large T immortalized MEFs that were either Rheb-deficient (L1, L10) or control cells (L12) were grown 
in the continuous presence of serum (CS), serum starved o/n (SS) and re-stimulated with either serum for 90 minutes 
(+S, 90’) or insulin for 20 minutes (+ins, 20’). 3B. Analysis of mTORC1 activity by Western blotting in total lysates of 
large T immortalized MEFs that were either Rheb-deficient (L1, L10) or control cells (L5). Cells were serum starved 
overnight and left untreated, stimulated with insulin for 30 minutes (Ins) or depleted for amino acids for two hours 
and then replenished with amino acids for 30 minutes (AA). 3C. Large T immortalized MEFs that were either Rheb-
deficient (L10; upper panels) or control cells (L12; lower panels) were grown in the continuous presence of serum 
(CS), serum starved o/n (SS) and re-stimulated with either serum for 90 minutes (+S) or TPA for 90 minutes (TPA). Cells 
were treated with rapamycin (50 nM) for one hour before harvesting. Western blots of total cell lysates were probed 
with antibodies against proteins indicated. In all cases Western blots shown are representative for two experiments.
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Supp. Fig. 4. Rheb-deficient (N23) or control cells (N45) were serum starved overnight and stimulated for 30 minutes 
with insulin or 90 minutes with serum. Endogenous Raptor was immuno-precipitated and Western blots were probed 
with a phospo-PKB-substrate antibody (upper panel). Hereafter, blots were stripped and reprobed for total Raptor 
levels. A representative example of two experiments is shown. Numbers on top of immunoblots indicate ratio Raptor 
over pPKB substrate. Immunoblots are representative for two experiments.
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Abstract
The small GTPase Rheb is a crucial activator of mTORC1 in cells that are stimulated with insulin. 
Upon activation, mTORC1 induces anabolic and inhibits catabolic processes. Part of these res-
ponses are mediated via changes in gene transcription. To assess the importance of mTORC1 in 
insulin-induced changes in gene expression, we performed a micro-array analysis of wild type 
mouse embryonic fibroblasts (MEFs) and their Rheb-deficient counterparts. The results show 
that lack of Rheb (and thus mTORC1 activity) leaves the insulin-response largely intact, although 
induction of genes involved in ribosome biogenesis appears dampened. On the other hand, genes 
important for lipid and sterol synthesis are normally induced and in serum-starved, Rheb defi-
cient cells some of these are actually transcribed at higher levels, most likely as a consequence 
of enhanced PKB activity. We point out a number of genes, whose activity is dependent on Rheb 
and that may be of interest for further investigation.

Introduction
The insulin signalling pathway is known to stimulate anabolic processes via various downstream 
transduction cascades, one of which results in the activation of mTOR complex I (mTORC1). 
Activated insulin receptors recruit a family of adaptor proteins named insulin receptor substra-
tes (IRS) that stimulate the lipid kinase phosphatidyl inositol-3 kinase (PI3K) and subsequent 
generation of phosphatidyl inositol-3,4,5-triphosphate (PIP3). Increased levels of PIP3 recruits 
3-phospoinositide-dependent protein kinase-1, PDK1, and protein kinase B, PKB, to the plasma 
membrane, where PKB becomes activated by PDK1. In turn, PKB inactivates the tuberous scle-
rosis complex (TSC), which consists of TSC1 and TSC2, via the phosphorylation of TSC2. TSC2 
acts as a GTPase activating protein (GAP) towards the small GTPase Rheb, which is the activator 
of mTORC1. Activation of mTORC1 stimulates cell growth via processes like protein translation, 
lipid synthesis, de novo pyrimidine synthesis, mitochondrial biogenesis and ribosome biogenesis. 
Rapid effects of insulin signalling depend on the action of immediate downstream effectors of 
mTORC1 that include its well-characterized substrates S6K1 and 4EBP1. In addition, mTORC1 
activity will change the transcription of genes that are required for a coordinated response to 
insulin (reviewed in (Zoncu et al., 2011)).
Various transcription factors are either directly or indirectly regulated by mTOR. For ribosome 
biogenesis, mTOR mediates phosphorylation and activation of the rDNA transcription factor 
UBF via S6K1 (Hannan et al., 2003). Mitochondrial biogenesis is stimulated by mTOR via direct 
phosphorylation of YY1, which in complex with PGC1α drives mitochondrial gene expression 
(Blättler et al., 2012; Cunningham et al., 2007; Romanino et al., 2011). Other transcription factors 
stimulated by mTOR are likely to be involved as well in mitochondrial biogenesis (reviewed in 
chapter 4 of this thesis). In addition, mTOR stimulates glycolysis via stimulation of translation 
of the hypoxia-inducible transcription HIF1α, which associates with the constitutively expressed 
HIF1β in a transcriptional complex (Thomas et al., 2006). Upregulation of HIF1α drives expression 
of glycolytic genes. This is observed in TSC1 or TSC2-negative cells, where rapamycin treatment 
or knockdown of the mTORC1 component Raptor lowers expression of such genes (Düvel et al., 
2010). The same approach revealed that also SREBP1 and SREBP2, transcription factors involved 
in lipid homeostasis, were activated by mTORC1. SREBPs require cleavage for their nuclear trans-
location and mTORC1 stimulates this process via an S6K-dependent step. However, there are 
also data showing that PKB has an mTOR-independent effect on SREBPs (Demoulin et al., 2004; 
Porstmann et al., 2008; Sharpe and Brown, 2008). This PKB effect may also be seen under condi-
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tions where mTORC1 is inhibited and PKB becomes activated via a decreased negative feedback 
loop of S6K on the pathway.
In most studies described above, the involvement of mTORC1 in gene regulation is judged on the 
basis of expression profiling of cells treated for various periods with rapamycin. However, the role 
of mTORC1 has not been extensively studied in the context of normal insulin signalling. We pre-
viously characterized Rheb-deficient mouse embryonic fibroblasts (MEFs) that were generated 
via adenoviral-mediated Cre-excision of exon 3 using of a floxed Rheb-allele. Excision leads to a 
premature stop codon (Goorden et al., 2011) (Groenewoud et al., 2013, manuscript submitted). 
mTORC1 activity in Rheb-deficient cells is not responsive to insulin, making these cells ideally sui-
ted to study Rheb-dependent aspects of insulin signalling (Groenewoud et al., 2013, manuscript 
submitted). Here we present a microarray analysis of these cell lines, which surprisingly demon-
strates that insulin-responsive gene regulation is largely intact in Rheb-deficient cells. However, 
our data do suggest that Rheb is not involved mTORC1-induced HIF1α activation and furthermore 
demonstrate that in Rheb-deficient cells deprived of serum elevated PKB activity activates SREBP. 
Finally, our data indicate a role for Rheb in cytoskeletal organization and cell adhesion.

Results and Discussion

Loss of Rheb interferes in insulin-mediated mTORC1 activity
In order to identify Rheb-dependent transcriptional processes we analysed the gene expression 
profiles of Rheb-deficient MEFs and their control counterparts following overnight serum star-
vation and following stimulation with insulin for three hours. mTORC1 activity is low in both cell 
lines following serum starvation as judged by the phosphorylation of S6 (Figure 1). PKB activity 
is somewhat increased in Rheb-deficient cells compared to wild type (WT) cells under these 
conditions. Insulin stimulation strongly activates mTORC1 in WT cells, whereas it has no effect 
in Rheb-deficient cells. Under these circumstances PKB activity is comparable in both cell lines, 
indicating that the insulin response towards PKB is not affected in Rheb-deficient cells.

RhebL1 expression levels show no compensation for the loss of Rheb
Analysis of the microarray data indicated a 4 fold decrease in Rheb mRNA levels in Rheb-deficient 
cells (Table 1). This decrease is measured with a probe that hybridizes to 3’UTR of Rheb and may 
reflect nonsense mediated mRNA decay. RhebL1 encodes a protein highly similar to Rheb, which 
is also regulated by TSC2, and functions upstream of mTORC1 (Sato et al., 2009; Tee et al., 2005). 

pPKB S473

pS6 S235/236

GAPDH

 l +  l + Insulin

Rheb-/- Rheb+/+

Figure 1: mTORC1 activity in Rheb-deficient and WT cells. Western blot analysis of mTORC1 activity in total cell lysa-
tes. Cells were serum starved overnight and left untreated or stimulated with insulin for 3 hrs. Blots were probed with 
antibodies indicated on the right.
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One of the two RhebL1 gene probes showed a significant induction in Rheb-deficient cells, sug-
gesting a compensatory effect at the transcriptional level, whereas the other probe did not (Table 
1). However, we previously investigated a possible upregulation of RhebL1 expression by Q-PCR, 
which showed no significant difference in RhebL1 mRNA (Groenewoud et al., 2013, manuscript 
submitted).

Effect of Rheb depletion on gene expression profiles induced by insulin
We next analyzed which genes showed significantly changed expression in WT cells following 
insulin stimulation (Supplementary table 1). We used an arbitrary cut off of 1.5 fold. Our dataset 
showed that the expression of 73 genes was increased by insulin in WT cells (Figure 2). Functional 
annotation of these genes revealed an enrichment of genes involved in lipid biosynthetic pro-
cesses and ribosome biogenesis (Table 2). Both processes are known as downstream effects of 
insulin/PI3K/PKB signaling (Düvel et al., 2010; Porstmann et al., 2008; Wang et al., 2011). Insulin 
repressed the expression of 89 genes. Consistent with the anti-apoptotic function of PKB, this 
gene set was enriched for cell death regulatory genes (Table 2). In addition, an enrichment of 
genes involved in gene transcription was seen. Together, these data show that our microarray 
data are useful for the detection of insulin-regulated genes.
Analysis of the genes induced 1.5 fold by insulin in Rheb-deficient cells revealed that the expres-
sion of 74 genes was significantly induced by insulin (Figure 2). Of the 73 genes induced by insulin 

Table 1: Reported Id represents the identification number of the gene probe on the slides. Fold change and p-value are 
given for the comparison of Rheb-deficient cells versus WT cells per gene probe.

Figure 2: Number of insulin regulated genes in Rheb-deficient and WT cells. Venn diagrams show the up- and  
downregulated genes in Rheb-deficient cells and WT cells and the overlap between the cell lines. Pink circles indicate 
Rheb-/- cells. Green circles indicate WT cells. The number of regulated genes is indicated in the circles.

Serum starved Insulin-stimulated

Reporter Id Gene name Fold Change p-value Fold Change p-value

MMAB010095 Rheb 0.24 0.00 0.28 0.00

MMAB019160 RhebL1 1.15 0.06 1.16 0.70

MMAB028194 RhebL1 1.73 0.00 2.26 0.00

Table 1: Gene expression Rheb and RhebL1 in Rheb-deficient cells compared to WT cells
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in WT cells were 47 genes that were also significantly induced in Rheb-deficient cells. Notably, 
the majority of the 26 genes that did not reach the 1.5 fold threshold in Rheb-deficient cells had 
still significantly increased expression (at least 1.2 fold). Only three genes appeared unresponsive 
to insulin in the absence of Rheb, namely Apol8, Ankrd37 and Foxo6. If we analyze it the other 
way around, we see that five genes that are significantly induced by insulin in Rheb-deficient cells 
are unresponsive to insulin in the WT cells. These five genes are Acat2, Acat3, Spred1, Dusp6 and 
Prkg2. Despite the fact that there is a large overlap in the genes induced by insulin in wild type 
and Rheb-deficient cells, functional annotation of the genes that were ≥1.5 fold induced in Rheb-
negative cells did not show enrichment for genes involved in ribosome biogenesis like in WT cells. 
However, the genes involved in ribosome biogenesis that were enriched in WT cells still show 
significant regulation in Rheb-deficient cells, although to a lesser extent (fold change between 1.3 
and 1.7) (Table 3). This reflects the involvement of mTORC1 in this process. In contrast, the genes 
involved in lipid biosynthesis were enriched in Rheb-deficient cells and showed an increased 
stimulation compared to WT cells, which is probably an effect of the increased PKB activity in 
Rheb-deficient cells (Table 3).
Of the 89 genes that were repressed by insulin in WT cells, 36 genes were also repressed in 
Rheb-deficient cells (Figure 2). Again, the majority of the remaining 53 genes showed significantly 
repressed expression (at least 1.2 fold). Only five genes appeared unresponsive to insulin in the 
absence of Rheb, namely Spg20, Rasgef1b, Tslp, mmu-mir-714 and Slc2a1 (Glut1). And the other 
way around, we see seven genes that are responsive to insulin in Rheb-deficient cell but not 
in WT cells, namely Cxcr7, Dact2, Bnc2, Hist1h1d, Hnrnph3, Erbb2ip and BC065397. Functional 
annotation of genes that were repressed in Rheb-deficient cells upon insulin stimulation showed 
enrichment for control of cell death as seen in WT cells. In contrast, the enrichment of genes 
involved in gene transcription, which is an mTORC1-mediated process, was not seen after Rheb-
depletion.

Table 2: GO-term analysis of gene expression changes induced by insulin in WT MEFs (top) and Rheb-/- MEFs (bottom). 
UP/DOWN: gene group represents a group of either upregulated or downregulated genes. Enrichment score: ranks 
overall importance of gene groups (enrichment of one gene group compared to the other gene groups). Term: number 
of GO-term and description of gene cluster. Count: number of genes in each group. P-value: EASE score, significance 
of gene-term enrichment with a modified Fisher’s exact test. Fold enrichment: magnitude of enrichment compared 
to the background.

WT MEFs

UP/ DOWN Enrichment 
score

Term count p-value Fold  
Enrichment

UP 10.3 GO:0008610~lipid biosynthetic process 14 6.0e-11 12.1

3.2 GO:0042254~ribosome biogenesis 7 5.1e-6 15.4

DOWN 3.2 GO:0010941~regulation of cell death 11 2.6e-5 5.3

2.6 GO:0045449~regulation of transcription 19 4.6e-4 2.3

Rheb-/- MEFs

UP/ DOWN Enrichment 
score

Term count p-value Fold  
Enrichment

UP 15.6 GO:0016126~lipid biosynthetic process 12 5.4e-20 100.7

DOWN 2.2 GO:0010941~regulation of cell death 6 0.002 6.3

Table 2: Functional annotation clustering of genes regulated by insulin stimulation in Rheb-deficient 
and control cells
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Overall these data show that the changes in gene transcription after three hours of insulin stimu-
lation are subtle. This relatively low effect of insulin on global gene transcription is similar to the 
reported effect of insulin stimulation in cardiomyocytes (Markou et al., 2010) and consistent with 
previous observations that blocking PKB also modestly affects gene transcription (Rajasekhar et 
al., 2003).

Effect of Rheb deficiency on expression of glycolytic genes
It has been shown that mTOR stimulates glycolysis via enhanced transcription by HIF1α (Düvel 
et al., 2010). However, our enrichment analysis did not identify glycolysis as an insulin-regulated 
process. Therefore, we manually inspected the effects of Rheb depletion on regulation of HIF1α 
target genes. We based our manual analysis on the regulated genes reported by the Manning 
lab (Düvel et al., 2010). When we consider glycolytic genes (Table 4A), HK2 is the only gene that 
we find significantly upregulated by insulin in WT cells. Although basal expression of this gene is 
slightly decreased in Rheb-deficient cells, a similar level of induction by insulin is seen. Remarkably, 

Table 3: List of genes involved in sterol biosynthesis (top) and ribosome biogenesis (bottom) regulated in WT (middle 
columns) and Rheb-/- (right columns) cells upon insulin stimulation. Gene probe (identification number of the gene 
probe on the slides), Gene name, Fold change and p-value are given per gene for the comparison of serum starved 
versus insulin-stimulated cells.

WT MEFs Rheb-/- MEFs

Gene probe Gene name Fold change p-value Fold change p-value

Lipid biosynthesis

MMAB002106 Nsdhl 1.73 0 1.58 0

MMAB035552 Fdps 1.53 0 1.64 0

MMAB036845 Cyp51 1.53 0 1.69 0

MMAB016533 Elovl6 1.55 0 1.77 0

MMAB008944 Lss 1.52 0.0002 1.88 0

MMAB024241 Ptgs2 1.81 0 1.95 0

MMAB008692 Dhcr7 1.60 0 1.98 0

MMAB014485 Sc5d 1.75 0 2.04 0

MMAB029437 Insig1 1.53 0 2.04 0

MMAB029288 Hmgcs1 1.90 0 2.13 0

MMAB002116 Hmgcs1 2.06 0 2.20 0

MMAB004971 Sc4mol 1.95 0 2.32 0

MMAB024458 Hmgcr 1.88 0 2.33 0

MMAB006884 Hsd17b7 2.22 0 2.38 0

MMAB030929 Idi1 1.77 0 2.53 0

Ribosome biogenesis

MMAB031434 Rrp1b 1.51 0 1.28 0

MMAB041051 Nip7 1.56 0 1.31 0

MMAB014081 Tsr1 1.55 0 1.41 0

MMAB021461 Mphosph10 1.51 0 1.41 0

MMAB003473 Utp18 1.79 0 1.50 0

MMAB025634 Bysl 1.77 0 1.63 0

MMAB035138 Rrs1 1.90 0 1.71 0

Table 3: Induction of genes involved in lipid biosynthesis and ribosome biogenesis in Rheb-deficient 
and control cells by insulin
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SLC2a1/Glut1 is downregulated rather than upregulated by insulin in WT cells. In Rheb-deficient 
cells no effect of insulin is seen but the gene is already expressed at lower levels under serum 
starved conditions. Also the glycolytic gene probes for Bpgm and Tpi1 indicate repression of these 
glycolytic genes in serum starved Rheb-deficient cells. Taken together, the lack of enrichment 
of glycolytic genes among insulin-induced genes is not due to our arbitrary threshold (1.5 fold), 
but more likely a consequence of the fact that we only studied a single time point of insulin 
stimulation. Inspection of other reported HIF1α target genes downstream of mTORC1 shows 
insulin-induced upregulation of Ak3l1, Ddit4/REDD1, Bhlhe40/Dec1 and Ankrd37 in WT cells (Ta-
ble 4B). Of these, Ak3l1 and Ankrd37 are not responsive to insulin in Rheb-deficient cells. Again, 

Table 4A: List of genes that are HIF1α targets involved in glycolysis regulated in Rheb-/- cells compared to WT cells in 
serum starved and insulin stimulated conditions. Gene probe (identification number of the gene probe on the slides), 
Gene (gene symbol), Fold change and p-value are given per gene for the comparison of serum starved versus insulin-
stimulated cells. Genes that are significantly changed in Rheb-deficient cells compared to WT cells in serum starved 
conditions are indicated in bold. Genes that are significantly changed upon insulin stimulation in WT cells are shaded.

Serum starved Rheb-/- 
vs Rheb+/+

Rheb-/- Insulin Rheb+/+ Insulin

Probe Gene Fold change p-value Fold change p-value Fold change p-value

MMAB029672 Bpgm 0.62 0.00 1.09 1.00 1.10 1.00

MMAB000363 Bpgm 0.64 0.00 1.08 1.00 1.01 1.00

MMAB004712 Hk2 0.84 0.00 1.68 0.00 1.65 0.00

MMAB016595 Slc2a1/Glut1 0.54 0.00 1.02 1.00 0.59 0.00

MMAB005326 Aldoa 1.03 1.00 0.96 1.00 0.96 1.00

MMAB041032 Aldoa 1.00 1.00 0.98 1.00 0.96 1.00

MMAB014863 Gpi1 1.04 1.00 0.97 1.00 0.94 1.00

MMAB027992 Gpi1 1.03 1.00 0.99 1.00 0.98 1.00

MMAB006799 Hk1 0.99 1.00 0.99 1.00 1.02 1.00

MMAB019444 Hk1 0.98 1.00 0.89 1.00 0.97 1.00

MMAB032105 Hk1 0.98 1.00 1.09 1.00 1.06 1.00

MMAB038042 Hk1 0.98 1.00 1.04 1.00 1.02 1.00

MMAB040028 Hk1 1.08 1.00 0.95 1.00 0.98 1.00

MMAB040590 Hk1 1.00 1.00 1.11 1.00 1.08 1.00

MMAB011996 Ldha 0.79 0.22 1.26 0.15 1.29 0.06

MMAB011997 Ldha 0.87 1.00 1.14 1.00 1.08 1.00

MMAB013943 Pdk1 1.08 1.00 0.96 1.00 0.98 1.00

MMAB025902 Pdk1 1.20 0.75 0.92 1.00 1.01 1.00

MMAB009595 Pfkl 1.11 1.00 1.08 1.00 1.05 1.00

MMAB012666 Pfkp 1.22 0.00 0.98 1.00 0.91 1.00

MMAB024188 Pfkp 1.07 1.00 0.96 1.00 1.01 1.00

MMAB034890 Pfkp 1.15 0.11 0.99 1.00 0.99 1.00

MMAB003720 Pgk1 1.04 1.00 1.09 1.00 1.08 1.00

MMAB035764 Pgk1 1.05 1.00 1.09 1.00 1.09 1.00

MMAB014896 Pgm1 1.00 1.00 1.11 1.00 1.07 1.00

MMAB012176 Pgm2 0.89 0.57 1.00 1.00 0.98 1.00

MMAB015197 Tpi1 0.84 0.02 1.04 1.00 1.00 1.00

MMAB020676 Tpi1 0.98 1.00 1.01 1.00 1.06 1.00

MMAB001488 Idh1 1.44 0.00 1.15 0.78 1.02 1.00

Table 4A: Gene expression of glycolytic genes in Rheb-deficient cells compared to WT cells
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expression of HIF1α target under serum starved conditions is often lower in Rheb-deficient cells 
with Ankrd37 as a notable exception. Since HIF1α levels have been reported to be upregulated 
in TSC2 -/- MEFs (Düvel et al., 2010), we considered the option that the partial responsiveness 
of Rheb-deficient cells could be explained by lower HIF1α expression levels. However, HIF1α 
was 1.7 fold upregulated in Rheb-deficient cells compared to WT cells, making this an unlikely 
explanation. Epas1/Hif2α levels on the other hand were reduced. Interestingly, a role for Epas1 in 
mitochondrial maintenance has been established (Oktay et al., 2007). Whether this contributes 
to the increased mitochondrial respiration or decreased reducing potential of Rheb-deficient cells 
as shown in chapter 5 of this thesis remains to be established.

Table 4B: List of genes that are HIF1α targets not involved in glycolysis regulated in Rheb-/- cells compared to WT 
cells in serum starved and insulin stimulated conditions. Gene probe (identification number of the gene probe on the 
slides), Gene (gene symbol), Fold change and p-value are given per gene for the comparison of serum starved versus 
insulin-stimulated cells. Genes that are significantly changed in Rheb-deficient cells compared to WT cells in serum 
starved conditions are indicated in bold. Genes that are significantly changed upon insulin stimulation in WT cells are 
shaded.

Serum starved Rheb-/- 
vs Rheb+/+

Rheb-/- Insulin Rheb+/+ Insulin

Probe Gene Fold change p-value Fold change p-value Fold change p-value

MMAB014952 Ak3l1 0.86 0.00 1.06 1.00 1.21 0.01

MMAB002488 Bnip3 0.85 0.00 0.92 1.00 0.94 1.00

MMAB006653 Ddit4/REDD1 0.50 0.00 1.19 0.00 1.39 0.00

MMAB029262 Egln3 0.54 0.00 1.12 0.97 1.16 0.14

MMAB030380 Ero1l 0.68 0.00 1.14 0.32 1.02 1.00

MMAB020515 Ero1l 1.04 1.00 0.99 1.00 1.02 1.00

MMAB017365 Ero1l 0.78 0.00 1.22 0.00 1.10 1.00

MMAB035541 P4ha1 0.77 0.00 1.09 1.00 1.04 1.00

MMAB016303 P4ha1 0.84 0.00 1.01 1.00 1.02 1.00

MMAB036422 Apln 0.90 0.33 1.02 1.00 1.02 1.00

MMAB004967 Apln 0.95 1.00 1.02 1.00 1.09 1.00

MMAB001509 Apln 0.97 1.00 1.01 1.00 0.99 1.00

MMAB007875 Bhlhe40/Dec1 1.01 1.00 1.36 0.00 1.27 0.02

MMAB021527 Bnip3l 0.91 1.00 0.92 1.00 0.84 0.01

MMAB011673 Bnip3l 1.09 1.00 0.79 0.00 0.79 0.44

MMAB011988 Cdkn1a 0.95 1.00 0.87 0.98 0.85 0.56

MMAB035841 Hmox1 0.99 1.00 1.02 1.00 1.00 1.00

MMAB007446 Hmox1 1.12 1.00 1.07 1.00 1.09 1.00

MMAB003430 Ndrg2 0.92 1.00 1.00 1.00 1.06 1.00

MMAB023179 Stc1 0.96 1.00 1.05 1.00 1.17 0.80

MMAB006088 Stc1 0.98 1.00 1.04 1.00 1.11 1.00

MMAB024375 Vegfa 1.04 1.00 1.30 0.00 1.17 0.18

MMAB025006 Vegfa 1.14 0.22 1.29 0.00 1.16 0.38

MMAB017403 Vegfa 1.20 0.00 1.65 0.00 1.42 0.00

MMAB036910 Vegfa 1.25 0.00 1.65 0.00 1.46 0.00

MMAB027158 Ankrd37 1.49 0.00 0.96 1.00 1.51 0.00

MMAB024336 Tfrc 1.59 0.00 1.17 0.60 1.15 1.00

Table 4B: Gene expression of HIF1α target genes in Rheb-deficient cells compared to WT cells
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Effect of Rheb deficiency on genes involved in PPP and lipid synthesis
mTOR stimulates lipid homeostasis and the oxidative arm of the pentose phosphate pathway 
(PPP) via activation of SREBP1 and SREBP2 (Düvel et al., 2010). However, as seen for glycolytic 
genes, only very limited induction of PPP genes by insulin is seen in WT cells. Rpia is the only 
significantly induced gene upon insulin stimulation and this induction is Rheb-independent. Two 
out of five reported mTORC1-regulated PPP genes changed after Rheb depletion in our dataset, 
namely Rpia and Pgd, with a fold change below 1.5 (Table 4C). For the analysis of the effects on 
lipid synthesis we combined the regulated genes that were identified in our own dataset to be 
involved in lipid synthesis with the regulated genes reported by the Manning lab (Düvel et al., 
2010). As discussed previously, we see a clear induction of genes involved in lipid synthesis. We 
see that 15 out of 28 genes are significantly induced upon insulin stimulation in both cells (Table 
4D). Four of these genes (Hmgcr, Hmgcs1, Hsd17b7 and Ptgs1) show elevated expression under 
serum starved conditions in Rheb-deficient cells, most likely as a result of elevated PKB activity, 
whereas one gene was repressed (Elovl6). Of the remaining lipid synthesis genes for which no 
induction by insulin was seen were three genes (Acsl3, Agpat5 and Elovl5) repressed and two 
genes (Ggps1 and Scd1) induced in Rheb-deficient cells compared to WT cells in serum starved 
conditions.

General effects of Rheb depletion on gene expression
Finally, we compared the gene expression profiles of wild type and Rheb-deficient cells under 
serum starved conditions. Changes here may hint at adaptive responses to loss of Rheb, but may 
also reflect random variations resulting from clonal variation of cell lines. The gene transcription 
profiles in serum starved conditions were notably different between the Rheb-deficient and WT 
cells with 469 genes significantly induced and 579 genes significantly repressed by ≥1.5 fold. 
Although the effects of Rheb depletion on gene transcription are more pronounced than the ef-
fects of insulin stimulation, we do not see any enrichment for certain biological processes among 
the genes that are downregulated in the Rheb-deficient cells compared to the WT cells. However, 
functional annotation clustering of the genes that are induced in Rheb-deficient cells compared 
to WT cells shows that there is a clear enrichment of genes involved in cytoskeleton organization, 

Table 4C: List of genes that are HIF1α targets involved in the oxidative arm of the pentose phosphate pathway regu-
lated in Rheb-/- cells compared to WT cells in serum starved and insulin stimulated conditions. Gene probe (identifi-
cation number of the gene probe on the slides), Gene (gene symbol), Fold change and p-value are given per gene for 
the comparison of serum starved versus insulin-stimulated cells. Genes that are significantly changed in Rheb-deficient 
cells compared to WT cells in serum starved conditions are indicated in bold. Genes that are significantly changed upon 
insulin stimulation in WT cells are shaded.

Serum starved Rheb-/- vs 
Rheb+/+

Rheb-/- Insulin Rheb+/+ Insulin

Probe Gene Fold change p-value Fold change p-value Fold change p-value

MMAB002595 Rpia 0.78 0.00 1.44 0.00 1.29 0.00

MMAB002870 Rpe 0.91 1.00 1.01 1.00 1.04 1.00

MMAB037453 Rpe 0.97 1.00 1.03 1.00 0.98 1.00

MMAB038871 Rpe 1.16 1.00 0.88 1.00 1.05 1.00

MMAB013758 Taldo1 0.91 1.00 1.00 1.00 1.05 1.00

MMAB039739 Pgd 1.40 0.00 1.15 1.00 1.04 1.00

MMAB013281 Pgd 1.42 0.00 1.08 1.00 0.99 1.00

Table 4C: Gene expression of PPP genes in Rheb-deficient cells compared to WT cells
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Serum starved Rheb-/- 
vs Rheb+/+

Rheb-/- Insulin Rheb+/+ Insulin

Probe Gene Fold change p-value Fold change p-value Fold change p-value

MMAB018769 Acsl3 0.74 0.00 1.12 0.92 0.95 1.00

MMAB034903 Agpat5 0.64 0.00 1.10 1.00 1.11 1.00

MMAB011864 Agpat5 0.83 0.00 1.08 1.00 1.19 0.01

MMAB018491 Elovl5 0.54 0.00 1.10 1.00 1.06 1.00

MMAB038123 Elovl5 0.56 0.00 1.13 0.22 1.04 1.00

MMAB016533 Elovl6 0.77 0.00 1.77 0.00 1.55 0.00

MMAB028808 Acly 0.95 1.00 1.04 1.00 1.01 1.00

MMAB007354 Acly 1.05 1.00 1.25 0.00 1.12 1.00

MMAB017710 Acss2 0.99 1.00 1.04 1.00 1.01 1.00

MMAB040950 Acss2 1.00 1.00 1.07 1.00 0.96 1.00

MMAB034717 Acss2 1.00 1.00 0.99 1.00 0.98 1.00

MMAB039409 Acss2 1.01 1.00 1.03 1.00 1.02 1.00

MMAB027727 Acss2 1.03 1.00 1.00 1.00 0.97 1.00

MMAB039012 Agpat5 1.02 1.00 0.95 1.00 0.96 1.00

MMAB036845 Cyp51 1.07 1.00 1.69 0.00 1.53 0.00

MMAB008692 Dhcr7 1.00 1.00 1.98 0.00 1.60 0.00

MMAB000926 Elovl1 1.03 1.00 1.07 1.00 1.05 1.00

MMAB010037 Fasn 0.95 1.00 1.55 0.00 1.47 0.00

MMAB019217 Fasn 1.00 1.00 1.27 0.00 1.39 0.00

MMAB035552 Fdps 1.04 1.00 1.64 0.00 1.53 0.00

MMAB038976 Gdpd1 0.98 1.00 0.88 0.16 0.87 0.95

MMAB024567 Gdpd1 1.01 1.00 0.96 1.00 0.91 1.00

MMAB022405 Hsd17b12 1.01 1.00 1.09 1.00 1.09 1.00

MMAB024828 Hsd17b12 1.04 1.00 1.26 0.00 1.10 1.00

MMAB020565 Hsd17b12 1.09 1.00 0.99 1.00 1.06 1.00

MMAB030929 Idi1 1.21 1.00 2.53 0.00 1.77 0.00

MMAB029437 Insig1 1.09 1.00 2.04 0.00 1.53 0.00

MMAB008944 Lss 1.01 1.00 1.88 0.00 1.52 0.00

MMAB003129 Mvk 1.04 1.00 1.37 0.00 1.20 0.44

MMAB034784 Mvk 1.08 1.00 1.29 0.00 1.16 1.00

MMAB002106 Nsdhl 1.14 1.00 1.58 0.00 1.73 0.00

MMAB004971 Sc4mol 0.88 0.52 2.32 0.00 1.95 0.00

MMAB014485 Sc5d 0.90 1.00 2.04 0.00 1.75 0.00

MMAB011402 Slc25a1 0.89 0.87 1.07 1.00 1.00 1.00

MMAB013267 Soat1 0.89 1.00 1.12 1.00 1.02 1.00

MMAB037306 Soat1 0.90 1.00 1.19 0.81 1.04 1.00

MMAB037018 Soat1 0.90 1.00 1.18 0.95 1.17 0.33

MMAB024337 Ggps1 1.31 0.00 1.09 1.00 1.08 1.00

MMAB003574 Ggps1 1.33 0.00 1.12 1.00 1.04 1.00

MMAB024458 Hmgcr 1.43 0.00 2.33 0.00 1.88 0.00

MMAB002116 Hmgcs1 1.40 0.00 2.20 0.00 2.06 0.00

MMAB029288 Hmgcs1 1.48 0.00 2.13 0.00 1.90 0.00

MMAB006884 Hsd17b7 1.73 0.00 2.38 0.00 2.22 0.00

MMAB034713 Hsd17b7 1.91 0.00 2.64 0.00 2.70 0.00

MMAB024241 Ptgs2 1.87 0.00 1.95 0.00 1.81 0.00

MMAB038290 Scd1 1.41 0.00 1.21 0.00 1.09 1.00

Table 4D: Gene expression of genes involved in lipid synthesis in Rheb-deficient cells compared to WT cells



A
dd

en
du

m
 1

93

Insulin-induced gene expression in Rheb-deficient cells

microtubule-based processes and cell adhesion (Table 5). This enrichment of microtubule-based 
processes could be a reflection of the reported inhibitory role of Rheb on cargo binding to the 
dynein motor complex (Zhou et al., 2009), which transports proteins and autophagosomes along 
microtubules. This complex is also a docking station for regulatory factors of signalling pathways 
and has been shown to be required for the perinuclear localization and activity of mTORC1 
(Clippinger and Alwine, 2012). Furthermore, the induction on cytoskeletal organization could 
reflect an upregulation of mTORC2 activity in Rheb-deficient cells, since a role for mTORC2 has 
been reported in the regulation of the cytoskeleton (Jacinto et al., 2004; Sarbassov et al., 2004). 
The increased mTORC2 activity could be due to a lack of negative feedback regulations like the 
inhibition of IRS1 by S6K (Um et al., 2004), the inhibition of Rictor by S6K (Dibble et al., 2009) and 
the inhibition of mTORC2 by Rheb (Yang et al., 2006). In addition, the induction in cytoskeleton 
organization and cell adhesion could be a reflection of the studies that TSC1 and TSC2 regulate the 
activities of Rac1 and Rho small GTPases and thereby influence the these processes (Goncharova 
et al., 2004; Lamb et al., 2000; Ohsawa et al., 2013). We report this same enrichment in chapter 
6 of this thesis, where we searched for Rheb interactors with a one-step affinity purification 
method.

Conclusions
We have investigated the effect of loss of Rheb on insulin-induced gene transcription proces-
ses in MEFs. Overall, the response to insulin is largely intact and relatively few genes appear 
to have completely lost their responsiveness. This is not surprising, since deletion of Rheb only 
affects mTORC1 activity but leaves other responses like PKB-mediated SREBP activation and 
FOXO-inactivation intact. Rheb-deficient cells have activated PKB signalling and this most likely 
explains the enhanced expression of genes involved in lipid synthesis in Rheb-deficient cells, both 
under serum starved and insulin-induced conditions. The induction of genes involved in ribosome 
biogenesis, on the other hand, is affected by loss of Rheb, although it is not completely absent. 
Since mTORC1 activity is completely blocked in our Rheb-deficient cells, this indicates that other 

Table 4D: List of genes that are HIF1α targets involved in lipid homeostasis regulated in Rheb-/- cells compared to WT 
cells in serum starved and insulin stimulated conditions. Gene probe (identification number of the gene probe on the 
slides), Gene (gene symbol), Fold change and p-value are given per gene for the comparison of serum starved versus 
insulin-stimulated cells. Genes that are significantly changed in Rheb-deficient cells compared to WT cells in serum 
starved conditions are indicated in bold. Genes that are significantly changed upon insulin stimulation in WT cells are 
shaded.

Table 5: GO-term analysis of gene expression induced in Rheb-deficient cells compared to WT cells in serum starved 
condition. GO-term: BP is Biological Process; CC is Cellular Component.Enrichment score: ranks overall importance 
of gene groups (enrichment of one gene group compared to the other gene groups). Term: number of GO-term and 
description of gene cluster. Count: number of genes in each group. P-value: EASE score, significance of gene-term en-
richment with a modified Fisher’s exact test. Fold enrichment: magnitude of enrichment compared to the background.

GO Enrichment score Term count p-value Fold Enrichment

BP 6.3 GO:0007010~cytoskeleton organization 27 1.9e-8 3.7

4.7 GO:0007017~microtubule-based process 15 2.8e-4 3.2

2.5 GO:0007155~cell adhesion 27 3.5e-4 2.2

CC 6.2 GO:0005856~cytoskeleton 62 1.2e-10 2.4

3.4 GO:0005912~adherens junction 12 3.1e-5 4.9

2.9 GO:0044430~cytoskeletal part 35 2.0e-4 2.0

2.7 GO:0001725~stress fiber 5 1.7e-3 9.4

Table 5: Functional annotation clustering of genes induced after Rheb depletion
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signalling pathways function in a partially redundant fashion. We find relatively little effects of 
genes involved in glycolysis and mitochondrial biogenesis, which are processes previously repor-
ted to be under the control of mTORC1. This may be due to the fact that we have investigated 
only a single time point of insulin induction. Remarkably, some HIF1α target genes are clearly 
downregulated under serum starved and/or insulin stimulated conditions (e.g. Bnip3, Ddit4 and 
Slc2a1), whereas others actually appear upregulated (e.g. Ankrd37 and Tfrc). Future studies 
should address the direct involvement of HIF1α in our cells. In addition, they should validate the 
results of genes that are dependent on Rheb for their insulin responsiveness. Especially genes 
involved in glucose handling, like Foxo6 and Slc2a1, may be interesting in this respect.

Materials and Methods

Cell lines and tissue culture
To obtain MEFs, 13 day pregnant homozygously floxed Rheb mice in C57Bl/6 background (Goorden 
et al., 2011) were decapitated under deep isoflurane anesthesia and the embryos were isolated 
to obtain MEFs. Spontaneously immortalized or large T immortalized MEFs with a floxed Rheb 
allele were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 
FCS, 4 mM L-glutamine and pen/strep at 37°C with 5% CO2. MEFs were infected with Ad-CMV-Cre 
adenovirus (Vector-Biolabs) in the presence of 4 μg/ml polybrene added to a 1:1 mixture of fresh 
medium and medium conditioned by wild type MEFs. Two days after infections cells were grown 
for two passages on fibronectin-coated dishes. Hereafter, Rheb-negative, monoclonal cell lines 
were obtained by serial dilution in 96 well plates. Stimulation of cells was done after overnight 
serum starvation followed by insulin stimulation for 3 hours with a final concentration of 5 μg/ml.

Sample preparation
Cells were washed twice in PBS and RNA was purified using the RNeasy mini kit (Qiagen, cat.
no. 74106) following the manufacturer’s protocol. RNA quality and quantity was determined 
on a nanochip (Bioanalyzer, Agilent Technologies, Santa Clara, US). RIN values above 8.0 were 
considered reliable.

Cell lysates, immunoblotting and antibodies
Cells were washed twice with ice cold PBS before scraping them in 1x Laemmli sample buffer. 
Western blotting was done using PVDF membrane. Anti-phospho-S235/236-S6, and anti-phos-
pho-S473-PKB were from Cell Signaling; anti-GAPDH was from Santa Cruz.

Microarray and data analysis
Pooled RNA isolated from serum starved Rheb+/+ MEFs (N45) was used as reference. RNA am-
plification and labeling were performed on an automated system (Caliper Life Sciences NV/SA, 
Belgium). Dye swap of Cy3 and Cy5 was performed to reduce dye bias. RNA was hybridized on 
Corning UltraGAPS slides containing mouse 70-base oligonucleotides (Operon, mouse V2 AROS). 
Hybridization was done on a HS4800PRO system supplemented with QuadChambers (Tecan 
Benelux B.V.B.A.), using 1 µg labeled cRNA per channel. Hybridized slides were scanned on an 
Agilent scanner (G2565AA) at 100% laser power, 30% PMT. After data extraction using Imagene 
8.0 (BioDiscovery), print-tip Loess (Yang et al., 2002) normalization was performed on mean spot 
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intensities and dye bias was corrected based on a within-set estimate. Data were analysed using 
analysis of variance (ANOVA; R version 2.2.1/MAANOVA version 0.98-7; http://www.r-project.
org/). Results were regarded significant at p-value ≤0.05. The database for annotation, visuali-
zation and integrated discovery (DAVID) version 6.7 was used to determine Gene Ontology (GO) 
enrichments (Huang et al., 2009). The MGI number was used as a gene identifier. GO annotations 
were considered enriched with a p-value (EASE score) <0.05.
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Supplementary table 1: Genes regulated by insulin stimulation in WT MEFs.

Gene name Fold change p-value Gene name Fold change p-value

2610008E11Rik 0.59 0 Adam19 1.76 0

4833442J19Rik 0.58 0 Amd2 1.52 0

9630025I21Rik 0.58 0 Ankrd37 1.51 0

9930012K11Rik 0.62 0 Apol8 1.57 0

A930001N09Rik 0.55 0 Bend3 1.57 0

Adamts5 0.66 0 Bysl 1.77 0

Adrb2 0.57 0 Cdr2 1.75 0

AL669920.2 0.58 0 Cdr2l 1.51 0

Arid5b 0.51 0 Chst11 1.51 0

Arrdc3 0.48 0 Cry1 1.79 0

Atg16l2 0.64 0 Cyp51 1.53 0

Bbc3 0.61 0 Dhcr7 1.60 0

BC031353 0.66 0 Dot1l 1.66 0

Bcl2l11 0.63 0 Dusp7 1.52 0

Bmf 0.46 0 Elovl6 1.55 0

Bmp4 0.64 0 Fdps 1.53 0

Casp2 0.65 0 Fnip2 1.60 0.0008

Ccdc28a 0.48 0 Foxn2 1.55 0

Ccng2 0.38 0 Foxo6 1.60 0

Cited2 0.64 0 Gfod1 1.74 0

Crebl2 0.57 0 Gm129 1.63 0

D14Ertd436e 0.61 0 Gm22 1.56 0

Dedd2 0.57 0 Gnl3 1.72 0

Dnajc28 0.64 0 Hk2 1.65 0

Fam100b 0.62 0 Hmgcr 1.88 0

Fam43a 0.60 0 Hmgcs1 1.90 0

Fbxo32 0.52 0 Hmgcs1 2.06 0

Fzd1 0.64 0 Homer1 1.59 0

Gabarapl1 0.66 0 Hsd17b7 2.22 0

Gadd45a 0.41 0 Idi1 1.77 0

Ghr 0.51 0 Ifrd1 1.51 0

Harbi1 0.58 0 Insig1 1.53 0

Hbp1 0.38 0 Ivns1abp 1.58 0

Heca 0.61 0 Jmjd6 1.73 0

Ip6k2 0.55 0 Larp4 1.56 0

Klf11 0.61 0 Ldlr 1.90 0

Klf15 0.42 0 Lonrf1 1.54 0

Klf5 0.58 0 Lss 1.52 0.0002

Klhl24 0.44 0 Mat2a 1.90 0

Letm2 0.64 0 Mphosph10 1.51 0

Mapk1ip1 0.62 0 Nip7 1.56 0

Mettl7a1 0.62 0 Nsdhl 1.73 0

mmu-mir-715 0.62 0 Nupl1 1.59 0

N4bp2l1 0.62 0 Oaf 1.75 0

Nupr1 0.58 0 Pde12 1.52 0
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Gene name Fold change p-value Gene name Fold change p-value

Paip2 0.61 0 Pgp 1.71 0

Pdp1 0.48 0 Phlda1 1.93 0

Pik3ip1 0.48 0 Ppan 1.59 0

Pim1 0.55 0 Pprc1 1.71 0

Pnrc1 0.57 0 Ptgs2 1.81 0

Pot1a 0.66 0 Rnf41 1.63 0

Rad52 0.65 0 Rpl3 1.59 0

Rasgef1b 0.59 0 Rrp1b 1.51 0

Rhebl1 0.44 0 Rrs1 1.90 0

RP23-19L12.4 0.64 0 Sc4mol 1.95 0

RP23-32L21.4 0.54 0 Sc5d 1.75 0

RP23-37J21.9 0.63 0 Serpine1 1.60 0

RP23-99O13.4 0.55 0 Sfrs2 1.56 0

Scand3 0.59 0 Sipa1l2 1.55 0

Sesn1 0.62 0 Slc30a1 1.82 0

Slc25a27 0.63 0 SNORD29 1.62 0

Slc26a11 0.63 0 Sox9 1.68 0

Slc2a1 0.59 0 Sqle 1.60 0

Slc40a1 0.54 0 Stard4 1.52 0

Spg20 0.66 0 Tnfrsf12a 2.06 0

Stard13 0.60 0 Trim27 1.63 0

Syne1 0.63 0 Tsr1 1,55 0

Tbx6 0.64 0.0006 Tuba1c 1.64 0

Tgif1 0.49 0 Utp18 1.79 0

Tia1 0.62 0 Wdr43 1.56 0

Tmem140 0.59 0 Yrdc 1.57 0

Trp53inp1 0.57 0

Tslp 0.65 0

Ttc30b 0.55 0

Txnip 0.34 0

Vrk3 0.66 0

Ypel3 0.67 0

Zc3h6 0.57 0

Zfp688 0.59 0

Zfp867 0.66 0

Zkscan14 0.59 0

Zkscan4 0.64 0

Zrsr1 0.56 0

Supplementary table 1: Left column shows the ≥1.5 fold upregulated genes and the right column shows the ≥1.5 fold 
downregulated genes. Gene name, Fold change and p-value are given per gene for the comparison of serum starved 
versus insulin-stimulated WT cells.
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Chapter 4

Overview
Mitochondrial dysfunction has been associated with various diseases like cancer, myopathies, 
neurodegeneration and obesity. Mitochondrial homeostasis is achieved by mechanisms that 
adapt the number of mitochondria to that required for energy production and for supply of 
metabolic intermediates necessary to sustain cell growth. Simultaneously, mitochondrial quality 
control mechanisms are in place to remove malfunctioning mitochondria. In the cytoplasm, the 
protein complex mTORC1 couples growth-promoting signals with anabolic processes, in which 
mitochondria play an essential role. Here we review the involvement of mTORC1 and Rheb in 
mitochondrial homeostasis and discuss how mitochondrial function feeds back on mTORC1 sig-
nalling in the adaptation of metabolic processes.

Introduction
Metabolic processes in a cell require the continuous input of energy in the form of ATP. In the 
presence of nutrients and oxygen, mitochondria are the major suppliers of ATP. The metabolic 
process in mitochondria that uses energy released during the oxidation of nutrients to produce 
ATP is called oxidative phosphorylation (OXPHOS). Depending on the cell type, mitochondria use 
derivatives of carbohydrates, fats or amino acids to fuel the tricarboxylic acid (TCA) cycle. When 
glucose is used as the primary energy source, it is processed to two molecules of pyruvate via the 
glycolytic pathway. These will enter the mitochondrial matrix (MM) where they will be converted 
to AcetylCoA. Oxidation of this metabolite generates electrons for transport along the respiratory 
chain in the inner mitochondrial membrane (IMM). This transport of electrons results in pumping 
of H+ from the MM to the intermembrane space (IMS), generating a pH gradient and a mem-
brane potential (Δψm) across the IMM. Energy from H+ ions that flow down the electrochemical 
gradient is used by the ATP synthase for the conversion of ADP and Pi to ATP. As a byproduct 
of OXPHOS, reactive oxygen species (ROS) are produced in the mitochondria. ROS produced in 
low levels have a signalling function in the cell, but high levels are damaging to mitochondria. 
Damaged mitochondria produce excess ROS and this will lead to a vicious cycle of more damaged 
mitochondria with concomitant ROS production. Expression of uncoupling proteins allows H+ ions 
to cross the inner mitochondrial membrane without production of ATP in order to generate heat 
or lower the Δψm to prevent ROS formation. Apart from generation of ATP, the electrochemical 
gradient is also used for import of proteins and metabolites that are used to sustain the function 
of the mitochondria themselves. The function of mitochondria also includes the formation of 
building blocks for amino acid and fatty acid synthesis, storage of Ca2+ and regulation of apoptosis 
(reviewed in (Duchen, 2004)). Obviously, the central role of ATP in metabolic processes and the 
damaging effects of excess ROS require a strict coupling between the import of energy sources 
into the cell, metabolic pathways and the functionality of mitochondria.
Mitochondrial homeostasis depends on control mechanisms to regulate the number of mitochon-
dria as well as their quality. Cells respond to an increase in metabolic demand by increasing their 
number of mitochondria (reviewed in (Michel et al., 2012; Scarpulla, 2012)). Under conditions 
of low metabolic activity an excess of mitochondria can selectively be removed via a specialized 
form of autophagy, named mitophagy (reviewed in (Youle and Narendra, 2011)). Quality control of 
mitochondria is ensured via various mechanisms. First, mitochondria undergo continuous cycles 
of fusion and fission that may support their function by preventing stochastic loss of metabolic 
substrates or mitochondrial DNA (reviewed in (Liesa et al., 2009)). Secondly, when stress situa-
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tions like mutation of mitochondrial DNA or excessive ROS production induced by physiological 
stimuli result in the presence of damaged or improperly folded proteins, a mitochondrial unfol-
ded protein response (UPRmt) is triggered. This response leads to transcriptional activation of 
mitochondrial chaperone proteins that reduce the number of misfolded proteins (reviewed in (Hu 
and Liu, 2011)). Finally, quality of mitochondria is also maintained via the mitophagic pathway, 
which prevents the production of excess ROS. Ultimately, if mitochondrial damage becomes too 
pervasive, the cell undergoes apoptosis, triggered by release of cytochrome c from the IMS lea-
ding to activation of caspases (Liu et al., 1996). Since the vast majority of mitochondrial proteins 
are encoded by the nuclear genome, signalling pathways are required to regulate nuclear trans-
cription of mitochondrial genes such that optimal mitochondrial function ensues. An important 
signalling pathway in this regulation is the target of Rapamycin (TOR) signalling pathway. The 
kinase TOR is a critical player in the tight coupling of cellular metabolism and mitochondria in 
various organisms (reviewed in (Butow and Avadhani, 2004; Liu and Butow, 2006)). The scope 
here will be to review the role of mammalian TOR (mTOR) and discuss the various modes via 
which mTOR influences these organelles.

1. mTOR signalling pathway
TOR is a highly conserved serine-threonine kinase that plays an important role in cell growth, 
autophagy and metabolism in response to growth factors, nutrients, hypoxia and energy stress 
(Figure 1). In mammalian cells, the kinase exists in two complexes. Complex 1 (mTORC1) consists 
of mTOR, Raptor, mLST8/GβL and PRAS40. This complex integrates growth factor signalling with 
the availability of nutrients and can be selectively inhibited by the fungicidal macrolide rapamy-
cin. The second complex (mTORC2) consists of mTOR, Rictor, Sin1 and mLST8/GβL and is largely 
insensitive to nutrients and rapamycin (reviewed in (Zoncu et al., 2011)).

1.1 mTORC1 regulation by growth factors
Growth factors signal to mTORC1 through the phosphoinositide 3-kinase/protein kinase B (PI3K/
PKB) pathway and the Ras/MAPK pathway. For example, activation of insulin and insulin-like 
growth factor 1 (IGF-1) receptors induces binding and phosphorylation of adapter proteins like 
insulin receptor substrate 1, IRS1, which then transmits the signal to the PI3K and the MAPK 
pathways. For the PI3K pathway, phosphorylation of phosphatidylinositol-(4,5)-biphosphate 
(PtdIns(4,5)P2) by activated PI3K leads to the generation of PtdIns(3,4,5)P3 at the plasma mem-
brane and the subsequent activation of phospoinositide-dependent kinase-1, PDK1 (Alessi et al., 
1997; Stokoe et al., 1997). PtdIns(3,4,5)P3 also recruits PKB to the plasma membrane (reviewed 
in (Pearce et al., 2010)) and following activation by PDK1, PKB will phosphorylate and inactivate 
the TSC1/TSC2 complex (Potter et al., 2002). TSC2 harbors a GTPase activating protein (GAP) 
domain in its C-terminal region, which stimulates the GTPase activity of the small GTPase Rheb 
(Castro et al., 2003; Garami et al., 2003; Inoki et al., 2003a; Tee et al., 2003; Zhang et al., 2003). 
When TSC2 is inhibited, the resulting increase in GTP-bound Rheb will activate mTORC1. In turn, 
mTORC1 phosphorylates and activates the downstream substrate ribosomal protein S6 kinase 1 
(S6K1) leading to 5’ TOP mRNA translation and cell growth (Fingar et al., 2002). S6K1 also phos-
phorylates and inactivates IRS1, thereby providing a negative feedback loop (Haruta et al., 2000). 
Phosphorylation of the other well-studied substrate of mTORC1, 4EBP1, releases it from the 
eukaryotic initiation factor eIF4E, thereby allowing eIF4E to initiate cap-dependent translation 
and to stimulate proliferation (Dowling et al., 2010; Fingar et al., 2002).
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Figure 1: mTOR signalling pathway. Overview of major upstream regulatory signals of mTORC1 and major downstream 
effectors of mTORC1. Insulin and growth factors stimulate mTORC1 activity by binding growth factor receptors and 
stimulating downstream signalling. Activation leads to PIP3 generation by PI3K. PIP3 recruits PDK1, which in turn acti-
vates PKB. PKB represses the GAP activity of the TSC1/2 complex towards Rheb, which leads to GTP-loaded active Rheb 
and subsequent activation of mTORC1. Growth factors can simultaneously activate MAPK signalling, which stimulates 
mTORC1 activity via the inactivation of the TSC1/2 complex and the direct phosphorylation of Raptor. Finally, growth 
factors stimulate mTORC2 activity in a PI3K-dependent manner, but by an unknown mechanism. Amino acids also sti-
mulate mTORC1 activity by activating the Rag GTPases. This activation recruits mTORC1 to the lysosomes where it is in 
close proximity to Rheb. Negative regulation of mTORC1 activity occurs when cells are deprived of oxygen or nutrients. 
Reduced availability of oxygen stabilizes HIF1α and thereby activates the REDD1/2 proteins that stimulate the TSC1/2 
complex. Nutrient depletion stimulates the TSC1/2 complex via the activation of AMPK via either LKB1 activation or an 
increase in AMP levels. In addition, AMPK directly inhibits mTORC1 activity via the phosphorylation of Raptor. Upon 
activation, mTORC1 regulates a subset of downstream effects like protein synthesis via S6K and 4EBP, autophagy via 
Ulk1 phosphorylation and energy homeostasis via PGC1α and YY1.
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The Ras/MAPK pathway is triggered via translocation of adapter protein Grb2 with its associa-
ted guanine nucleotide exchange factor (GEF) SOS to the membrane. In the case of insulin/IGF 
receptor signalling this again involves IRS1. Once activated, MAPK will enhance p90 ribosomal 
S6 kinase (RSK). Both kinases have a dual role in the activation of mTORC1. First, they have both 
been reported to phosphorylate and inactivate TSC2 (Ma et al., 2005; Roux et al., 2004). Secondly, 
they phosphorylate the mTORC1 complex protein Raptor on distinct sites (Carriere et al., 2011; 
Carrière et al., 2008).

1.2 mTORC1 regulation by nutrients
As alluded to above, the mTORC1 pathway integrates growth factor signalling with nutritional 
status. It is important to note here that the negative regulation of mTORC1 caused by the lack 
of nutrients is dominant over positive inputs coming from growth factors. Remarkably, nutrient 
deprivation does not affect signalling components upstream of mTORC1 like the insulin receptor 
or PKB. Multiple pathways have been delineated that serve to signal a shortage of one or more 
nutrients (reviewed in (Kim and Guan, 2011)). A lack of amino acids leads to a block of mTORC1 
via a mechanism that is distinct from that arising from an insufficiency in carbohydrates (Dennis 
et al., 2001). Furthermore, various pathways often cooperate to fine-tune the response to a given 
type of nutrient. A major mechanism via which amino acid availability results in mTORC1 activity 
involves the heterodimeric Rag GTPases (RagAB/CD) (Sancak et al., 2008). The Rag GTPases are 
localized on lysosomes/Rab7 positive vesicles via their interaction with the so-called Ragulator 
complex (p18-p14-MP1-HBXIP-C7Orf59 complex), which has GEF activity towards RagA/B 
(Bar-Peled et al., 2012; Sancak et al., 2010). If cells are amino acid depleted, RagA/B is in its 
GDP-bound state and RagC/D in its GTP-bound state, which results in cytoplasmic localization of 
mTORC1. When cells are replenished with amino acids, RagC/D becomes GDP-bound and RagA/B 
becomes GTP-bound. This will target mTOR to lysosomes via the GTP-dependent interaction of 
RagA/B with Raptor. The co-localization with Rheb that also resides at lysosomes then results in 
mTORC1 activation. It should be kept in mind that other proteins like VPS34 and MAP4K3 are also 
stimulated by amino acids and required for mTORC1 activity (Byfield et al., 2005; Findlay et al., 
2007; Nobukuni et al., 2005; Yan et al., 2010).
The AMP-activated protein kinase AMPK signals carbohydrate insufficiency to mTORC1. Glucose 
deprivation, interference in glycolysis by addition of 2-Deoxy-D-glucose (2-DG) or mitochondrial 
inhibition with e.g. Rotenone, all decrease mTORC1 activity by lowering the ATP concentration 
in a cell (Choo et al., 2010; Dennis et al., 2001). A decline in cellular ATP levels and associated 
rise in cellular AMP levels will lead to the activation of AMPK. Activated AMPK stimulates cata-
bolic processes like the uptake and metabolism of glucose and fatty acids and inhibits anabolic 
processes like the synthesis of fatty acids, glycogen, cholesterol and protein synthesis (reviewed 
in (Hardie, 2007; Mihaylova and Shaw, 2011)). The activated kinase inhibits these processes 
by phosphorylating multiple target proteins. Among these is TSC2, which will lower Rheb-GTP 
levels and consequently suppress mTORC1 activity (Inoki et al., 2003b; Liu et al., 2006; Shaw 
et al., 2004). The observation that cells lacking TSC2 remain partially sensitive to energy stress 
suggested that AMPK has additional substrates in the mTORC1 pathway. Indeed, the mTORC1 
complex member Raptor has been identified as another AMPK substrate (Gwinn et al., 2008). 
AMPK directly phosphorylates Raptor in a LKB1-dependent manner leading to the binding of 14-
3-3 proteins to Raptor and subsequent inhibition of mTORC1. In a number of studies, interfering 
in mitochondrial activity has been shown to lead to a tighter interaction of Raptor and mTOR 
and a decrease in mTORC1 activity (Kim et al., 2002; Schieke et al., 2006). Although the precise 
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mechanism behind this interaction has never been resolved, it may reflect an effect of AMPK-
mediated Raptor phosphorylation and subsequent conformational change in the complex.
Inhibition of mTORC1 lowers protein translation, which is a major energy-consuming process in 
the cell. Thus, AMPK lowers the ATP demand in cells via inhibition of mTORC1. If the energy 
balance is not restored, energy stress will lead to the induction of autophagy. This process, in 
which cellular components are included in double-membrane vesicles (autophagosomes) that 
will fuse with lysosomes, serves to generate sufficient metabolites. Here, activation of AMPK and 
inhibition of mTOR act in concert to stimulate the autophagy initiating kinase Ulk1 (reviewed in 
(Hardie, 2011; Mihaylova and Shaw, 2011)). When nutrients are sufficient, mTORC1 phospho-
rylates Ulk1 and thereby prevents its interaction with AMPK. However, a decrease in mTORC1 
activity upon starvation allows AMPK to interact with Ulk1 and stimulate it by phosphorylation. 
Under energy stress both Ulk1 and AMPK negative cells are impaired in their autophagy response. 
The importance of this response is seen in cells that are devoid of Ulk1 or contain Ulk1 mutant 
protein that cannot be phosphorylated by AMPK. These cells are more susceptible to apoptosis 
upon nutrient deprivation (Egan et al., 2011). A similar effect is seen when TSC2-/- cells are 
deprived of glucose (Choo et al., 2010). These cells are highly dependent on glucose for their sur-
vival. However, mTORC1 inhibition with rapamycin during glucose deprivation prolongs survival of 
these cells through an OXPHOS-dependent mechanism. This requires that glutamine is present as 
an energy source, which is converted to glutamate via glutamine dehydrogenase to fuel the TCA 
cycle. Thus, rapamycin limits ATP usage to a level that can be sustained. In summary, AMPK and 
mTORC1 are sensors of the energy status a cell and together form a switch that has control over 
the use of anabolic versus catabolic processes in a cell.

1.3 mTORC1 regulation by oxygen levels
Hypoxia leads to a change in the rate of metabolism in order to decrease ATP consumption and 
subsequently reduce the cellular oxygen demand to maintain metabolic homeostasis. Hypoxia 
regulates mTORC1 activity via three different mechanisms. First, hypoxia will lead to a decline 
in ATP levels and accumulation of AMP. This will inhibit mTORC1 signalling via AMPK-induced 
activation of TSC2 and phosphorylation of Raptor as discussed above. Second, the mitochondrial 
pro-apoptotic proteins BNIP3 and BNIP3L (also known as Nix) are involved in the rapid inhibitory 
effect of hypoxia on mTORC1. BNIP3 and BNIP3L interact with Rheb and decrease GTP levels 
on Rheb, thereby inactivating mTORC1 (Li et al., 2007). Finally, under hypoxic conditions prolyl 
hydroxylation of HIF1α by the prolyl hydroxylase domain proteins, PHD1-3, is inhibited. This 
prevents the Von Hippel-Lindau (VHL) tumor suppressor protein to mark HIF1α for degradation 
and leads to stabilization of HIF1α. The induction of HIF1α levels in cells exposed to hypoxic 
conditions is mTORC1-dependent and can be reversed by treatment of the cells with rapamycin 
(Brugarolas et al., 2003; Land and Tee, 2007). Stabilized HIF1α binds the constitutively expressed 
HIF1β to form an active HIF transcription regulating complex, which induces the expression of 
REDD1 and REDD2. For REDD1 it has been shown that it competes for binding of TSC2 with the 
inhibitory 14-3-3 proteins. Relieving the inhibitory action of 14-3-3 proteins on TSC2 leads to 
stabilization of the TSC complex and subsequent inhibition of mTORC1 activity. This decrease in 
mTORC1 activity generates a negative feedback response by inducing the degradation of HIF1α 
and the normalization of HIF1α levels in order to stop the acute response to hypoxia. REDD1 can 
inhibit mTORC1 signalling even in the presence of constitutive active PKB, indicating that the 
response of cells to hypoxic conditions overrides the response to mitogenic stimuli (Corradetti et 
al., 2005; DeYoung et al., 2008).
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2. Mitochondria as a target for mTORC1 signalling
mTORC1 increases cellular mass via its effect on multiple processes like protein translation, ribo-
some biogenesis and mitochondrial biogenesis. With respect to mitochondrial function mTORC1 
appears to play a role at multiple levels. Processes that involve mTORC1 are mitochondrial 
biogenesis, direct regulation of mitochondrial proteins, regulation of uptake and utilization of 
carbohydrates, and regulation of mitophagy. We discuss these processes in detail below.

2.1 mTORC1 activates transcription of genes for mitochondrial biogenesis
mTORC1 activity is important for stimulation of transcription of genes involved for mitochondrial 
biogenesis. One of the master regulators controlling these genes is the peroxisome-proliferator-
activated receptor coactivator-1α (PGC1α) (Lin et al., 2005). Long term inhibition of mTORC1 with 
rapamycin was found to decrease PGC1α mediated gene transcription in muscle cells in vitro. As a 
result, mitochondrial DNA content and oxygen consumption were lowered. An opposite effect was 
seen in TSC2-/- cells, where mTORC1 activity is constitutively high. mTORC1 appears to mediate 
its effect via the yin-yang 1 transcription factor YY1. YY1 can associate with the scaffolding protein 
Raptor in mTORC1 and is a direct substrate for mTOR. Phosphorylation by mTORC1 enhances 
the interaction between YY1 and PGC1α, which stimulates the association of PGC1α with mito-
chondrial genes (Cunningham et al., 2007). In line with this finding, muscle-specific deletion of 
YY1 in mice results in decreased mitochondrial protein content, decreased OXPHOS and eventual 
exercise intolerance (Blättler et al., 2012). Overexpression of PGC1α in muscle appears sufficient 
to increase OXPHOS capacity and leads to improved insulin sensitivity during aging, further 
demonstrating the importance of the PGC1α/YY1 complex for mitochondrial function (Wenz et 
al., 2009). The stimulatory effect of mTORC1 on PGC1α/YY1-induced transcription has also been 
shown following muscle-specific deletion of mTOR (Risson et al., 2009) or Raptor (Bentzinger 
et al., 2008). In both cases progressive muscular dystrophy is seen with altered mitochondrial 
morphology and a decrease in oxidative capacity.
Although the studies above hint at a relatively simple and linear pathway from mTOR via PGC1α/
YY1 towards mitochondrial biogenesis, other studies demonstrate tissue-specific effects and 
more complex interactions between components of the mTORC1 pathway and mitochondrial 
biogenesis (Table 1). For example, deletion of Raptor in mature adipocytes results in lean mice 
with a reduction in size and number of adipocytes, but little or no effect on the mass of other 
tissues (Polak et al., 2008). The leanness most likely results from increased expression of the 
mitochondrial uncoupling protein UCP1 in white adipose tissue (WAT), while food intake, lipolysis 
or physical activity were not involved. These mice are protected from diet-induced obesity and 
maintain better insulin sensitivity. In WAT as well as in muscle, PKB signalling was enhanced, 
demonstrating non-cell autonomous effects. Increased PKB activity is most likely due to the dis-
ruption of the negative feedback loop from S6K1 to IRS1. Furthermore, while studies in cell lines 
indicated that the mTORC1 target S6K1 was not involved in PGC1α/YY1-induced mitochondrial 
gene transcription (Cunningham et al., 2007; Schieke et al., 2006), studies in mice show that 
whole-body deletion of S6K1 causes a profound increase in the mitochondrial content of skeletal 
muscle and adipocytes. This is accompanied by increased expression of PGC1α and mitochondrial 
genes including those for uncoupling proteins (UCP1 and UCP3) (Um et al., 2004). Mice lacking 
S6K1 are protected from high fat diet-induced obesity, which is at least partially explained by 
increased OXPHOS of triglycerides. Remarkably, loss of S6K1 in skeletal muscle or other tissues 
results in energy stress as evident from increased levels of AMP and increased AMPK activity 
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Table 1: Overview of effects of mTORC1 and downstream effectors on mitochondrial biogenesis.

Cells Target Method Effect References

MEFs TSC2 knockout Enhanced interaction YY1 and PGC1α Cunningham et al., 
2007Increased oxygen consumption

Increased mitochondrial DNA content

Muscle cells mTORC1 Rapamycin Decreased PGC1α mediated gene transcription Cunningham et al., 
2007Decreased oxygen consumption

Decreased mitochondrial DNA content

YY1 knockdown Decreased mitochondrial gene expression

Decreased oxygen consumption

Decreased mitochondrial DNA content

Jurkat/HEK293 mTORC1 Rapamycin Decreased oxygen consumption Schieke et al., 2006

Decreased mitochondrial membrane potential

Raptor knockdown Decreased oxygen consumption

Decreased mitochondrial membrane potential

YY1 overexpression Increased mitochondrial gene expression Cunningham et al., 
2007

Tissue Target Method Effect References

Muscle YY1 deletion Decreased OXPHOS Blättler et al., 2012; 

Decreased mitochondrial protein content

Exercise intolerance

PGC1α overexpression Increased OXPHOS Wenz et al., 2009

Improved insulin sensitivity

mTOR deletion Decreased oxidative capacity Risson et al., 2009

Altered mitochondrial morphology

Muscular dystrophy

Raptor deletion Decreased oxidative capacity Bentzinger et al., 
2008Altered mitochondrial morphology

Muscular dystrophy

S6K1 deletion AMPK activation Aguilar et al., 2007

Increased AMP/ATP ratio

Energy stress

AMPK deletion Decreased expression PGC1α Zong et al., 2002

Decreased mitochondrial biogenesis

Adipocytes Raptor deletion Reduction size and number adipocytes Polak et al., 2008

Lean mice

Whole body S6K1 deletion Increased mitochondrial content skeletal muscle Um et al., 2004

Increased mitochondrial content adipocytes

Reduction size and number adipocytes

Lean mice

Table 1: Upper part of the table shows in vitro studies, lower part of the table shows in vivo studies. For each study, 
the cell/tissue type, the target and the method used to interfere with the target are summarized as well as the effects 
observed.
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(Aguilar et al., 2007). Under energy stress, perhaps induced by high levels of UCP1, increased 
AMPK rather than mTORC1 activity appears to promote the increase in mitochondrial mass and 
elevated PGC1α expression in S6K1-deficient skeletal muscle (Zong et al., 2002).

2.2 mTORC1 regulates mitochondrial activity via phosphorylation of mitochondrial 
proteins
A second level at which mTORC1 may affect mitochondrial function is via direct modification of 
mitochondrial proteins. This hypothesis is supported by the detection of mTORC1 associated with 
mitochondria and studies with rapamycin (Desai et al., 2002; Ramanathan and Schreiber, 2009; 
Schieke et al., 2006). Using a cell sorting approach, Schieke et al. found a positive correlation 
between mTORC1 activity, Δψm, maximal oxidative capacity and cellular ATP levels in Jurkat cells. 
Blocking mTORC1 by a twelve hour rapamycin treatment lowered Δψm and maximal oxidative 
capacity without a measurable effect on mitochondrial mass. Interestingly, phosphorylation 
of many mitochondrial proteins was diminished, but the functional significance of this has not 
been established. Ramanathan and Schreiber used a shorter rapamycin treatment to exclude 
transcriptional effects. Rapamycin lowered mitochondrial respiration and induced a shift from 
OXPHOS towards glycolysis as measured by metabolic profiling. They propose a mechanism that 
involves the interaction of mTOR with the voltage-dependent anion-selective channel VDAC1 
and the anti-apoptotic mitochondrial transmembrane protein Bcl-XL. VDAC1 is located in the 
OMM where it regulates the Δψm as a component of the mitochondrial permeability transition 
pore. Via phosphorylation by mTOR, Bcl-XL may stimulate the permeability of VDAC1 for TCA 
substrates. Strikingly, the effect of rapamycin could be mimicked with a Bcl inhibitor (Ramanathan 
and Schreiber, 2009). However, regulation of VDAC1 is complex and also PKB has been shown to 
regulate this channel in a glucose and hexokinase-dependent manner (Majewski et al., 2004).

2.3 mTORC1 is involved in balancing glycolytic flux with mitochondrial respiration
To sustain cell growth, mTORC1 affects mitochondrial function via regulation of uptake and 
utilization of carbohydrates. As part of the PI-3 kinase/PKB signalling network, mTORC1 can 
stimulate glucose uptake via increasing the presence and/or activity of the glucose transporter 
Glut1 on the plasma membrane (Düvel et al., 2010; Edinger and Thompson, 2002; Wieman et al., 
2007). Importantly, proliferating cells use glucose not only for ATP production, but also to pro-
vide intermediates for the synthesis of lipids and nucleic acids. To this end, rapidly proliferating 
cells have enhanced aerobic glycolysis combined with reduced OXPHOS, a phenomenon that in 
tumor cells is known as the Warburg effect (reviewed in (Deberardinis et al., 2008)). This means 
that cells have to prevent the conversion of pyruvate derived from glycolysis into AcetylCoA in 
mitochondria. Using microarray analysis and metabolomics approaches mTORC1 was shown to 
increase glycolytic flux via HIF1α-mediated transcription of glycolytic genes (Düvel et al., 2010). 
Among these upregulated genes is pyruvate dehydrogenase kinase 1 (PDHK1) that phosphorylates 
mitochondrial pyruvate dehydrogenase and thereby inactivates the pyruvate dehydrogenase 
complex (PDC). As a consequence, pyruvate is metabolized to lactate instead of AcetylCoA. Other 
mechanisms, like phosphorylation of PDHK1 and pyruvate kinase-M2 (PKM2) and hydroxylation 
of PKM2 (Luo et al., 2011) also contribute to the shunting of pyruvate into lactate (Hitosugi et al., 
2009, 2011). The increased glycolytic flux arising from increased glucose uptake and/or increased 
expression of glycolytic genes may have a feed forward effect on mTORC1 activity. It has been re-
ported that the glycolytic enzyme GAPDH can bind Rheb and thereby sequester Rheb away from 
mTORC1 (Buller et al., 2011; Kim et al., 2011; Lee et al., 2009). When the glycolytic flux is high, 
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increased levels of glyceraldehyde-3-phosphate will release Rheb from GAPDH, which now can 
activate mTORC1. During tumorigenesis activation of PI-3K/mTORC1 signalling by activation of 
oncogenes or loss of tumor suppressor genes can also lead to induction of aerobic glycolysis. As a 
consequence, tumorigenic cells can better survive phases of insufficient oxygen supply that they 
are likely to experience in developing tumors and during which glycolysis is further stimulated via 
stabilization of (reviewed in (Semenza, 2010)).
Due to the export of citrate from mitochondria for fatty acid synthesis, cells under the Warburg 
effect need to replenish their TCA intermediates (anaplerosis). Glutamine is a major source for 
this in proliferating cells. This occurs via glutaminolysis to form α-ketoglutarate, which after con-
version to oxaloacetate is used to restore citrate levels. Intriguingly, the process of glutaminolysis 
activates mTORC1 via the Rag GTPases and may explain the addiction of tumor cells to glutamine 
(Durán et al., 2012; Lorin et al., 2013).

2.4 mTORC1 and mitophagy
Mitophagy can be part of a developmental program, like terminal differentiation of erythrocytes, 
or be induced by specific conditions, like hypoxia. In addition, damaged mitochondria are also 
under normoxic conditions selectively degraded, which prevents accumulation of damaged mito-
chondria that may cause cell death. Interference in this process may for example lead to neuronal 
degeneration (Koopman et al., 2013). Selective degradation of depolarized mitochondria involves 
their recognition by BNIP3 and BNIP3L, which both interact with the autophagosomal membrane 
protein LC3. BNIP3 and BNIP3L protein levels are upregulated in a HIF1α-dependent manner under 
hypoxic conditions (Sowter et al., 2001) and during terminal erythroid differentiation (Schweers 
et al., 2007), suggesting that upregulation of these proteins can trigger mitophagy. BNIP3L pre-
pare mitochondria for autophagic degradation by controlling mitochondrial localization of the 
E3 ubiquitin ligase Parkin upon depolarization of mitochondria (Ding et al., 2010). Translocation 
of Parkin also depends on the PTEN induced putative kinase, PINK1. PINK1 is imported into all 
mitochondria where it is maintained at low levels by degradation. If mitochondrial function is im-
paired, PINK1 is stabilized and accumulates on the OMM of depolarized mitochondria to recruit 
Parkin (Geisler et al., 2010). Parkin ubiquitinates mitochondrial proteins, including VDAC1, that 
serve as a recognition mark for the autophagic machinery (Geisler et al., 2010; Narendra et al., 
2008). Ubiquitinated mitochondrial proteins are bound by p62 (also known as sequestosome1), 
which is a multifunctional protein that also interacts with LC3 and thereby promotes association 
with autophagosomal membranes (Figure 2) (Pankiv et al., 2007). Other ubiquitin-binding pro-
teins like HDAC6 and NBR1 may also be involved in this process (Kirkin et al., 2009; Lee et al., 
2010). Much of our understanding of the molecular mechanisms of mitophagy has come from 
studies with CCCP, a mitochondrial uncoupling agent that acutely affects the entire population 
of mitochondria. Studying mitophagy under more physiological conditions is hard (reviewed in 
(Youle and Narendra, 2011)). However, it is reassuring that novel mass spectrometry approaches 
do support a role for PINK1 and Parkin in mitophagy in vivo in Drosophila (Vincow et al., 2013).
As a specialized form of autophagy, mitophagy requires suppression of mTORC1 activity and 
activation of Ulk1 (Egan et al., 2011). As indicated above, BNIP3 and BNIP3L prevent mTORC1 
activation by directly binding to and inactivating Rheb (Li et al., 2007). Whether p62 also has 
a role in mTORC1 inactivation is less clear. Upon amino acid stimulation p62 activates mTORC1 
by interacting with Raptor and the Rag GTPases at lysosomes (Duran et al., 2011). Translocation 
of p62 from lysosomes to mitochondria may thus lead to inhibition of mTOR. However, p62 has 
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multiple interaction partners and the relation of p62 and mTORC1 in the process of autophagy is 
complex (Moscat and Diaz-Meco, 2011).
In a recent paper, increased mitophagy was found when mammalian cells were shifted from 
glucose-containing medium to glucose-free medium supplemented with glutamine (Melser et 
al., 2013). This change in medium resulted in a shift from glycolysis to OXPHOS without an alte-
ration of mitochondrial mass, which was accompanied by a selective increase in mitochondrial 
protein turnover. When the mTOR activator Rheb was transiently overexpressed, a decrease in 
mitochondrial mass was seen in both types of medium. This was accompanied by an increase in 
autophagy markers, including BNIP3L, and induced maturation of LC3 that localized to mitochon-
dria. Also Rheb was detected at the OMM and could be co-immunoprecipitated with LC3 and 
BNIP3L. Together, these data show that increased OXPHOS results in a Rheb/BNIP3L-mediated 
mitochondrial renewal that prevents accumulation of damaged mitochondria. As expected, Rheb 
stimulated mTORC1, indicating that inhibition of mTORC1 is not a prerequisite for mitophagy 
under all circumstances. This is consistent with findings in a number of tumor cell lines where 
high levels of autophagy are found in the presence of active mTOR signalling (Guo et al., 2011). 

Figure 2: Mitochondrial priming in mitophagy. PINK1 accumulation on the outer mitochondrial membrane recruits 
Parkin to the mitochondria. In addition, BNIP3 and BNIP3L on the OMM also recruit Parkin to the mitochondria. In 
turn, Parkin will ubiquitinate mitochondrial proteins, like VDAC1. Ubiquitinated proteins are recognized by p62 which 
interacts with LC3 on autophagosomes. In addition, BNIP3 and BNIP3L also interact with the autophagosomal protein 
LC3, thereby inducing association with the autophagosomal membrane. The increase in ROS production induced by 
BNIP3 and BNIP3L via the depolarization of ΔΨm will inhibit mTORC1 activity. In addition, the inactivation of Rheb by 
BNIP3 and BNIP3L will inhibit mTORC1 activity. MM, mitochondrial matrix; IMM, inner mitochondrial membrane; IMS, 
intermembrane space; OMM, outer mitochondrial membrane; ROS, Reactive Oxygen Species.
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A possible explanation may be that under nutrient-limiting conditions ROS are generated that 
directly activate autophagy via Atg4-mediated processing of LC3 (Scherz-Shouval et al., 2007).

3. Feedback of mitochondrial function on mTORC1 activity
Homeostasis depends on feedback systems that allow for balanced adaptive changes. This is 
also seen in the case of mTOR and mitochondrial function. Under favorable conditions mTOR 
promotes mitochondrial biogenesis via transcriptional regulation. However, the increase in mito-
chondrial mass should be adjusted to nutrient availability in order to prevent malfunctioning of 
mitochondria. Likewise, starvation responses should lead to a diminished number of mitochon-
dria, but complete removal of mitochondria would be detrimental to a cell. Signalling pathways 
that coordinate these processes are only partially elucidated and may affect mTOR itself or other 
elements from the mTOR pathway. Below we briefly discuss recent insights into two mechanisms 
that involve mitochondrial signalling to mTORC1, namely ROS and the mitochondrial unfolded 
protein response, the UPRmt.

3.1 mTORC1 activity is regulated by ROS
Mitochondrial respiration is a major source for generation of ROS by complex I, II and III in the 
mitochondrial electron transport chain (mETC) (Klimova and Chandel, 2008). The effects of ROS 
on proteins include oxidation of cysteines and carbonylation. The cellular effects of ROS are com-
plex with dose and cell-type dependent aspects. Low levels of ROS in a cell can stimulate growth 
factor-mediated signalling, while higher levels induce cell cycle arrest or cell death. Enhanced 
ROS production is seen under various conditions and context-dependent mechanisms are used to 
downregulate ROS itself and/or ROS production (Finkel, 2012). Although many effects of ROS on 
mTORC1 activity are cell type dependent, there are indications that the effect of ROS on mTORC1 
is concentration dependent. Activity of mTORC1 is induced by low levels of ROS while mild and 
high levels have an inhibiting effect on mTORC1 activity (Li et al., 2010). ROS can activate mTORC1 
via oxidation of cysteine groups. This is seen following treatment of cells with compounds like 
phenylarsene oxide (PAO) that specifically induce disulfide bonds. Reducing agents have the op-
posite effect (Sarbassov and Sabatini, 2005). ROS and agents like PAO may either oxidize cysteine 
groups in the mTORC1 complex itself (Sarbassov and Sabatini, 2005) or act at upstream levels 
like the TSC1/2 complex (Yoshida et al., 2011). Mechanisms via which mild and high levels of 
ROS inactivate mTORC1 are stimulus and cell type-dependent. ROS, generated by mitochondrial 
depolarization with CCCP, inhibits mTORC1 in an N-acetylcysteine (NAC) manner, suggesting invol-
vement of cysteine oxidation (Ding et al., 2010). Recently, astrin has been implicated as a medi-
ator of oxidative stress-induced mTORC1 inhibition. Oxidative stress induced by arsenite, but also 
other stresses like heat shock, enhance the association of astrin with raptor and consequently 
diminish the amount of mTOR-bound Raptor (Thedieck et al., 2013). The astrin-raptor complex 
translocates to stress granules, which are non-membrane bound cytoplasmic compartments 
(Hyman and Simons, 2012). This results in a decreased mTORC1 activity and can have an anti-
apoptotic effect in cancer cells. Re-activation of mTORC1 after resolution of stress can occur by 
release of Raptor from stress granules. The dual specificity kinase DYRK3 both helps in dissolving 
stress granules and in addition has a more direct role in mTORC1 activation via phosphorylation 
of PRAS40 (Wippich  et al., 2013). Most likely, different stresses induce stress granule assembly 
via distinct molecular mechanisms. How ROS induces stress granules is not exactly known, but it 
may involve halted translation phosphorylation of the initiation factor eIF2. Indeed, indications 
for such a scenario have been documented in C. elegans (see below). 
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It should be noted that various other mechanism have been reported that cells employ to inhibit 
mTORC1 after ROS challenge. First, ROS activate stress-activated kinases like JNK that inactivate 
PI3K signalling via inhibitory phosphorylation of IRS1 (Eijkelenboom and Burgering, 2013). Se-
condly, ROS can activate AMPK. ROS can do so via mitochondrial depolarization, which increases 
levels of AMP. Alternatively, this can occur in an AMP-independent manner (Li et al., 2013, 2010), 
which for example takes place under hypoxic conditions (Emerling et al., 2009).
The inactivation of mTORC1 by ROS represents a feedback mechanism, since it can result in a 
reduction of the number of mitochondria via mitophagy and thus prevent further increases in 
ROS formation (Ding et al., 2010). A similar mode of regulation is also seen in yeast. Here, ROS-
induced mitophagy was demonstrated upon nitrogen starvation and shown to play an important 
role in keeping the number of mitochondria to a minimum to meet energy requirements and 
simultaneously prevent the production of excess ROS (Kurihara et al., 2012).
It should be kept in mind that the inactivation of mTORC1 by ROS is only part of an integral 
program by which cells prevent excessive damage. Enhanced ROS production is also counteracted 
by the anti-oxidant pathway consisting of JNK and FOXO that leads to upregulation of manga-
nese superoxide dismutase (MnSOD), which convert O2•

- to H2O2, and catalase, which converts 
H2O2 to H2O and O2, (Essers et al., 2004). Another important transcription factor is NRF2 that 
controls antioxidant genes like γ-glutamyl-cysteine ligase (GCL), which is involved in glutathione 
production. In unstressed cells, NRF2 is degraded following ubiquitination by the E3 ligase KEAP1. 
Oxidative stress modifies KEAP1 leading to stabilization of NRF2 and its nuclear accumulation 
(Yamamoto et al., 2008). Interestingly, as a feedback mechanism mTORC1 can stimulate NRF2 via 
direct phosphorylation to protect cells against acute oxidative stress (Okouchi et al., 2006).

3.2 UPRmt and mTORC1
Various mitochondrial stress situations can lead to accumulation of misfolded proteins in mito-
chondria, which trigger the UPRmt. The unfolded protein response is a well-characterized stress 
response in eukaryotic cells that relies on molecular chaperones. These chaperones prevent 
aggregation and promote efficient (re)folding and assembly of newly synthesized and stress 
denatured proteins. Furthermore, they can also assist in the degradation of irreversibly misfol-
ded or misassembled proteins (reviewed in (Hu and Liu, 2011)). A number of genes involved 
were identified in an RNAi screen for suppressors of the UPRmt in C. elegans (Baker et al., 2012; 
Benedetti et al., 2006; Haynes et al., 2007, 2010). This has led to a model in which proteolysis 
of mitochondrial proteins and export of the resulting degradation products induce nuclear ac-
cumulation of a transcriptional complex consisting of UBL-5 and DVE-1. In addition, diminished 
import of a basic leucine zipper transcription factor named ATFS-1 into mitochondria allow ATFS-1 
to transfer to the nucleus (Nargund et al., 2012). Together, these proteins enhance transcription 
of mitochondrial chaperones and restore protein folding. Interestingly, the RNAi screen also 
identified the orthologue of Rheb. The exact function of Rheb in this pathway is not clear and 
initially Rheb and TOR were suggested to act as negative regulators of the nuclear distribution 
of DVE-1/UBL-5 upon mitochondrial stress (Haynes et al., 2007). More recent data indicate that 
repression of cytosolic translation by inhibition of Rheb or mTOR may prevent the induction of 
mitochondrial stress (Baker et al., 2012). This is based on the finding that ROS generated as a 
consequence of mitochondrial stress slows translation via phosphorylation of the eukaryotic 
translation factor eIF2α. This decreased translation results in a concomitant diminished require-
ment for protein folding via a reduction of the import of mETC components (Baker et al., 2012). 
Thus, ROS-mediated inhibition of translation via eIF2α acts in parallel to the UPRmt to protect cells 
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against mitochondrial dysfunction. It is likely that inhibition of mTOR acts in a similar fashion and 
by inhibition of translation lowers the UPRmt.
The mammalian UPRmt appears to operate in a fashion similar to the one described for C. elegans, 
although fewer components of this signalling pathway have been described. The transcription 
factor that has been identified as a crucial element here is a bZIP protein CHOP that hetero-
dimerizes with C/EBPβ (Zhao et al., 2002). Together, these proteins drive the upregulation of 
mitochondrial stress response proteins like the chaperonin Hsp60 and the IMM protease ClpP 
(Aldridge et al., 2007; Zhao et al., 2002). In addition, a separate stress response in the IMS has 
been documented that increases CHOP expression (Papa and Germain, 2011). IMS stress also 
results in ROS production but does not cause a reduction in Δψm. ROS activates PKB, which in 
turn activates the estrogen receptor ERα leading to upregulation of the IMS protease Htra2 and 
the transcription factor NRF1. 
Even though the signalling components of the mammalian UPRmt are incompletely characteri-
zed, the importance of UPRmt for health is apparent. In recent studies the UPRmt resulting from 
a nuclear-mitochondrial protein imbalance (i.e. the stoichiometric balance between nuclear 
and mitochondrial encoded proteins) was found to promote longevity in mice and C. elegans 
(Houtkoper et al., 2013). The nuclear-mitochondrial protein imbalance can result from mutation 

Figure 3: Integrated regulation of mTORC1 activity and mitochondrial function. Growth factors stimulate mTORC1 ac-
tivity via the inactivation of TSC1-TSC2 complex. Amino acids stimulate mTORC1 activity via the Rag GTPases. Hypoxia 
inhibits mTORC1 activity via HIF1α stabilization and subsequent REDD1/2 transcription. Energy stress inhibits mTORC1 
activity via AMPK. mTORC1 activity regulates mitochondrial homeostasis via four targets; Glut1, YY1/PGC1α, Ulk1 and 
VDAC1. Mitochondrial function regulates mTORC1 by feedback mechanisms. Mitochondrial function regulates HIF1α, 
AMPK, BNIP3L and ROS which all impact on mTORC1 activity. Low levels of ROS stimulate mTORC1 activity and mild 
to high levels of ROS inhibit mTORC1 activity. This dual regulation is indicated with a dot. Arrows indicate stimulatory 
effects. Stripes indicate inhibitory effects.
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of mitochondrial ribosomal genes or structural components of the ETC, but also induced by 
various drugs. For example, induction of UPRmt has been demonstrated by increasing cytoplas-
mic nicotinamide adenine dinucleotide (NAD+) levels in C. elegans, where it promotes longevity 
(Mouchiroud et al., 2013). 
The fact that UPRmt-dependent longevity can be seen in long-lived mutants from the insulin-
pathway is indicative for separate pathways. However, rapamycine-treatment of worms was 
found to induce UPRmt and the resulting longevity was dependent on genes functioning in the 
UPRmt. It will be interesting to see if inducing UPRmt can be employed to promote healthy aging. 

Conclusion and perspective
Defective mitochondrial homeostasis can result in tissue-specific effects, eventually causing can-
cer, neurodegenerative diseases like Parkinson or muscle syndromes like dystonia (Koopman et al., 
2013). In this review we describe how mTOR contributes to mitochondrial homeostasis (Figure 3). 
mTOR can stimulate mitochondrial biogenesis and function. Simultaneously, mTOR is subject to 
the various outputs of mitochondria, including ATP, ROS and metabolic intermediates. In all cases, 
mTOR functions in complex, cell type-specific networks with numerous feedback systems. Recent 
developments revealed that Rheb, the well-known activator of mTOR, independently functions 
in the control of mitochondrial turnover (Melser et al., 2013). Astrin has been identified as a 
mediator of ROS-induced translocation of Raptor to stress granules (Thedieck et al., 2013), while 
DYRK3 was shown to function in the reactivation following stress (Wippich et al., 2013). Classical 
forward genetic screens in C. elegans are continuing to identify novel proteins that function in 
mitochondrial homeostasis by either acting in the UPRmt or modifying this response (Baker et 
al., 2012).  With rapid technical developments in metabolic profiling, cell culture systems using 
patient derived cells and techniques to visualize ROS inside cells we will hopefully reach a more 
complete understanding of the reciprocal signalling of mTORC1 and mitochondria and be able to 
offer new prospects for treatment of mitochondria-related diseases.
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Summary
The intracellular localization and signalling function of the small GTPase Rheb is determined 
by its CAAX-box. Rheb activates mTORC1 on lysosomes, but is also reported on various other 
membranes. Rheb and mTORC1 signal nutrient and growth factor sufficiency to stimulate cell 
growth and are involved in the stimulation of anabolic processes by increasing glycolytic flux 
and mitochondrial respiration. Here we investigated the effect of Rheb localization in relation to 
mTORC1 signalling and metabolic homeostasis. We show that the membrane localization of Rheb 
is essential for its signaling function towards mTORC1, but that the precise membrane location 
of Rheb is important under nutrient-limited conditions. Furthermore, we show that loss of Rheb 
results in a lower reducing capacity of cells. Remarkably, the membrane localization of Rheb is not 
required for the regulation of the reducing capacity.

Introduction
The small GTPase Rheb acts upstream of the mammalian target of rapamycin complex I (mTORC1). 
Rheb stimulates mTORC1 activity upon growth factor and amino acid stimulation. The current 
model is that this stimulation occurs on lysosomes, where Rheb is thought to reside and to which 
mTORC1 translocates upon nutrient stimulation (Sancak et al., 2008, 2010). The lysosomal loca-
lization of TSC2, the GTPase activating protein (GAP) of Rheb, further supports a model in which 
Rheb regulation occurs on lysosomes (Dibble et al., 2012). However, several lines of evidence 
suggest that lysosomes are not the only place in the cell where Rheb has a signalling function. For 
example, the C-terminus of Rheb is unusual among GTPases in that it only contains a farnesylation 
site but no additional membrane targeting signals. This suggests that the localization of Rheb 
may be dynamic and not restricted to lysosomes where Rheb has been reported (Buerger et 
al., 2006; Flinn et al., 2010; Saito et al., 2005). Indeed, the intracellular localization of Rheb has 
been reported on various other membranes, like Golgi, endoplasmic reticulum, mitochondria and 
cytoplasmic vesicles (Bar-Peled et al., 2012; Buerger et al., 2006; Sancak et al., 2010; Yadav et al., 
2013; Melser et al., 2013). In addition to the lysosome model, a model was proposed in which 
Rheb becomes farnesylated on the endoplasmic reticulum and is subsequently transported to 
the Golgi complex for signal transduction to mTORC1. Translocation to the Golgi is required for 
proper signal transduction, since a farnesylated Rheb mutant that is trapped on the endoplasmic 
reticulum has reduced signalling activity to mTORC1 (Buerger et al., 2006). In contrast, mutation 
studies of Rheb have shown that inhibition of CAAX box-processing of Rheb alters its localization, 
without affecting its signalling activity towards mTORC1 (Hanker et al., 2010).
Stimulation of mTORC1 leads to metabolic adaptation resulting in anabolic processes, like protein 
synthesis, ribosome biogenesis and mitochondrial biogenesis. To meet the increase in energy 
required for these anabolic processes, mTORC1 stimulates glycolysis and mitochondrial respi-
ration (reviewed in Chapter 2 of this thesis). In addition, mitochondrial function feeds back on 
mTORC1 signalling to maintain mitochondrial quality and mitochondrial number. A role for Rheb 
in these processes has also been described. Stimulation of the glycolytic flux leads to the release 
of Rheb from the glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which 
sequesters Rheb away from mTORC1 (Buller et al., 2011; Kim et al., 2011; Lee et al., 2009). Sub-
sequent mTORC1 activation then increases the glycolytic flux even further by stimulating glucose 
uptake via an increase in activity and/or expression of the glucose transporter Glut1 at the plasma 
membrane (Edinger and Thompson, 2002; Wieman et al., 2007) and by stimulating the expression 
of glycolytic genes (Düvel et al., 2010). The maintenance of mitochondrial quality and number is 
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important to keep the amount of reactive oxygen species (ROS) produced by these organelles at 
levels that are minimally damaging to the cell. Besides the role of mTORC1 in this quality control, 
Rheb has recently been reported to have an mTORC1-independent function in this process (Melser 
et al., 2013). Transient overexpression of Rheb was found to increase mitochondrial respiration 
without increasing mitochondrial mass. Rheb recruitment to the mitochondrial outer membrane 
stimulates the removal of damaged mitochondria via induction of mitophagy and thereby main-
tains mitochondrial quality. These studies again suggest that Rheb signalling is not restricted to 
lysosomes and that Rheb signalling function is not solely towards mTORC1. A major drawback of 
all the studies mentioned above is that they are performed with overexpression of Rheb or Rheb 
mutants in a background where endogenous Rheb is still present. This can result in mislocalized 
Rheb, which becomes GTP-loaded, probably due to a limiting amount of TSC2 (Im et al., 2002). 
Even when Rheb mutants are overexpressed after knockdown of endogenous Rheb, the presence 
of residual endogenous Rheb can mask the exact function of the Rheb mutants. With this study 
we wanted to get a better understanding of Rheb localization in relation to mTORC1 signalling 
and metabolic homeostasis. We stably expressed Rheb with different CAAX box mutations in a 
Rheb-deficient background at or below endogenous levels. We show that membrane localization 
of Rheb is indeed essential for its signaling function towards mTORC1. However, the precise mem-
brane location dictated by the CAAX-box may be important under nutrient-limited conditions. 
Furthermore, we find that loss of Rheb results in a lower reducing capacity of cells. Surprisingly, 
for the regulation of this cellular reducing capacity the CAAX-box is dispensable, demonstrating 
that membrane localization is not required for this function of Rheb.

Results

GFP-Rheb localization is not restricted to lysosomes
Since the intracellular localization of Rheb is reported on various endocytic membranes besides 
the lysosomes, we tested the localization of GFP-Rheb in our Rheb-deficient and Rheb-proficient 
MEFs that we described previously (Groenewoud et al., 2013). Analysis of co-localization of GFP-
Rheb with the lysosomal marker, Lysotracker Red, by confocal microscopy showed that although 
there is an amount of Rheb that co-localizes with this marker, there is also a substantial amount 
that shows no co-localization (Figure 1A). Taken together, these data confirm that Rheb localiza-
tion is not restricted to lysosomes in MEFs.

Rheb mutants expression and localization
In order to investigate the importance of membrane localization of Rheb for its signaling function 
in distinct settings, we generated cell lines with stable expression of wild type Rheb (Rheb-WT), 
Rheb lacking the C-terminal CAAX-box (Rheb-ΔCAAX) or Rheb of which the C-terminal CAAX box 
is replaced with the CAAX-box and polybasic stretch of Rap1A (Rheb-Rap1ACAAX) (Figure 2A). 
All add back lines are created in a Rheb-deficient background to exclude the interference of 
endogenous Rheb in the results. Rheb-WT should bind to endomembranes, but not the plasma 
membrane, since it is lacking a polybasic stretch or a palmitoylation sequence. Rheb-ΔCAAX 
should not bind to any membrane, since it does not contain membrane targeting signals. Rheb-
Rap1ACAAX, where we switched the C-terminal region of Rheb with that of Rap1A, should bind 
more strongly to membranes and in addition should bind the plasma membrane, since it contains 
a polybasic stretch and a CAAX-box. Western blot analysis of the expression levels of the different 
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Rheb constructs shows that they are stably expressed below the level of endogenous Rheb (Figure 
2B), excluding mislocalization due to overexpression. We performed a Rheb leak assay to check 
for the strength of the membrane association of the constructs. This assay is based on the leakage 
of proteins into the medium after permeabilization of the cells with saponin. Permeabilization of 
membranes by saponin is via complex formation with membranous cholesterol. Since this leaves 
organelles intact, only soluble proteins, but not membrane-bound proteins, will leak into the in-
cubation medium. We clearly see leakage of endogenous Rheb, Rheb-WT and Rheb-ΔCAAX after 
permeabilization of the cells (Figure 2C). As a control we used the cytoplasmic protein GAPDH. 
We do not detect leakage of Rheb-Rap1ACAAX upon permeabilization of the cells, confirming 
that this protein has a higher affinity for membranes. Finally, we investigated the localization of 
the Rheb mutants by confocal microscopy and confirm the expected localization of the proteins 
(Figure 2D). Rheb-WT is detected in the perinuclear region, Rheb-ΔCAAX is detected only in the 
cytoplasm and Rheb-Rap1ACAAX is detected on the plasma membrane as well as the perinuclear 
region.

Rheb requires a CAAX box for insulin signaling to mTORC1
Next, we investigated whether these mutants were capable of rescuing the loss of Rheb, or in other 
words, whether they could restore the strong and rapid mTORC1-induced phosphorylation of S6K 
and 4EBP1 seen upon insulin and amino acid stimulation. Indeed, insulin-stimulated mTORC1 
activity is restored in the Rheb-WT and Rheb-Rap1ACAAX cells, but not in the Rheb-ΔCAAX cells 
(Figure 3A). In addition, under serum starved conditions, the residual mTORC1 activity remains hi-
gher in the Rheb-WT and Rheb-Rap1ACAAX cells as compared to the Rheb-/- and the ΔCAAX cells. 
The complete rescue of the insulin response by the Rheb-Rap1ACAAX mutant was surprising, 

GFP-RhebLysotracker Merge

Rheb-/- MEF

GFP-RhebLysotracker Merge

Rheb+/+ MEF

Figure 1: Co-localization of GFP-Rheb with Lysotracker in Rheb-/- and Rheb+/+ MEFs. Co-localization analysis of 
transient expressed GFP-Rheb with Lysotracker Deep Red in Rheb-/- (left panels) and Rheb+/+ (right panels) cells by 
confocal microscopy. Images are representative for observations of at least two experiments. Lysotracker is shown in 
red in the left image of each panel, GFP-Rheb is shown in green in the middle image of each panel and the merge of 
both images is shown on the right of each panel. A magnification of each merged image is shown to better visualize 
the co-localization of GFP-Rheb with Lysotracker.
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since it is partially localized to the plasma membrane. Apparently, the fraction that is localized to 
lysosomes when amino acids are present is sufficient for its signaling function to mTORC1.

Precise localization of Rheb is required to sustain basal mTORC1 activity under 
nutrient-limited conditions
Next, we investigated the behavior of the Rheb mutants in the restoration of amino acid-induced 
mTORC1 signaling in Rheb-deficient cells. As expected, stimulation of amino acid deprived cells 
with essential amino acids restored mTORC1 activity for the Rheb-WT and Rheb-Rap1ACAAX cells, 
but not the Rheb-ΔCAAX cells. If we compare signaling under amino acid starved conditions we 
see residual mTORC1 activity in control and Rheb-WT cells, but not in the Rheb-ΔCAAX and the 
Rheb-Rap1ACAAX cells (Figure 3B). These results in the Rheb-Rap1ACAAX cells imply that there 
is not sufficient Rheb correctly localized to sustain basal mTORC1 activity under nutrient-limited 
conditions. The low levels of PKB phosphorylation under these conditions in the Rheb-Rap1ACAAX 
cell line compared to the other cell lines is counterintuitive, since a decreased negative feedback 
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Figure 2: Analysis of rescue constructs in Rheb-deficient background. 2A. C-terminal amino acid sequence of three 
Rheb constructs. Rheb-WT is full length Rheb; Rheb-ΔCAAX is Rheb without the last four amino acids comprising the 
CAAX box; Rheb-Rap1ACAAX is a Rheb construct of which the 12 C-terminal amino acids are exchanged for those of 
Rap1A, including the CAAX-box and a polybasic stretch. 2B. Protein levels of the different Rheb constructs in stable 
monoclonal cell lines compared to endogenous Rheb levels in Rheb+/+ cells. 2C. Rheb leak assays in Rheb expressing 
cell lines compared to control. The first six lanes show the amount of Rheb in the outflow sample on different time 
points, the last six lanes show the amount of Rheb in the cellular sample on the same time points. The cell lines are 
indicated on the right and the outflow and cellular samples were analysed by Western blotting with the antibodies 
indicated on the right. The immunoblots shown are representative of observations for at least two experiments. 2D. 
Cellular localization of the different constructs in stably expressing cell lines analysed by confocal microscopy. Rheb 
antibody was used to visualize the localization. Three representative pictures per cell line are shown.
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loop from S6K towards IRS1 is expected and thus an increase in PKB phosphorylation. Taken toge-
ther, the ΔCAAX mutant demonstrates that the membrane localization of Rheb is indeed essential 
for its signaling function towards mTORC1. However, the Rap1ACAAX mutant indicates that under 
nutrient-limited conditions localization on the plasma membrane is not sufficient to maintain 
mTORC1 activity and that this mutant probably becomes limiting at lysosomes.

Rheb depletion leads decreased glycolytic flux and increased OXPHOS
Since Rheb has been shown to be involved in the regulation of the glycolytic flux and the ef-
ficiency of mitochondrial respiration by maintaining mitochondrial quality, we investigated if we 
could detect metabolic adaptation in cells that were depleted of Rheb. We determined the basal 
oxygen consumption rate (OCR) in asynchronously growing Rheb-deficient and control cells to 
assess a change in mitochondrial activity (Figure 4A) and the basal extracellular acidification rate 
(ECAR) to assess a change in glycolytic flux (Figure 4B). We show that mitochondrial activity is 
significantly increased and that glycolytic flux is significantly decreased in Rheb-deficient cells 
compared to control cells. This is in line with the reported decrease in glycolytic flux and increase 
in mitochondrial activity seen upon mTORC1 inhibition. Unfortunately, we are at this moment 
unable to test the OCR and ECAR in the Rheb mutant cell lines due to technical difficulties. To 
test whether functionality of mitochondria is changed after Rheb depletion, we performed a 
mitochondrial stress test (Figure 4C). After determination of basal OCR, we measured which 
percentage of this basal respiration is used for production of ATP by addition of the ATP synthase 
inhibitor oligomycin. We did not observe an effect of Rheb depletion on the extent of respiration 
used for production of ATP. Subsequently, we determined the maximal respiratory capacity of 
mitochondria in either cell line by depolarizing the mitochondrial membrane potential with FCCP. 
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Figure 3: Effect of Rheb localization on mTORC1 signalling upon insulin and amino acid stimulation. 3A. Insulin sti-
mulation of Rheb-/-, Rheb+/+, Rheb-WT, Rheb-ΔCAAX, and Rheb-Rap1ACAAX cells. Cells were serum starved overnight 
before insulin stimulation. Total cell lysates of cells in the presence or absence of insulin were analysed by Western 
blotting with the antibodies indicated on the right. 3B. Amino acid stimulation of Rheb-/-, Rheb+/+, Rheb-WT, Rheb-
ΔCAAX, and Rheb-Rap1ACAAX cells. Cells were serum starved overnight and subsequently starved for amino acids 2 
hours before stimulation. Total cell lysates of cells in the presence or absence of amino acids were analysed by Western 
blotting with the antibodies indicated on the right. The immunoblots shown are representative of observations for at 
least two experiments.
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Over the course of our experiments we did observe a trend towards a lower maximal respiration 
after Rheb depletion, but this was not statistically significant. Therefore, we concluded that al-
though mitochondrial respiration is increased, mitochondrial number is probably similar in Rheb-
deficient compared and control cells. Finally, we determined the percentage of basal respiration 
attributable to proton leak and non-mitochondrial respiration in both cell lines by addition of the 
complex III inhibitor Antimycin A. Again, Rheb depletion did not affect these processes. Therefore, 
we conclude that Rheb depletion increases mitochondrial activity, while showing no effects on 
mitochondrial capacity. However, we did observe a difference between the cell lines in adaptation 
of glycolytic flux in response to mitochondrial inhibition (Figure 4D). Whereas glycolytic flux was 
2 fold increased after inhibition of the ATP synthase in the presence of Rheb, it was increased 
3.5 fold in the absence of Rheb. Since basal ECAR of Rheb-deficient cells is approximately 1.5 fold 
lower than control cells, this difference leads to a comparable glycolytic flux in Rheb-deficient and 
control cells upon inhibition of the ATP synthase and thus restoration of balance.

Rheb depletion leads to an increased mitochondrial membrane potential and ATP 
production
The increase in basal mitochondrial respiration in Rheb-deficient cells prompted us to investigate 
whether this increase also leads to an increase in the mitochondrial membrane potential and 

Figure 4: Oxygen consumption and extracellular acidification rates of Rheb-deficient and control cells. 4A. Basal 
oxygen consumption rates in pMoles/min of asynchronously growing Rheb-deficient and control cells. Rates are given 
as means ± standard deviation. Bars represent the means over 2 independent experiments. P-values are assessed with 
an unpaired t-test. 4B. Basal extracellular acidification rates in mpH/min of asynchronously growing Rheb-deficient 
and control cells. Rates are given as means ± standard deviation. Bars represent the means over 2 independent ex-
periments. P-values are assessed with an unpaired t-test. 4C, D. Mitochondrial stress test of asynchronously growing 
Rheb-deficient and control cells. Cells were exposed to 0.75 μM oligomycin A, FCCP and antmimycin A at time point 3, 
6 and 9, respectively, as indicated. Oxygen consumption (4C) and extracellular acidification (4D) rates are given relative 
to basal rates. Graphs are a representation of one out of four independent experiments. Error bars represent standard 
deviations. Solid lines represent control cells and dotted lines represent Rheb-deficient cells.
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subsequent ATP production. We tested the mitochondrial membrane potential in Rheb-deficient 
cells and control cells by flow cytometry with the cationic dye JC-1, which exhibits mitochondrial 
membrane potential dependent accumulation in mitochondria. This accumulation can be visuali-
zed by a shift from green to red fluorescence upon accumulation of the dye (Figure 5A). Analysis 
of flow cytometry results of Rheb-deficient and control cells shows two populations of cells in 
either cell line. The first population shows a very low mitochondrial membrane potential, which 
is comparable to the depolarized potential after treatment of the cells with the mitochondrial 
uncoupler CCCP. The second population shows a higher mitochondrial membrane potential. Both 
cell lines clearly show two populations upon rapamycin treatment, serum starvation, serum sti-
mulation and insulin stimulation. However, Rheb-deficient cells show a larger population with a 
high mitochondrial membrane potential compared to control cells when grown in the continuous 
presence of serum (39% of the total population versus 12%).
The increase in oxygen consumption and larger population with a high mitochondrial membrane 
potential suggested that Rheb-deficient cells produce more ATP via mitochondrial respiration 
than via glycolysis. We determined the ATP levels in both cell lines and observed a significant 
increased ATP concentration in Rheb-deficient compared to control cells (Figure 5B). Analysis of 

Figure 5: Mitochondrial analysis of Rheb-deficient and control cells. 5A. Mitochondrial membrane potential in Rheb-
deficient and control cells. Mitochondrial membrane potential in 50,000 Rheb-deficient (Rheb-/-, left panel) and con-
trol cells (Rheb+/+, right panel) determined with JC-1 probe and analysed on a flow cytometer using 488 nm excitation 
with 530 nm and 585 nm bandpass emission filters. FL1-H represents JC-1 green fluorescence; FL2-H represents JC-1 
red fluorescence. Mean and median of values FL2-H are given in each graph. Cells were left untreated, treated with 
rapamycin for 1 hr, serum starved overnight, serum stimulated for 90 minutes, insulin stimulated for 30 minutes or 
incubated for 30 minutes with CCCP. Graphs are representative for >2 experiments. 5B. ATP levels in asynchronously 
growing Rheb-deficient and control cells. Intracellular ATP concentrations (μM) are shown for Rheb-deficient (Rheb-
/-) and control cells (Rheb+/+). Bars represent the average intracellular ATP concentrations of 7 independent experi-
ments. Standard deviations are expressed as error bars. P-values are determined with an unpaired t-test. 5C. Redox 
potential of asynchronously growing Rheb-deficient and control cells. Fluorescence intensity ratios of oxidized over 
reduced Grx1-roGFP2 for Rheb-deficient (Rheb-/-, bullets), control cells (Rheb+/+, squares), Rheb-WT (WT, triangles), 
Rheb-ΔCAAX (ΔCAAX, snowflakes) and Rheb-Rap1ACAAX (Rap1ACAAX, crosses). At time point 1 H2O2 (1 mM) was ad-
ded to the image medium. Each time point is approximately 5.5 minutes. Graph is representative for 3 experiments.
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the ATP concentration in the Rheb mutant cell lines shows that the WT and Rap1ACAAX mutant 
restored the ATP concentration to a level comparable to the control cell line, while the ΔCAAX 
mutant was unable to restore the ATP concentration. Whether increased ATP levels in control 
and Rap1ACAAX cells are due to increased production of ATP or the result of diminished use 
of ATP remains to be determined. Taken together, these results indicate that Rheb depletion 
leads to metabolic adaptation of cells by increasing mitochondrial respiration and decreasing 
glycolytic flux. This increase in mitochondrial respiration is reflected higher cellular ATP levels and 
in an increased population of cells with a higher mitochondrial membrane potential. The results 
with the ΔCAAX mutant on ATP production indicate that the membrane localization of Rheb is 
important in this process.

Membrane localization of Rheb is not required for the maintenance of redox balance
Since Rheb was suggested to have a function in the maintenance of mitochondrial quality via the 
induction of mitochondrial turnover, we tested the mitochondrial quality after Rheb depletion 
by determining the redox environment of the different cell lines. We determined the reducing 
capacity of these cell lines with a redox-sensitive GFP indicator (Gutscher et al., 2009; Hanson 
et al., 2004). This probe has an oxidizable dithiol pair on its surface, which allows for fluorescent 
real-time measurements of its redox state. We compared the reducing capacity in the cytosol of 
asynchronously growing Rheb-deficient and control cells by H2O2 addition (Figure 5C). As expec-
ted, we observed that upon H2O2 addition to control cells the probe became more oxidized for a 
short amount of time and then the redox state of the probe returned to basal. In agreement with 
our hypothesis, the oxidation of the redox sensitive GFP-based probe induced by the addition 
of H2O2 in Rheb-deficient cells was not reduced till the end of the measurements. Oxidation of 
the probe could still be reduced with DTT at the end of the measurements (data not shown), 
indicating that the reducing capacity of the cells was insufficient. Next, we analysed our add-back 
cell lines with the same approach. Both the WT and Rap1ACAAX mutant restored the reducing 
capacity. Intriguingly, we also observed a complete rescue of the reducing power of cells with the 
ΔCAAX mutant. We obtained these same results for the reducing power in mitochondria with a 
mitochondrial specific GFP indicator (data not shown). These results indicate that in addition to 
regulation of mitochondrial turnover, Rheb is involved in maintenance of mitochondrial quality 
via regulation of the reducing capacity of cells. This latter effect is independent of the membrane 
localization of Rheb.

Discussion
Here we have investigated the importance of the CAAX-box of Rheb for mTORC1 signaling and me-
tabolic homeostasis using different CAAX-box mutants of Rheb in a Rheb-deficient background. In 
transient overexpression experiments in MEFs GFP-Rheb is not restricted to lysosomes. Similarly, 
staining of endogenous Rheb does not show a strong co-localization with the lysosomal marker 
Lysotracker. These results are in agreement with the various studies reporting the localization of 
Rheb on other membranes than the lysosomal membrane. This indicates that Rheb could activate 
mTORC1 at different locations in the cell, since it is reported that the intracellular location of 
mTORC1 is also not restricted to lysosomes (Bachmann et al., 2006; Desai et al., 2002; Drenan 
et al., 2004; Flinn et al., 2010; Ramanathan and Schreiber, 2009; Sabatini, 1999; Sancak et al., 
2010; Withers et al., 1997; Zhang et al., 2002). To our knowledge, in mammalian systems only 
knockdown and overexpression experiments in a Rheb-proficient background have been done so 
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far to investigate the effects of Rheb localization on its function and these studies are therefore 
always hampered by the presence and function of endogenous Rheb. By adding back CAAX-box 
mutants of Rheb in a Rheb-deficient background at or below endogenous levels we were able to 
determine the precise role of Rheb localization on its function. Regarding the signaling function 
of the Rheb mutants, we observe that the Rap1ACAAX mutant is able to rescue insulin and amino 
acid induced signaling towards mTORC1 to the same extent as the WT, while the ΔCAAX mutant is 
unable to rescue at all. Apparently, sufficient Rap1ACAAX mutant protein is present on lysosomes 
or this mutant can signal from other sites as well. However, under amino acid starved conditions 
this mutant is not able to maintain a basal level of mTORC1 activity. The simplest explanation is 
that mTORC1 is regulated on a different membrane than the Rheb-Rap1ACAAX mutant under 
these conditions. Since mTORC1 translocates from lysosomes to the cytoplasm under these 
conditions, suggests that mTORC1 regulation by Rheb is not restricted to lysosomes. In addition, 
the amount of Rheb-Rap1ACAAX on the lysosomal membrane could be insufficient under these 
conditions due to dilution over the plasma membrane. Furthermore, a remarkable finding was 
the low level of active PKB under these conditions. Active S6K phosphorylates and inactivates 
IRS1, thereby creating a negative feedback on the PI3K pathway and thus inactivation of PKB. 
Upon inhibition of mTORC1 this feedback is reduced and PI3K signaling is increased. Therefore, 
the low level of PKB activity in the Rheb-Rap1ACAAX cell line under nutrient-limited conditions 
suggest that the negative feedback from S6K to PKB is somehow dependent on proper localiza-
tion of Rheb. In future work, Rheb mutants with different targeting sequences to, for example, 
mitochondria, endosomes or trans-Golgi network, can be used to further determine the precise 
location of mTORC1 activation by Rheb under various conditions.
Secondly, we investigated the effect of loss of Rheb on metabolic adaptation, mitochondrial func-
tion and quality control. We show that Rheb depletion decreases the glycolytic flux and increases 
mitochondrial respiration. This increase in mitochondrial respiration seems to be the result of an 
increase in mitochondrial activity rather than mitochondrial number, since the maximal respiration 
of mitochondria in Rheb-deficient and control cells is comparable. Analysis of the mitochondrial 
membrane potential showed a population of mitochondria with a low potential and a population 
with a high potential in either cell line. However, under normal growth conditions the population 
with the high potential was larger in Rheb-deficient compared to control cells. It should be noted 
that the population with the low mitochondrial membrane potential in both Rheb-deficient and 
control MEFs is very low compared to all other cells that we measured, e.g. lung carcinoma A549 
cells, W4 colorectal cancer cells or Tyfoons, which are MEFs lacking FOXOs (data not shown). 
It could be that the increase in mitochondrial respiration leads to the increase in cellular ATP 
levels that we observe upon Rheb depletion. However, we consider it more likely that the increa-
se in ATP levels reflect a reduced utilization of ATP in these cells. An increase in mitochondrial 
respiration is consistent with results of various groups that showed that mTOR activates glycolysis 
and drives proteins translation that, together with ribosome biogenesis, are major energy con-
suming processes in the cell. In contrast, both the increased oxygen consumption and increased 
ATP-levels in Rheb-deficient cells are opposite to the results obtained by Melser et al. (Melser et 
al., 2013). It is possible that differences in cell lines used and experimental conditions underlie 
the different outcomes.
In addition to the effects on mitochondrial respiration and membrane potential, the loss of Rheb 
led to a clear decrease in the reducing capacity as measured with a redox sensitive probe in the 
cytoplasm. Also measurements in mitochondria supported this notion. This decrease in reducing 
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capacity may result from a reduced quality of mitochondria, which produce more ROS than 
normal mitochondria. This scenario would be compatible with the model of Melser, who demon-
strated more malfunctioning mitochondria in Rheb-deficient cells due to reduced mitochondrial 
turnover. To our surprise, this effect on reducing power could be rescued by the ΔCAAX mutant 
of Rheb, suggesting that Rheb has a function in the cell independent of its membrane locali-
zation. The ΔCAAX mutant is also not capable of activating mTORC1, so restoring the reducing 
capacity via mTORC1-mediated enhancement of glycolysis and the pentose phosphate pathway 
is unlikely. It is tempting to speculate Rheb-ΔCAAX is still able to bind GAPDH, thereby inhibiting 
GAPDH function. This will lead to the inhibition of the relatively low glycolytic flux in these cells 
and accumulation of glucose-6-phosphate. This in turn leads to an increase in the flux through 
the pentose phosphate pathway and the production of reducing metabolites like NADPH. The 
lack of effect of this mutant on, for example, the restoration of the ATP levels could be because 
the membrane localization of Rheb to the outer mitochondrial membrane is required for this 
function. Determination of the GSSG/GSH ratio, NADPH and ROS levels in these cell lines should 
determine whether this model is correct. In addition, it would be interesting to see what effect 
specific targeting of Rheb to mitochondria has on metabolic adaptations of these cells.

Materials and Methods

Antibodies and inhibitors
The following commercially available antibodies were used for western blot and immunofluo-
rescence analyses; anti-phospho-T389-S6K, anti-phospho-S235/236-S6, anti-phospho-S473-PKB, 
anti-4EBP1, anti-mTOR and anti-phospho-T37/46-4EBP1, were from Cell Signaling; anti-GAPDH 
was from Santa Cruz; anti-Rheb was a kind gift of Richard Lamb; anti-LAMP1 was a kind gift of 
Peter van der Sluijs; Rapamycin was purchased from ENZO Life Sciences. Lysotracker Deep Red 
(L12492), JC-1 probe and CCCP were purchased from Life Technologies Ltd. (San Diego, CA, USA). 
Oligomycin A was purchased from Tocris Bioscience (Bristol, UK); FCCP, Antimycin A, and 2-DG 
were purchased from Seahorse Bioscience (North Billerica, MA, USA); Grx1-roGFP2 probe was a 
kind gift of Tobias Dick.

DNA constructs
Untagged, human Rheb cDNAs were generated by PCR with a common upstream pri-
mer 5’-ATCATTGGATCCGCCGCCAAGATGCCGCAGTCCAAGTCCCGGAAG-3’ and one of three 
downstream primers, namely 5’-ATCATTGAATTCTCACATCACCGAGCATGAAGACTTGC-3’ for 
Rheb-WT, 5’-ATCATTGAATTCTCACATCACCGATCATGAAGACTTGC-3’ for Rheb-ΔCAAX and 5’- 
ATCATTGAATTCCTAGAGCAGCAGACATGATT TCTTTTTAGGCTTCTTCTTGTCCATTTTTTCTGCCTCCA-3’ 
for Rheb-Rap1ACAAX into pGEMT (Promega). Subsequently, cDNAs were excised with BamH1 and 
EcoR1 and re-cloned in pCDNA4TO (Life Technologies Ltd.). All constructs were sequence verified.

Cell culture and transfections
Stable add back lines expressing Rheb-WT, Rheb-ΔCAAX or Rheb-Rap1ACAAX were created in a 
Rheb-deficient background by transfecting Rheb-deficient MEFs (Groenewoud et al., 2013) with 
pCDNA4TO expression vectors using Fugene HD transfection reagent according to the manufac-
turer’s instruction. Cells were selected in Dulbecco’s modified Eagle’s medium supplemented 
with 300 μg/ml Zeocin, 10% FCS, 4 mM L-glutamine and pen/strep at 37°C with 5% CO2 and 
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maintained in the same medium with 150 μg/ml Zeocin. Serum starvation was done in serum-free 
DMEM overnight. Amino acid deprivation following serum deprivation was for 120 minutes in 
DMEM without amino acids. Amino acid add-back was for 20 minutes. Serum stimulation with 
10% fetal calf serum was for 90 minutes and insulin stimulation (5 μg/ml) was for 20 minutes 
if not indicated otherwise. Cells were transfected with expression plasmids using Fugene HD 
(Promega) transfection reagent according to the manufacturers’ protocol.

Cell lysates and immunoblotting
In all cases, cells were washed twice with ice cold PBS before scraping them in 1x Laemmli sample 
buffer. Western blotting was done using PVDF membrane.

Leak assays
Cells were grown till 90% confluency. Cells were serum starved overnight and medium was re-
placed 60 minutes before starting the assay. 250 μl Permeabilization buffer (serum-free DMEM 
with 0.15% Saponin) was added for 0, 4, 8, 16, 32 and 64 minutes, while gently shaking at room 
temperature. Permeabilization buffer was collected in eppendorf tubes on ice and centrifuged 
for 10 minutes, 14000 rpm at 4˚C. Supernatant was transferred to new eppendorf and Laemmli 
sample buffer was added (outflow sample). Cells were lysed in Laemmli sample buffer (cellular 
sample).

Immunofluorescence
Cells were plated 72 hrs before fixation on coverslips. Transfections were performed 48 hrs before 
fixation. MEFs were grown to confluency on glass coverslips and given fresh medium 16 hrs before 
fixation with 4% formaldehyde for 20 min. Cells were permeabilized with 0.25% Saponin for 10 
minutes, blocked with 10% FCS in PBS with 0.25% Saponin for 30 minutes and incubated over-
night with primary antibodies in PBS with 0.25% Saponin and 1% FCS. Incubation with secondary 
antibody in PBS with 0.25% Saponin and 1% FCS was done for 1 hour, and DAPI for 5 minutes. 
After washing cells were mounted and examined on an Axioskop2 LSM510 confocal microscope 
(Zeiss, numerical aperture 1.4).

Live cell imaging
Cells were seeded in WillCo wells (WillCo Wells BV). Cells were grown till 50% confluency. Cells 
were imaged in L-15 Leibovitz medium (Invitrogen) supplemented with 10% FCS, 4 mM L-gluta-
mine, pen/strep, and 20 mM Hepes (pH 7) under temperature-controlled conditions. Microscopic 
analysis was performed on an Axioskop2 LSM510 confocal microscope (Zeiss, numerical aperture 
1.4). For determination of co-localization of GFP-Rheb with lysosomes, Lysotracker Deep Red (100 
nM) was added 30 minutes before imaging.

Determination of glycolytic flux and mitochondrial respiration
5.0E5 cells were seeded in 100 μl DMEM complete on XF24 Cell Culture Microplates (Seahorse 
Bioscience) and left at room temperature for 60 minutes. Medium was replenished to 250 μl 
and the cells were incubated overnight at 37°C with 5% CO2. XFe24 Sensor Cartridges (Seahorse 
Bioscience) were incubated overnight in 1 ml/well calibrant solution (Seahorse Bioscience) at 
37˚C without CO2. Medium on cells was replaced 60 minutes before measurements with 525 μl 
XF Assay medium (Seahorse Bioscience) supplemented with 10 mM Glucose for the mitochon-
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drial stress test and 2 mM L-Glutamine for the glycolysis stress test and adjusted to pH 7.4. Cells 
were incubated at 37˚C without CO2. For the mitochondrial stress test 75 μl of XF Assay Medium 
with either oligomycin, FCCP or Antimycin A was added to the injection ports of the XFe24 Sensor 
Cartridges to yield a final concentration of 0.75 μM. For the glycolysis stress test 75 μl of XF Assay 
Medium with either glucose, oligomycin or 2-DG was added to the injection ports of the XFe24 
Sensor Cartridges to yield a final concentration of 10 mM, 0.75 μM and 100 mM, respectively. 
Stress tests were performed on a XFe24 Extracellular Flux Analyzer (Seahorse Bioscience) with 3 
measurement for basal oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 
and 3 measurements per injection with a cycle of 3 minutes mixing, 3 minutes waiting and 3 
minutes measuring. After the stress test, cells were lysed in 20 μl lysis buffer containing 0.1% 
TX100 and 10 mM Tris pH 7.5 and protein concentrations per well were determined with Bradford 
reagens (Bio-Rad Laboratories Inc., Hercules, CA, USA). Basal OCR and ECAR were adjusted for 
protein content. Stress tests were analyzed in percentage change from basal using XFE Wave 
software (Seahorse Bioscience).

FACS analysis of mitochondrial membrane potential
Cells were grown to 90% confluency. JC-1 probe (1.3 ug in 1 ml DMEM) was added to the cells 
and incubated for 30 minutes at 37°C with 5% CO2. Cells were harvested by trypsinization and 
resuspended in DMEM complete. Following centrifugation (5 minutes, 1,200 rpm), cells were 
washed once with PBS and resuspended in 250 μl PBS. Flow cytometry analysis was performed on 
a BD FACSCaliburTM using CellQuest software (Becton Dickinson, Son Jose, CA, USA).

Measurement of intracellular ATP level
Cells were grown to 90% confluency. Cells were washed twice with PBS, trypsinized and resus-
pended in DMEM complete. Cells were counted on a CountessTM automated cell counter (Life 
Technologies Ltd., San Diego, CA, USA) and lysed in a final concentration of 5.4E6 cells/ml in 
buffer containing 40 mM Hepes, 120 mM NaCl, 1 mM EDTA, 0.3% CHAPS, 10 mM NaF, 1 mM 
Na2VO4 0.1 µM Aprotinin and 1 µM Leupeptin. Lysates were centrifuged for 10 minutes at 14,000 
rpm at 4˚C. Protein concentration of the lysates was determined using Bradford reagens (Bio-
Rad Laboratories Inc., Hercules, CA, USA) and concentrations were adjusted to the lysate with 
the lowest concentration. ATP concentration was determined in 100 μl reactions according to 
the manufacturer’s protocol (Molecular ProbesTM, ATP Determination Kit (A22066)). Emission at 
560 nm was determined with a Microlumat Plus LB 96V (Berthold Technologies GmbH & Co. KG, 
Bad Wildbad, Germany).

Determination of mitochondrial redox potential
For live-cell imaging, cells were seeded in WillCo wells (WillCo Wells BV). Cells were transfected 
with a Grx1-roGFP2 probe for a minimum of 72 hrs. Cells were grown till 50% confluency. Cells were 
imaged in L-15 Leibovitz medium (Life Technologies Ltd., San Diego, CA, USA) supplemented with 
10% FCS, 4 mM L-glutamine, pen/strep, and 20 mM Hepes (pH 7) under temperature-controlled 
conditions. H2O2 (1mM) was added during imaging at the indicated time points. Microscopic ana-
lysis was performed on an Axioskop2 LSM510 confocal microscope (Zeiss, numerical aperture 1.4).
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Statistics
Data are expressed as means ± st. dev. Significance was assessed by unpaired t-test in IBM SPSS 
Statistics 20 (Armonk, NY, USA). P-values less than 0.05 were considered as significant.
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Summary
The small GTPase Rheb is the main activator of the mammalian target of rapamycin complex I 
(mTORC1). Whereas the TSC1/2 complex is well characterized as the Rheb-GAP, a GEF has so far 
not been identified. We developed an approach based on the high affinity of nucleotide-free 
GTPases for their GEFs to isolate a Rheb-specific GEF. Here, we present our rationale and outcome 
of this approach.

Introduction
The mammalian target of Rapamycin (mTOR) is a serine/threonine kinase belonging to the PIKK 
(phosphatidyl-inositol 3' kinase-related kinases) family of kinases. The kinase exists in two func-
tional complexes in the cell, mTORC1 and mTORC2. The best characterized complex, mTORC1, 
consists of mTOR, Raptor, mLST8 and DEPTOR. This complex regulates cell growth, protein syn-
thesis, metabolic homeostasis and autophagy in response to nutrient availability, growth factors 
and hypoxia. mTORC2 consists of mTOR, Rictor, mSIN1, mLST8, DEPTOR and Protor. This complex 
regulates the cytoskeleton, survival, proliferation, metabolism and translation in response to 
growth factors. The activation of mTORC1 is, among others, under the control of the small GTPase 
Rheb (Ras homolog enriched in brain). Rheb belongs to the Ras family of small GTPases. Rheb is 
most closely related to the Ras, Rap and Ral GTPases (Van Dam et al., 2011). Small GTPases are 
proteins whose activity is regulated by their nucleotide status. When GTP-bound they are active 
and when GDP-bound they are inactive. Most small GTPases are activated by guanine-nucleotide- 
exchange factors (GEFs), which exchange the bound GDP for the more abundant GTP. Small 
GTPases are inactivated by hydrolysis of GTP to GDP, which is catalysed by GTPases themselves. 
The intrinsic GTPase activity of GTPases is mostly low and GTPase activating proteins (GAPs) are 
able to enhance this GTPase activity manifold. The basal intrinsic GTPase activity of Rheb is low, 
leading to a basal GTP loading status of 15-25%, which is higher than seen for most other small 
GTPases in the Ras family (Im et al., 2002). Hydrolysis of GTP bound to Rheb is stimulated by 
its GAP, TSC2. The tumor suppressors TSC1 and TSC2 act in a complex to inhibit Rheb activity 
and thereby mTORC1 activity (Castro et al., 2003; Tee et al., 2003; Zhang et al., 2003). The lack 
of a functional TSC1/2 complex leads to accumulation of high levels of GTP-bound Rheb in the 
cell and thus to the constitutive activation of mTORC1 (Castro et al., 2003; Garami et al., 2003; 
Tee et al., 2003). Mutation in either one of the TSC genes leads to tuberous sclerosis, a disease 
characterized by the development of hamartomas, primarily in the brain, eyes, heart, kidney, skin 
and lungs (Borkowska et al., 2011).
A GEF for Rheb has not been identified, but there is evidence that a GEF for Rheb exists. First, 
genetic evidence comes from S. pombe. Deletion of tsc1 or tsc2 in S. pombe leads to increased 
resistance to canavinine, a toxic analogue of arginine, resulting from diminished uptake (Van 
Slegtenhorst et al., 2004). This diminished arginine uptake defect can be rescued by a dominant 
negative mutant of rheb, which has a reduced affinity for nucleotides. GEFs bind to nucleotide-
free GTPases with high affinity as part of the catalytic mechanism of the exchange reaction. 
Mutated GTPases with reduced nucleotide affinity are commonly used as dominant negative 
versions, which upon overexpression sequester GEFs in an unproductive complex. Therefore, the 
simplest explanation is that this mutant of rheb sequestered a GEF away from endogenous rheb.
Additional evidence for the existence of a GEF for Rheb comes from our lab. We have shown that 
the exchange activity of Rheb is 10 times faster in vivo than in vitro, which suggests an additional 
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factor involved in the stimulation of exchange activity (unpublished results F.J.T. Zwartkruis, M. 
Roccio). Today, two putative GEFs for Rheb have been published. The first protein is the Trans-
lationally Controlled Tumor Protein (TCTP). In Drosophila dTCTP associates with dRheb and was 
proposed to act as a GEF for Rheb (Hsu et al., 2007). However, the interaction between TCTP 
and Rheb, the suggested GEF activity and the effect on Rheb signaling were questioned by other 
studies (Rehmann et al., 2008; Wang et al., 2008). The second protein that has been suggested 
to be the GEF for Rheb is the Protein Associated with myc (PAM). Overexpression of PAM en-
hances spingosine-1-phosphate (S1P)-induced mTOR phosphorylation and S1P activates mTORC1 
via Rheb in a PI3K- and PKB- independent manner (Maeurer et al., 2009). Although PAM has 
previously been shown to induce the degradation of TSC2 (Han et al., 2008; Murthy et al., 2004), 
the S1P-induced mTOR activity is independent of the degradation of TSC2. This TSC2-independent 
mTORC1 activation suggests that PAM could be a GEF for Rheb. However, PAM has never been 
shown to display GEF activity towards Rheb and in our hands knockdown of PAM did not show 
a consistent effect on mTORC1 induced phosphorylation of S6K in different cell lines (data not 
shown). In addition, the TSC2-independent effect on mTORC1 activity by S1P could be via MAPK, 
since in our hands S1P induces phosphorylation of MAPK (unpublished results). We have shown 
that MAPK is a TSC2- and Rheb-independent activator of mTORC1 (chapter 4 of this thesis). Taken 
together, there is no convincing evidence that any of these proteins is a genuine GEF for Rheb.
We set out to find the GEF for Rheb by means of affinity purification. This approach is based 
on the high affinity of GEFs for nucleotide-free GTPases. We generated affinity columns with 
GST-tagged GTPases and made them nucleotide-free by washing with EDTA. Hereafter, elution 
of the GEF from the GST-tagged GTPase was induced by lowering the affinity of the GEF for the 
GTPase by addition of Mg2+ and GDP. The eluates were then analysed by mass spectrometry. Here, 
we report a proof of principle experiment using the small GTPase Rap1A to isolate Rap1-specific 
GEFs. In addition, we present an overview of our efforts to isolate a RhebGEF. Although these 
latter experiments have not yet led to the identification of a RhebGEF, we discuss our progress in 
combination with strategies that may lead to identification of a RhebGEF.

Results and discussion

Proof of principle: Analysis of GST-Rap1A interacting proteins
We developed an approach to isolate the GEF for Rheb based on the high affinity of GEFs for 
their target GTPases in the nucleotide-free state (reviewed in (Vetter and Wittinghofer, 2001)). 
We made affinity purification columns of GST-Rap1A and GST-Rheb bound to GA-beads and 
we washed these columns with a MgCl2-free buffer containing EDTA to render the GTPases 
nucleotide-free. We exposed these GTPases to whole cell extracts to allow for binding of GEFs. 
After stringent washing of the column to get rid of all non-specific binding proteins we eluted 
the GEF from its GTPase by first washing with a Mg2+ containing buffer and subsequently with a 
buffer containing Mg2+ and GDP. Hereafter, the columns were eluted with glutathione to wash off 
GST-fusion proteins. Finally, a part of the beads was mixed with Laemmli sample buffer. In initial 
experiments, eluates were analysed by Western blotting. As a proof of principle we applied cell 
extracts from HeLa cells with stable overexpression of Str-Epac1, which is a known GEF for Rap1A, 
to GST-Rap1A or GST-Rheb. We added the cAMP derivative 8-Bromo-cAMP to all buffers, since it 
increases the interaction of Epac1 with Rap1A (De Rooij et al., 1998). Western blot analysis did 
not detect Epac1 in the last fractions of our washing procedure (data not shown), but revealed 
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Epac1 in all eluates of the GST-Rap1A columns. In contrast, barely any Epac1 was seen in the elu-
ates of the GST-Rheb column (Figure 1A). To test the strength of our approach, we also analysed 
the GST-Rap1A eluates for the presence of PDZ-GEF1. PDZ-GEF1 is a known GEF for Rap1A, but it 
is unknown which stimulus activates this GEF and may increase the interaction of this GEF with 
Rap1A (Kuiperij et al., 2003). After stringent washing of the columns, we did not detect PDZ-GEF1 
in the washing fractions or in the eluates with GDP. However, we did detect PDZ-GEF1 and 2 in the 
eluates with glutathione (data not shown). Since PDZ-GEFs have a Ras-association (RA) domain 
that can specifically interact with Rap1-GTP we tested whether the interaction could perhaps 
reflect binding via this domain. To this end, we incubated cell lysates in the presence of Mg2+ 
with GST-Rap1 and eluted the column after washing with EDTA. Whereas in the washing steps no 
PDZ-GEF1 is detected (Figure 1B, lanes 1-7), we do detect it in the eluates after addition of EDTA, 
glutathione and Laemmli sample buffer (Figure 1B, lanes 8-14). This result suggests that despite 
the presence of EDTA, our GST-Rap1 column may have contained GTP-bound Rap1 that interacted 
with PDZ-GEF1 via its RA-domain.
Altogether, these results show that we can specifically detect both overexpressed as well as 
endogenous GEFs with this approach, even without a stimulus. Furthermore, the considerable 
amounts of PDZ-GEF1 seen in the eluates with glutathione suggested that our approach to make 
GTPases nucleotide free is not fully effective and that since eluates with glutathione may contain 
effector proteins it would be worthwhile to analyse them as well.
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Figure 1: Western blot analyses of fractions eluted from the GST-Rap1A and GST-Rheb columns. 1A. Elution of Epac1 
from GST-Rap1 and GST-Rheb columns. Fraction 1 and 2 are eluted at 4⁰C with GDP in the elution buffer. Fraction 3 and 
4 are eluted at 37⁰C with GDP in the elution buffer. Laemmli sample buffer was added to the beads after elution with 
GDP and glutathione in the elution buffer. 1B. Elution of PDZ-GEF1 from GST-Rap1 column. Fractions 1 and 4 of the 
consecutive wash steps are shown. Fractions 1 and 2 are eluted at 4⁰C with EDTA in the elution buffer and fractions 3 
and 4 are eluted at 37⁰C with EDTA in the elution buffer. Laemmli sample buffer was added to the beads after elution 
with GDP and glutathione in the elution buffer. Eluates were probed with antibodies indicated on the right. The im-
munoblots shown are representative of observations for at least two experiments.
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Experimental setup
We set out to perform two experiments (Table 1). In the first experiment we applied cell lysates 
from asynchronously growing HeLa-Str-Epac1 cells to both GST-Rap1A and GST-Rheb columns. We 
added 8-Bromo-cAMP only to the lysis-, wash- and elution buffers of the GST-Rap1A column and 
not to any of the buffers of the GST-Rheb column. Our initial approach to use filter-aided sample 
preparation for our samples for mass-spectrum (MS) analysis resulted in samples that contained 
too many peptides and mass spectrometry results of two consecutive runs of an individual sample 
showed less than 1% overlap in identified proteins (data not shown). In addition, the complexity 
of the samples resulted in carry-over between the different samples on the mass spectrometer 
(data not shown). We decided to fractionate the samples obtained with glutathione in the elution 
buffer by separating the proteins on NuPage gradient gels and perform in gel digestions before 
Mass-spectrum MS analysis. We did not analyse gel slices in which GST-Rap1 and GST-Rheb were 
eluted, since the excess of these proteins in the fractions would make identification of other 
proteins in these fractions difficult. We analysed the unweighted spectrum counts of the proteins 
identified on the GST-Rap1 column versus the proteins identified on the GST-Rheb column. We 
chose an arbitrary threshold of 1.5 fold difference in counts to define proteins that are specifically 
eluted from either column. This analysis showed 243 proteins that were specifically identified on 
the GST-Rap1 column and 167 proteins that were specifically identified on the GST-Rheb column 
(Table 1).
Given the high number of proteins eluted from both columns, we decided to perform a second 
experiment where we applied cell lysates from asynchronously growing HeLa-Str-Epac1 cells 
that were stimulated for 30 minutes with insulin to both GST-Rap1A and GST-Rheb columns. We 
hypothesized that stimulation with insulin might activate a Rheb-specific GEF, thereby enhancing 
accessibility of the catalytic domain for nucleotide-free Rheb. To decrease the number of proteins 
bound to either column we pre-incubated the lysates with GA-beads without GST-bound GTPase 
to remove all proteins that a-specifically bound to the beads. In addition, we replaced the GST-
Rap1 that was incubated with GA-beads directly after lysis of the bacteria with purified GST-Rap1 
and we used separate NuPage gradient gels to fractionate GST-Rheb and GST-Rap1 samples to 
reduce the possibility of protein contamination between the different columns. We analysed 
samples obtained with GDP in the elution buffer and samples obtained with glutathione in the 
elution buffer by MS. We chose an arbitrary threshold of 5.0 fold difference in normalized inten-

Table 1: Overview of the conditions of two independent experiments. Experiment 1 was performed with unstimulated 
asynchronously growing HeLa-Str-Epac cells and in the presence of cAMP in all the steps on the GST-Rap1A column. 
Proteins eluted by inclusion of glutathione in the washing buffer were analyzed by mass spectrometry. Experiment 2 
was performed with insulin stimulated asynchronously growing HeLa-Str-Epac cells and in the absence of cAMP in all 
the steps on the GST-Rap1A column. Proteins eluted at 4⁰C and 37⁰C by inclusion of GDP in the washing buffer and 
proteins eluted by inclusion of glutathione in the washing buffer were analyzed by mass spectrometry. The number of 
proteins that was exclusively eluted per column is indicated.

Table 1: Overview of experiments and experimental conditions.

Experiment 
number

Bait Stimulus Fractions 
analyzed

Number of proteins 
glutathione buffer

Number of
proteins GDP buffer

1 GST-Rap1 8-bromo-cAMP Glut only 243 -

1 GST-Rheb - Glut only 167 -

2 GST-Rap1 Insulin GDP and Glut 49 34

2 GST-Rheb Insulin GDP and Glut 131 147
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Table 2: Overview of Rap1A interactors.

Protein ID Gene Name Rap/Rheb GDP 4°C Rap/Rheb GDP 37°C Rap/Rheb Glut

IPI00396015 ACACA N/A Rap specific N/A

IPI00028031 ACADVL N/A N/A Rap specific

IPI00394838 ACLY N/A N/A Rap specific

IPI00909515 ARF5 Rap specific Rap specific N/A

IPI00478758 C10orf119 N/A N/A Rap specific

IPI00260755 C20orf95 N/A N/A 8.37

IPI00014516 CALD1 N/A Rap specific Rap specific

IPI00020599 CALR Rap specific Rap specific Rap specific

IPI00219649 CBS Rap specific Rap specific Rap specific

IPI00012011 CFL1 N/A Rap specific Rap specific

IPI00297656 CNGB1 Rap specific N/A N/A

IPI00473014 DSTN N/A N/A Rap specific

IPI00465233 EIF3EIP N/A Rap specific N/A

IPI00465248 ENO1 1.14 0.90 Rap specific

IPI00747053 ERCC3 Rap specific Rap specific Rap specific

IPI00409635 FAM62B N/A N/A Rap specific

IPI00031820 FARSA N/A Rap specific 14.82

IPI00012442 G3BP1 Rap specific Rap specific N/A

IPI00016862 GSR N/A N/A Rap specific

IPI00022228 HDLBP N/A N/A 2.63

IPI00216746 HNRNPK N/A Rap specific Rap specific

IPI00217313 HSCB N/A N/A Rap specific

IPI00017726 HSD17B10 35.98 2.94 N/A

IPI00291510 IMPDH2 Rap specific Rap specific Rap specific

REV_IPI00012538 ITPKA N/A N/A Rap specific

IPI00335279 KLHL3 N/A N/A 1.95

IPI00446025 MAMLD1 N/A Rap specific N/A

IPI00219301 MARCKS N/A N/A Rap specific

IPI00641181 MARCKSL1 N/A N/A Rap specific

IPI00790937 NMD3 N/A N/A Rap specific

IPI00006408 NOSIP N/A N/A Rap specific

IPI00549248 NPM1 N/A 0.83 Rap specific

IPI00306369 NSUN2 Rap specific N/A Rap specific

IPI00010080 OXSR1 N/A N/A Rap specific

IPI00025252 PDIA3 Rap specific 2.95 Rap specific

IPI00177008 PGP N/A N/A Rap specific

IPI00216694 PLS3 N/A Rap specific Rap specific

IPI00554737 PPP2R1A N/A 2.55 Rap specific

IPI00024919 PRDX3 Rap specific Rap specific N/A

IPI00012268 PSMD2 Rap specific N/A N/A

IPI00015148 RAP1A 1.29 15.94 Rap specific

IPI00793799 RAPGEF3 Rap specific Rap specific Rap specific

IPI00872771 RAPGEF6 3.27 N/A Rap specific

IPI00019046 RBM22 N/A N/A Rap specific

IPI00456899 RNF169 Rap specific Rap specific Rap specific
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Table 2: List of proteins specifically isolated from the Rap1A column with either GDP or glutathione in the elution buf-
fer. HeLa-Str-Epac cells were stimulated with insulin for 30 minutes. Proteins were eluted in four times 200 μl buffer 
with GDP first two times at 4°C (Rap/Rheb GDP 4°C) and then two times at 37°C (Rap/Rheb GDP 37°C), before four 
times elution with 300 μl buffer containing glutathione (Rap/Rheb Glut). Proteins are shown with a ratio ≥1.5 fold of 
normalized intensities of identified peptides on the Rap1 column versus the Rheb column. Protein Id: International 
Protein Index (IPI) number. Rap specific; peptides of this protein only detected on Rap column and not on Rheb co-
lumn. N/A; no peptides detected on either column in this fraction.

Protein ID Gene Name Rap/Rheb GDP 4°C Rap/Rheb GDP 37°C Rap/Rheb Glut

IPI00000104 RNGTT N/A N/A Rap specific

IPI00328361 SARS2 N/A N/A Rap specific

IPI00023020 SEMG1 Rap specific N/A Rap specific

IPI00410693 SERBP1 Rap specific 1.26 2.54

IPI00167913 SPERT N/A N/A Rap specific

IPI00024097 TES N/A N/A Rap specific

IPI00643920 TKT N/A Rap specific N/A

IPI00299084 TMEM33 N/A Rap specific N/A

IPI00216975 TPM4 N/A Rap specific 2.73

IPI00003505 TRIP13 N/A Rap specific Rap specific

IPI00007750 TUBA4A N/A N/A Rap specific

IPI00031420 UGDH N/A N/A Rap specific

IPI00011069 UNG N/A N/A Rap specific

IPI00880103 USP17L5 N/A Rap specific Rap specific

IPI00000816 YWHAE N/A Rap specific N/A

IPI00021263 YWHAZ Rap specific 0.72 N/A

IPI00062866 ZC3HAV1L N/A N/A Rap specific

sities of identified peptides to define proteins that are specifically eluted from either column. 
This experiment identified 34 proteins specifically eluted from the GST-Rap1 column (Table 2) 
and 147 proteins specifically eluted from the GST-Rheb column (Table 3) after addition of GDP 
to the elution buffer. In addition, this analysis identified 49 proteins that were specifically eluted 
from the GST-Rap1 column and 131 proteins that were specifically eluted from the GST-Rheb 
column in the samples obtained with glutathione in the elution buffer. Thus, these results showed 
a clear reduction in proteins identified on the GST-Rap1 column and a minor reduction in proteins 
identified on the Rheb column compared to the first experiment.
Analysis of the overlap of identified proteins between the two experiments in the samples ob-
tained with glutathione in the elution buffer showed that 20 of the 49 proteins (41%) eluted from 
the GST-Rap1 column in both experiments, but only 22 of the 131 proteins (17%) eluted from the 
GST-Rheb column in both experiments (Figure 2). However, this low percentage of overlap could 
be due to the differences in experimental setup.

Analysis of Rap1A-interacting proteins
Analysis of the proteins eluting from the Rap1A column upon incubation with GDP showed a 
number of proteins that included RapGEF3 (Epac1), which confirmed our western blot analysis 
described above (Table 2). Rap1A-GEFs other than RapGEF3 were not detected in the GDP eluates 
(Gotoh et al., 1995; Liao et al., 1999; Ohtsuka et al., 1999). This could be because these GEFs are 
in a closed conformation, requiring specific stimuli other than insulin to bind to Rap1A. Alterna-
tively, it could be that the affinity of these GEFs for Rap1A is less than for Epac1 or that we did 

Table 2: continued
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not use enough material to purify them. This one-step purification protocol did not give absolute 
specificity for Rap1-GEFs, but also resulted in detection of proteins that are unlikely to have a 
functional interaction with Rap1A.
Inspection of proteins that eluted in the presence of glutathione showed Rap1A even though we 
excluded gel slices that contained the prominent GST-Rap1A band. In this eluates we again detec-
ted RapGEF3 but also identified RapGEF6 (PDZ-GEF2). In addition, in experiment 1 where we had 
included 8-Bromo-cAMP in our buffers, we had detected RapGEF2 (PDZ-GEF1) (data not shown). 
These results further confirm that our approach can successfully isolate endogenous GEFs from 
total cell lysates. Interestingly, in experiment 1 we did detect more proteins that had previously 
been linked to Rap1, namely GARNL4 (Rap1GAP2) and Rap1GAP (data not shown) (Rubinfeld et 
al., 1991; Schultess et al., 2005). Whether these interact with nucleotide-free Rap1A or perhaps 
to a pool of Rap1A that had escaped our efforts to make the GTPase nucleotide-free, remains to 
be established. In conclusion, we think that our approach is suitable for the isolation of GEFs for 
small GTPases and also valuable for the detection of other interactors of a GTPase of interest.

Analyses of Rheb-interacting proteins
The large number of proteins that eluted in the presence of GDP from our GST-Rheb column 
(Table 3) made it hard to select Rheb-GEF candidates for functional tests. No proteins with a 
CDC25 homology domain that is known to regulate the nucleotide exchange of the small GTPases 
within the Ras-like GTPase family was isolated (Bos et al., 2007). This was not unexpected given 
our earlier trials to detect a RhebGEF among proteins that contain such a domain (Popovic et 
al., 2013). At this point we have to conclude that we did not isolate a GEF for Rheb with this 
approach. This might be because, as mentioned before for Rap1A, we did not use the correct sti-
mulus. Other options are that the GEF has a low affinity for Rheb, is present in low amounts in our 
lysates or consists of a labile complex of more than one protein. We also did not detect mTORC1 
in these fractions, even though it has previously been shown that mTOR interacts stronger with 
nucleotide-free Rheb than GTP-bound Rheb. However, the affinity of mTOR for Rheb is known 
to be low (Long et al., 2005). However, the list of purified proteins contained several interesting 
proteins that may learn us more about the function of Rheb.

Figure 2: Comparison of isolated proteins from Rap1A and Rheb columns. Venn diagrams show the number of isola-
ted proteins obtained with glutathione in the elution buffer of two experiments from either GST-Rap1A columns (left 
venn diagram) or GST-Rheb columns (right venn diagram). The overlap between the independent experiments is given. 
Pink indicates the cAMP or unstimulated condition. Green indicates the insulin stimulated condition.
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Table 3: Overview of Rheb interactors.

Protein Id Gene Name Rheb/Rap GDP 4°C Rheb/Rap GDP 37°C Rheb/Rap Glut

IPI00646015 ACOT9 N/A N/A 24.51

IPI00031397 ACSL3 N/A N/A 9.95

IPI00029737 ACSL4 Rheb specific Rheb specific Rheb specific

IPI00556385 ADPGK N/A Rheb specific N/A

IPI00001091 AFG3L2 N/A N/A Rheb specific

IPI00000690 AIFM1 25.38 15.21 6.07

IPI00215901 AK2 9.04 4.37 N/A

IPI00008982 ALDH18A1 N/A N/A Rheb specific

IPI00006662 APOD 1.50 N/A Rheb specific

IPI00220007 APOL2 Rheb specific Rheb specific N/A

IPI00102281 ASPRV1 N/A N/A Rheb specific

IPI00219078 ATP2A2 Rheb specific Rheb specific 7.04

IPI00021695 ATP2B1 Rheb specific N/A 4.84

IPI00440493 ATP5A1 Rheb specific 6.32 21.53

IPI00303476 ATP5B N/A 9.34 Rheb specific

IPI00166729 AZGP1 Rheb specific N/A N/A

IPI00218019 BSG Rheb specific Rheb specific N/A

IPI00400925 C10orf120 N/A Rheb specific N/A

REV_IPI00719446 C14orf145 N/A 1.93 235.12

IPI00024551 C15orf24 Rheb specific Rheb specific N/A

IPI00303753 C1orf163 N/A Rheb specific Rheb specific

IPI00021536 CALML5 1.86 21.42 7.64

IPI00100160 CAND1 N/A N/A Rheb specific

IPI00295386 CBR1 N/A Rheb specific N/A

IPI00290566 CCT1 1.14 1.76 Rheb specific

IPI00873222 CCT4 22.58 5.12 14.67

IPI00010720 CCT5 Rheb specific 8.21 43.50

IPI00027626 CCT6A Rheb specific N/A N/A

IPI00784090 CCT8 Rheb specific 0.98 N/A

IPI00253036 CD99 N/A N/A Rheb specific

IPI00013122 CDC37 N/A N/A 4.93

IPI00006615 CLPB Rheb specific 33.08 1.71

IPI00003870 CLPP Rheb specific N/A N/A

IPI00008728 CLPX N/A 2.66 39.10

IPI00011284 COMT Rheb specific N/A N/A

IPI00889534 CPS1 33.13 Rheb specific 31.19

IPI00032038 CPT1A N/A N/A Rheb specific

IPI00011229 CTSD Rheb specific N/A N/A

IPI00216445 CXCR4 N/A N/A Rheb specific

IPI00384620 DAPP1 N/A N/A Rheb specific

IPI00644431 DDX39 N/A Rheb specific Rheb specific

IPI00010190 DECR2 N/A N/A Rheb specific

IPI00016703 DHCR24 N/A 74.33 16.17

IPI00746351 DIS3 N/A N/A Rheb specific

IPI00880028 DKFZp686G04235 Rheb specific Rheb specific N/A
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Protein Id Gene Name Rheb/Rap GDP 4°C Rheb/Rap GDP 37°C Rheb/Rap Glut

IPI00024523 DNAJB6 N/A N/A Rheb specific

IPI00329629 DNAJC7 N/A Rheb specific 3.33

IPI00796864 DPM1 N/A N/A Rheb specific

IPI00216099 DSC1 Rheb specific N/A Rheb specific

IPI00013933 DSP 2.07 42.10 3.30

IPI00024993 ECHS1 Rheb specific Rheb specific Rheb specific

IPI00642971 EEF1D Rheb specific Rheb specific N/A

IPI00186290 EEF2 0.93 Rheb specific 1.59

IPI00009328 EIF4A3 0.72 3.53 30.34

IPI00010951 EPPK1 N/A N/A Rheb specific

IPI00013452 EPRS Rheb specific Rheb specific 30.24

IPI00010810 ETFA Rheb specific Rheb specific Rheb specific

IPI00556451 ETFB Rheb specific 8.76 Rheb specific

IPI00007797 FABP5 5.74 1.94 24.81

IPI00334282 FAM3C N/A Rheb specific N/A

IPI00026781 FASN N/A N/A Rheb specific

IPI00026256 FLG 4.82 N/A Rheb specific

IPI00397801 FLG2 6.18 8.97 1.51

IPI00333541 FLNA N/A Rheb specific Rheb specific

IPI00900293 FLNB N/A Rheb specific 60.96

IPI00219018 GAPDH 37.63 9.06 N/A

IPI00783097 GARS Rheb specific 30.54 11.49

IPI00021807 GBA Rheb specific Rheb specific N/A

IPI000011590 GCN1L1 N/A N/A Rheb specific

IPI00154473 GFM1 N/A N/A Rheb specific

IPI00029079 GMPS 5.92 1.28 0.79

IPI00219038 H3F3A N/A Rheb specific Rheb specific

IPI00003933 HAGH Rheb specific N/A Rheb specific

IPI00010440 HAX1 N/A N/A Rheb specific

IPI00794461 HIST1H2BN N/A Rheb specific Rheb specific

IPI00453473 HIST1H4A Rheb specific 1148.85 Rheb specific

REV_IPI00479191 HNRNPH1 4.35 5.55 55.43

IPI00479191 HNRNPH1 N/A 29.14 N/A

IPI00171903 HNRNPM 1.44 Rheb specific 76.39

IPI00398625 HRNR 3.28 69.02 373.84

IPI00382470 HSP90AA1 N/A Rheb specific Rheb specific

IPI00414676 HSP90AB1 4.67 676.45 1.60

IPI00027230 HSP90B1 N/A Rheb specific N/A

IPI00304925 HSPA1A N/A Rheb specific N/A

IPI00003362 HSPA5 7.18 15.53 3.07

IPI00003865 HSPA8 3.83 19.63 2.44

IPI00007765 HSPA9 5.44 5.95 7.37

IPI00025512 HSPB1 Rheb specific 17.45 103.16

IPI00784154 HSPD1 4.24 3.50 12.12

IPI00000877 HYOU1 N/A N/A Rheb specific

IPI00017283 IARS2 N/A Rheb specific Rheb specific

Table 3: continued
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Protein Id Gene Name Rheb/Rap GDP 4°C Rheb/Rap GDP 37°C Rheb/Rap Glut

IPI00030702 IDH3A Rheb specific Rheb specific N/A

IPI00382938 IGLV4-3 6.39 9.62 3.75

REV_IPI00043598 IKIP Rheb specific N/A N/A

IPI00009342 IQGAP1 N/A N/A Rheb specific

IPI00011692 IVL Rheb specific N/A N/A

IPI00554711 JUP 6.85 Rheb specific 89.19

IPI00307092 KARS N/A Rheb specific N/A

IPI00900366 KIAA0564 N/A N/A 17.65

IPI00001639 KPNB1 N/A N/A Rheb specific

IPI00219217 LDHB N/A Rheb specific Rheb specific

IPI00444272 LIFR N/A N/A Rheb specific

IPI00021405 LMNA N/A Rheb specific Rheb specific

IPI00783271 LRPPRC N/A N/A Rheb specific

IPI00913924 LRRC15 N/A Rheb specific Rheb specific

IPI00019038 LYZ 38.43 6.14 Rheb specific

IPI00299904 MCM7 N/A N/A 21.20

IPI00386258 MTCH1 N/A N/A Rheb specific

IPI00291646 MTHFD1L N/A Rheb specific Rheb specific

IPI00289776 MYCBP2 Rheb specific N/A N/A

IPI00465432 NOMO2 N/A Rheb specific Rheb specific

IPI00026625 NUP155 1.28 3.51 1.79

IPI00010796 P4HB Rheb specific Rheb specific Rheb specific

IPI00299402 PC N/A N/A Rheb specific

IPI00021700 PCNA Rheb specific 0.92 55.05

IPI00025277 PDCD6 Rheb specific N/A N/A

IPI00003925 PDHB Rheb specific N/A Rheb specific

IPI00298423 PDHX Rheb specific Rheb specific N/A

IPI00465179 PFKM N/A N/A Rheb specific

IPI00009790 PFKP N/A N/A Rheb specific

IPI00011200 PHGDH 17.31 N/A 125.51

IPI00479186 PKM2 8.57 3.81 2.16

IPI00071509 PKP1 N/A Rheb specific Rheb specific

IPI00026952 PKP3 N/A Rheb specific Rheb specific

IPI00014898 PLEC1 N/A N/A Rheb specific

IPI00166749 PMPCA Rheb specific N/A N/A

IPI00103242 POF1B N/A Rheb specific N/A

IPI00165506 POLDIP2 Rheb specific N/A N/A

IPI00887678 PPIA N/A Rheb specific N/A

IPI00296337 PRKDC N/A N/A Rheb specific

IPI00216247 PSMD4 N/A 8.23 N/A

IPI00002134 PSMD5 N/A N/A Rheb specific

IPI00010860 PSMD9 Rheb specific N/A N/A

IPI00465186 PTPRF N/A N/A Rheb specific

IPI00291928 RAB14 11.67 1.08 N/A

IPI00007755 RAB21 6.50 4.88 N/A

IPI00023510 RAB5A N/A Rheb specific N/A

Table 3: continued
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Protein Id Gene Name Rheb/Rap GDP 4°C Rheb/Rap GDP 37°C Rheb/Rap Glut

IPI00017344 RAB5B Rheb specific 15.00 Rheb specific

IPI00016339 RAB5C 27.49 55.18 N/A

IPI00023526 RAB6A Rheb specific 28.00 N/A

IPI00028481 RAB8A Rheb specific Rheb specific N/A

IPI00102897 RABL3 N/A Rheb specific Rheb specific

IPI00258168 RBM9 N/A Rheb specific Rheb specific

IPI00015842 RCN1 Rheb specific Rheb specific N/A

IPI00016669 RHEB 139.80 166.90 Rheb specific

IPI00025329 RPL19 N/A Rheb specific N/A

IPI00433834 RPL26 N/A N/A Rheb specific

IPI00025874 RPN1 Rheb specific Rheb specific 4.56

IPI00016752 S100A3 N/A N/A Rheb specific

IPI00027462 S100A9 N/A Rheb specific Rheb specific

IPI00427330 SBDS Rheb specific 12.40 38.74

IPI00305166 SDHA N/A Rheb specific N/A

IPI00294911 SDHB Rheb specific 17.45 N/A

IPI00006865 SEC22B Rheb specific 15.21 N/A

IPI00030851 SEC24B N/A N/A Rheb specific

IPI00218466 SEC61A1 Rheb specific Rheb specific Rheb specific

IPI00012303 SELENBP1 17.37 Rheb specific Rheb specific

IPI00010303 SERPINB4 N/A N/A Rheb specific

IPI00032140 SERPINH1 N/A N/A 27.35

IPI00013890 SFN 4.70 5.41 51.56

IPI00006666 SLC16A3 Rheb specific N/A Rheb specific

IPI00003004 SLC25A22 Rheb specific Rheb specific Rheb specific

IPI00022202 SLC25A3 Rheb specific N/A 22.90

IPI00007188 SLC25A5 Rheb specific N/A 15.35

IPI00291467 SLC25A6 N/A N/A Rheb specific

IPI00554481 SLC3A2 Rheb specific 46.02 11.94

IPI00005547 SLC40A1 N/A Rheb specific N/A

IPI00295098 SRPRB Rheb specific Rheb specific N/A

IPI00301021 SSR1 Rheb specific Rheb specific N/A

IPI00759493 SUCLG1 10.11 N/A 3.10

IPI00654744 SYNGR2 N/A Rheb specific N/A

IPI00300621 SYNJ2 N/A Rheb specific N/A

IPI00761105 TADA2B 6.29 N/A Rheb specific

IPI00604527 TARS2 N/A N/A 3.42

IPI00418497 TIMM50 Rheb specific Rheb specific N/A

IPI00016608 TMED2 Rheb specific N/A N/A

IPI00658152 TNS3 N/A N/A Rheb specific

IPI00792065 TOR1AIP1 N/A Rheb specific N/A

IPI00216260 TSFM 7.90 N/A N/A

IPI00217437 TTBK2 N/A Rheb specific N/A

IPI00387144 TUBA1B 1.11 93.75 15.48

IPI00011654 TUBB 22.37 101.21 26.99

IPI00013475 TUBB2A N/A N/A Rheb specific

Table 3: continued
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Protein Id Gene Name Rheb/Rap GDP 4°C Rheb/Rap GDP 37°C Rheb/Rap Glut

IPI00027107 TUFM Rheb specific 2.86 27.00

IPI00003923 UMPS Rheb specific 12.38 N/A

IPI00418471 VIM Rheb specific 1.88 21.46

IPI00376274 VSIG8 N/A Rheb specific N/A

IPI00893002 XIRP2 N/A Rheb specific N/A

IPI00658171 YIF1A N/A N/A Rheb specific

IPI00306043 YTHDF2 Rheb specific Rheb specific N/A

IPI00220642 YWHAG Rheb specific Rheb specific Rheb specific

IPI00018146 YWHAQ N/A Rheb specific N/A

Table 3: List of proteins specifically isolated from the Rheb column with either GDP or glutathione in the elution buf-
fer. HeLa-Str-Epac cells were stimulated with insulin for 30 minutes. Proteins were eluted in four times 200 μl buffer 
with GDP first two times at 4°C (Rheb/Rap GDP 4°C) and then two times at 37°C (Rheb/Rap GDP 37°C), before four 
times elution with 300 μl buffer containing glutathione (Rheb/Rap Glut). Proteins are shown with a ratio ≥1.5 fold of 
normalized intensities of identified peptides on the Rheb column versus the Rap column. Rheb specific; peptides of 
this protein only detected on Rheb column and not on Rap column. N/A; no peptides detected on either column in this 
fraction. Protein Id: International Protein Index (IPI) number. Proteins detected specific on Rheb column in experiment 
1 and experiment 2 are shown in italic.

The first intriguing observation is the presence of six glycolytic proteins, namely ADPGK, PFKM, 
PFKP, GAPDH, PKM2 and LDHB. Especially glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
was interesting since the interaction between GAPDH and Rheb has been reported by indepen-
dent groups by using different methods. Interestingly, they have shown that glucose availability 
in cells can regulate the interaction of Rheb with mTORC1 (Buller et al., 2011; Kim et al., 2011; 
Lee et al., 2009). Under low glucose conditions GAPDH is able to inhibit mTORC1 signalling by 
sequestering Rheb away from mTORC1, but under high glycolytic flux the interaction between 
GAPDH and Rheb is low. A model was proposed in which the binding of the glycolytic pathway 
intermediate Gly-3-P to GAPDH prevents binding of Rheb to GAPDH.
The second intriguing observation in the list of purified proteins is the amount of mitochondrial 
proteins that are eluted from the Rheb column. A striking 31% of the eluted proteins with either 
GDP or glutathione in the buffer were mitochondrial proteins in contrast to the 6% eluted from 
the Rap1 column. Analysis of the mitochondrial proteins showed that proteins were eluted that 
reside in different compartments of mitochondria and are involved in a number of mitochondrial 
processes (Table 4). This indicates that the association of Rheb with these proteins is indirect. It 
could be that our cell lysis procedure does not lead to the complete lysis of all intracellular orga-
nelles and that the interaction of Rheb with the outer membrane of mitochondria therefore leads 
to the isolation of complete mitochondria. Interestingly, Rheb has been reported on the outer 
membrane of mitochondria where it interacts with BNIP3 and stimulates mitochondrial renewal 
(Melser et al., 2013). Taken together, these results suggest a role for Rheb on the mitochondria.
A final observation is the elution of multiple proteins involved in vesicle trafficking and membrane 
trafficking (Table 5), especially multiple Rab proteins. Although isolation of these Rab proteins 
may hint to a function of Rheb on membranous structures other than lysosomes, we do realize 
that Rabs are GTPases themselves and their elution profile might consequently depend on in-
teractions with proteins that a-specifically bind to our columns. However, the fact that we did 
not detect Rab GTPases on our Rap1A column indicates some level of specificity. Indeed, the in 
vitro interaction of Rheb with all the above mentioned proteins should be confirmed in vivo to 
determine a function for Rheb in these processes and localizations in the cell.

Table 3: continued
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Table 4: Proteins associated with mitochondria identified on Rheb column.

Protein ID Gene Name Mitochondrial function Rheb/Rap  
GDP 4°C

Rheb/Rap  
GDP 37°C

Rheb/Rap Glut

IPI00299402 PC gluconeogenesis 1.00 1.00 4838900.00

IPI00003925 PDHB pyruvate dehydrogenase complex 1990600.00 1.00 6844600.00

IPI00298423 PDHX pyruvate dehydrogenase complex 1925500.00 4920100.00 1.00

IPI00030702 IDH3A Kreb's cycle 12575000.00 8900100.00 1.00

IPI00759493 SUCLG1 Kreb's cycle 10.11 1.00 3.10

IPI00305166 SDHA Kreb's cycle 1.00 1916400.00 1.00

IPI00294911 SDHB Kreb's cycle 777170.00 17.45 1.00

IPI00440493 ATP5A1 oxidative phosphorylation 6621500.00 6.32 21.53

IPI00303476 ATP5B oxidative phosphorylation 1.00 9.34 15641000.00

IPI00783271 LRPPRC oxidative phosphorylation 1.00 1.00 30934000.00

IPI00154473 GFM1 protein translational system 1.00 1.00 2268600.00

IPI00216260 TSFM protein translational system 7.90 1.00 1.00

IPI00027107 TUFM protein translational system 8922500.00 2.86 27.00

IPI00026781 FASN fatty acid biosynthesis 1.00 1.00 12661000.00

IPI00646015 ACOT9 fatty acid degradation 1.00 1.00 24.51

IPI00031397 ACSL3 fatty acid degradation 1.00 1.00 9.95

IPI00029737 ACSL4 fatty acid degradation 1438200.00 2250400.00 34115000.00

IPI00010810 ETFA initial step beta oxidation 3727000.00 3983100.00 48948000.00

IPI00556451 ETFB initial step beta oxidation 12350000.00 8.76 12655000.00

IPI00010190 DECR2 second step beta oxidation 1.00 1.00 13253000.00

IPI00024993 ECHS1 second step beta oxidation 9823200.00 10476000.00 4390200.00

IPI00003004 SLC25A22 glutamate/H+ symporters 1645600.00 608750.00 19934000.00

IPI00022202 SLC25A3 phosphate import 2251000.00 1.00 22.90

IPI00007188 SLC25A5 ATP import 7513700.00 1.00 15.35

IPI00291467 SLC25A6 ATP export 1.00 1.00 18322000.00

IPI00005547 SLC40A1 iron export 1.00 1186600.00 1.00

IPI00604527 TARS2 tRNA synthetase 1.00 1.00 3.42

IPI00783097 GARS tRNA synthetase 246030.00 30.54 11.49

IPI00017283 IARS2 tRNA synthetase 1.00 640200.00 3393700.00

IPI00418497 TIMM50 TIM23 complex 2440300.00 944780.00 1.00

IPI00007765 HSPA9 heat shock protein 70 5.44 5.95 7.37

IPI00784154 HSPD1 heat shock protein 60 4.24 3.50 12.12

IPI00006615 CLPB protease 108500.00 33.08 1.71

IPI00003870 CLPP protease 1570500.00 1.00 1.00

IPI00008728 CLPX protease 1.00 2.66 39.10

IPI00166749 PMPCA protease 219230.00 1.00 1.00

IPI00001091 AFG3L2 AAA protein 1.00 1.00 2800500.00

IPI00010440 HAX1 apoptosis 1.00 1.00 8764500.00

IPI00000690 AIFM1 apoptosis 25.38 15.21 6.07

IPI00386258 MTCH1 apoptosis 1.00 1.00 79217000.00

IPI00215901 AK2 energy homeostasis 9.04 4.37 1.00

IPI00008982 ALDH18A1 aldehyde oxidation 1.00 1.00 2507000.00

IPI00032038 CPT1A carnitine shuttle 1.00 1.00 4243000.00
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Protein ID Gene Name Mitochondrial function Rheb/Rap  
GDP 4°C

Rheb/Rap  
GDP 37°C

Rheb/Rap Glut

IPI00011284 COMT catecholamine degradation 1479500.00 1.00 1.00

IPI00889534 CPS1 urea cycle 33.13 196170000.00 31.19

IPI00003933 HAGH pyruvate metabolism 435270.00 1.00 1538900.00

IPI00291646 MTHFD1L glyoxylate/dicarboxylate metabolism 1.00 440650.00 11770000.00

IPI00300621 SYNJ2 vesicle uncoating 1.00 1655900.00 1.00

IPI00003923 UMPS UMP synthesis 277650.00 12.38 1.00

IPI00165506 POLDIP2 DNA polymerase 5284900.00 1.00 1.00

Table 4: List of mitochondrial proteins specifically isolated from Rheb column. List is deduced from table 3. Proteins are 
shown with a ratio ≥1.5 fold of normalized intensities of identified peptides on the Rheb column versus the Rap column 
in one of the elutions. Mitochondrial process in which each protein is involved is given. 

GO-term analysis of Rheb interacting proteins
In addition to the manual analysis, we performed GO-term analyses on the proteins identified 
in the fractions eluted with glutathione in the elution buffer and GDP in the elution buffer to 
determine enriched protein clusters (Table 6). We compared enrichments for biological processes 
(BP) and cellular components (CC) to find proteins in each group that share common biological 
functions or the same cellular compartment for their regulation, respectively. This analysis confir-
med our manual analysis and showed significant enrichment of approximately 2 fold of proteins 
involved in two mitochondrial processes, e.g. TCA cycle and apoptosis, and of proteins involved 
in intracellular protein transport. In addition, significant enrichment of approximately 7 fold was 
seen for proteins associated with a mitochondrial part. Interestingly, also a significant enrichment 
of 2 fold was seen for proteins associated with the endoplasmic reticulum.

Knockdown of specific identified proteins shows no effect on mTORC1 activity
We used RNAi to test the putative involvement of a selected number of isolated proteins in activa-
tion of mTOR. To this end we determined S6K phosphorylation at threonine 389 following insulin 
stimulation. From the first experiment we tested SPTBN1 (spectrin beta chain, brain 1), which is a 
protein that links the plasma membrane to the actin cytoskeleton. We hypothesized that this was 
a protein of interest since it interacts with the tumour suppressor NF2/Merlin (Scoles et al., 1998), 
which has been shown to be a negative regulator of mTORC1 (James et al., 2009). In addition, we 
searched for genes that co-evolved with Rheb in 60 different genomes and hypothesized that the 
proteins with the least amount of mismatches compared to Rheb regarding presence in species 
are the genes that are most likely closely related to a function of Rheb (data not shown). We 
found SPTBN1 as one of the top matches and therefore a likely candidate for being an interactor 
of Rheb. Unfortunately, knockdown of SPTBN1 in TSC2-/- MEFs, WT MEFs and A14 cells did not 
show any effects on insulin-induced mTORC1 activity (data not shown). Secondly, we tested the 
serine/threonine protein kinase NEK7 for a role in the mTORC1 pathway. NEK7 is a regulator of 
S6K synergistic with PDK1 (Belham et al., 2001) and is activated upon serum withdrawal (Mino-
guchi et al., 2003) and therefore a possible candidate for a regulator of the mTORC1 pathway. 
Again, knockdown in TSC2-/- and WT MEFs did not show any effects on mTORC1 activity upon 
serum starvation or insulin stimulation (data not shown). 

Table 4: continued
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From the second experiment we tested the leucine-rich PPR motif-containing protein LRPPRC. 
Since mutations in this gene are involved in human cytochrome c oxidase deficiency (Debray 
et al., 2011) and we detected that there is a possible role for Rheb on the mitochondria, we 
hypothesized that there could be a role for this protein in the regulation of mTORC1 activity. Ne-
vertheless, we could not detect a consistent effect of knockdown of LRPPRC on mTORC1 activity 
(data not shown). Finally, we tested the bi directional amino acid transporter SLC7A5/SLC3A2, 
which regulates the efflux of L-glutamine and influx of L-leucine, for its effect on mTORC1 acti-
vity. It is reported that knockdown of this transporter or inhibition with the system L amino acid 
transporter inhibitor BCH or D-phenylalanine inhibits mTOR activation (Nicklin et al., 2009). We 
tested D-phenylalanine, L-phenylalanine, BCH, D-serine, L-glutamic acid and D-glutamic acid for 
their effect on mTORC1 activity. We did not find an effect of these inhibitors and amino acids 
on mTORC1 activity when we used them in concentrations lower than 50 mM (data not shown). 
Using concentrations of 50 mM and higher did inhibit phosphorylation of S6K T389, but this effect 
was probably due to the acidification of the medium and not the direct effect of the compounds. 
The knockdown of SLC7A5 showed the opposite effect as compared to reported (Nicklin et al., 
2009) in A549 cells and we did not see an effect in HeLa and A14 cells (data not shown).
The lack of effect that we see after knockdown or inhibition of the proteins described above could 
be because the residual amount of protein is sufficient to maintain its function towards Rheb or 
because these proteins function with Rheb in a mTORC1-independent process. In addition, it 
could be that the proteins were not specifically bound to Rheb on the columns, but interacted 
indirectly via other proteins bound to the column or were bound to the column due to incomplete 
lysis of intracellular organelles, as discussed for the mitochondria.

Table 5: Proteins involved in protein trafficking identified on Rheb column.

Protein ID Gene Name Intracellular  
localization

Rheb/Rap 
GDP 4°C

Rheb/Rap 
GDP 37°C

Rheb/Rap Glut

IPI00290566 CCT1 trans-Golgi network 1.14 1.76 103800000.00

IPI00873222 CCT4 trans-Golgi network 22.58 5.12 14.67

IPI00010720 CCT5 trans-Golgi network 19216000.00 8.21 43.50

IPI00027626 CCT6A trans-Golgi network 2710700.00 1.00 1.00

IPI00006865 SEC22B vesicle trafficking 8120100.00 15.21 1.00

IPI00030851 SEC24B vesicle trafficking 1.00 1.00 261500.00

IPI00291928 RAB14 early endosome 11.67 1.08 1.00

IPI00007755 RAB21 early endosome 6.50 4.88 1.00

IPI00023510 RAB5A early endosome 1.00 2027800.00 1.00

IPI00017344 RAB5B early endosome 110880.00 15.00 841880.00

IPI00016339 RAB5C early endosome 27.49 55.18 1.00

IPI00023526 RAB6A Golgi trafficking 14414000.00 28.00 1.00

IPI00028481 RAB8A recycling endosome 133300.00 180450.00 1.00

IPI00102897 RABL3 ? 1.00 402000.00 9068400.00

Table 5: List of proteins involved in trafficking specifically isolated from Rheb column. List is deduced from table 3. 
Proteins are shown with a ratio ≥1.5 fold of normalized intensities of identified peptides on the Rheb column versus 
the Rap column in one of the elutions. Intracellular localization where each protein is involved in trafficking is given.
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Conclusion
We think that our approach of a one-step purification method is not specific enough for the 
identification of unknown GEFs for Rheb. Therefore, we set out to use a different approach to 
isolate a RhebGEF, which is described in addendum 1 of this thesis. Despite the lack of specificity 
of the approach described here, we think that this approach is still valuable for the detection 
of other interactors of GTPases of interest or processes in which these GTPases are involved. 
The comparison of isolated proteins from the Rap1 and Rheb columns suggests some level of 
specificity of the identified proteins. The enrichment of mitochondrial proteins eluted from the 
Rheb-column shows that Rheb probably binds to mitochondria and suggests a role for Rheb on 
mitochondria. Such a function might be independent of mTORC1 activation as postulated by the 
Benard lab (Melser et al., 2013). In addition, our data hint towards a role for Rheb in trafficking 
and thus a function of Rheb on different organelles than lysosomes, the main organelle where 
Rheb is reported to function (Sancak et al., 2010).

Materials and Methods

Fusion proteins
Fusion proteins GST-Rheb and GST-Rap1 were isolated from bacteria. Expression plasmids were 
grown overnight in 250 ml CK600 cells in the presence of 75 μg/ml ampicillin and 50 μg/ml kana-
mycin. The next day, the culture was diluted in 1 liter Standard1 medium with 75 μg/ml ampicillin 
and 50 μg/ml kanamycin and cultured until OD600 was around 0.8 to 1.0. Protein expression was 
induced with 0.1 mM IPTG overnight at room temperature (RT). Cultures were centrifuged at 
3,400 rpm for 30 minutes at 4°C. Bacteria were resuspended in 40 ml buffer containing 50 mM 
Tris pH 7.5, 50 mM NaCl, 5 mM MgCl2, 5% glycerol, 5 mM β-mercapto-ethanol and 1 mM PMSF. 
Samples were sonicated on ice for 3 minutes and centrifuged for 30 minutes at 17,000 rpm at 4°C. 
Purification of GST-Rheb and GST-Rap1 was as described previously (Rehmann, 2006).

Table 6: GO-term analysis of Rheb interactors.

GO term Enrichment score Term count p-value Fold Enrichment

BP 2.3 GO:0043281~regulation of caspase activity 5 0.00 7.38

1.7 GO:0006886~intracellular protein transport 9 0.01 2.81

1.6 GO:0006099~tricarboxylic acid cycle 3 0.02 15.21

CC 6.8 GO:0044429~mitochondrial part 27 0.00 4.96

4.2 GO:0031988~membrane-bounded vesicle 16 0.00 3.08

2.5 GO:0030057~desmosome 5 0.00 27.31

2.0 GO:0044432~endoplasmic reticulum part 10 0.00 3.15

Table 6: GO-term analysis of protein binding to Rheb in insulin stimulated conditions.GO-term: BP is Biological Pro-
cess; CC is Cellular Component. Enrichment score: ranks overall importance of protein groups. Term: number of GO-
term and description of protein cluster. Count: number of proteins in each group. P-value: EASE score, significance of 
protein-term enrichment with a modified Fisher’s exact test. Fold enrichment: magnitude of enrichment compared to 
the background to give an overall idea of gene distributions among the terms.
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Antibodies and reagents
8-Bromoadenosine 3',5'-cyclic monophosphate (8-Bromo-cAMP) was obtained from Sigma-
Aldrich. The following antibodies were used; anti-PDZ-GEF1 was from Abnova and the mouse 
monoclonal Epac1 antibody 5D3 (home-made) has been described previously (Price et al., 2004).

Cell lines and tissue culture
HeLa cells, HeLa cells with stable overexpression of Epac1, A14, WT MEFs, TSC2-/- MEFs and 
A549 were maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% FCS, 4 
mM L-glutamine and pen/strep at 37°C with 5% CO2.

Cell lysates and immunoblotting 
Insulin stimulation (5 μg/ml) of HeLa cells was for 20 minutes. Cell lysates of 20 15cm culture 
dishes were made in 7 ml lysis buffer containing 50 mM Tris pH 7.5, 100 mM NaCl, 5 mM EDTA, 
5% glycerol, 0.2% NP-40 and protease inhibitors cocktail from Roche. For GST-Rap1 columns the 
lysisbuffer was supplemented with 200 μM 8-Bromo-cAMP. After lysis, cells were centrifuged for 
60 minutes at 45,000 rpm at 4⁰C and the supernatant was taken as cell lysate.

Affinity purification
Cell lysates were incubated overnight with 0.5 ml packed GA-beads coupled to GST-Rheb or 
GST-Rap1A. For experiment 2 the cell lysates were pre-cleared by tumbling with 0.5 ml packed 
GA-beads for 60 minutes at 4 degrees Beads were transferred to columns and subsequently 
washed with 5 ml lysis buffer, 5 ml lysis buffer supplemented with 300 mM NaCl and 5 ml lysis 
buffer supplemented with 20 mM MgCl2. Columns were 2 times eluted with 200 μl lysis buffer 
supplemented with 20 mM MgCl2 and 1 mM GDP (elution buffer) at 4°C and 2 times at 37°C. 
During the last four elutions, the columns were incubated for 15 minutes with elution buffer 
before proceeding. Finally, columns were eluted with 4 times 300 μl lysis buffer supplemented 
with glutathione. Laemmli sample buffer was added to the remaining beads.

Sample preparation
60 of 400 μl GDP and 20 of 1,200 μl eluates with glutathione were run on a NuPage gradient gel 
from 8-12% (Life Technologies Ltd.). Bands were cut with a mickleslicer and 11 samples per lane 
were collected. In-Gel digestions were performed. Gel pieces were washed with 250 μl MQ and 
incubated for 15 minutes at room temperature (RT) with 150 μl acetonitrile (ACN). Washed with 
400 μl MQ and incubated for 15 minutes at RT with 150 μl ACN. Gel pieces were incubated with 
150 μl DTT in 50 mM ammoniumbicarbonate (ABC) for 60 minutes at 60°C, shaking. Gel pieces 
were incubated for 15 minutes at RT with 150 μl ACN and incubated in the dark for 30 minutes in 
150 μl 54 mM iodocetamide in 50 mM ABC. Gel pieces were incubated for 15 minutes at RT with 
150 μl ACN and incubated on ice for 45 minutes in 60 μl trypsin in 50 mM ABC. Excess trypsin 
was removed and 50 μl 50 mM ABC was added and incubated overnight at 37°C. Supernatant 
was collected and gel pieces were incubated for 15 minutes at RT with 100 μl ACN. ACN solution 
was collected and added to the first collected supernatant. Samples were reduced to a volume 
of approximately 20 μl in a vacuum concentrator. Samples were desalted and concentrated using 
Sep-Pak C18 columns.
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Mass Spectrometry and data analysis
The peptide fractions were analysed using higher-energy collisional dissociation (HCD) on a LTQ 
Orbitrap Velos instrument (Thermo Fisher Scientific). Velos software was used to analyse the MS 
files. The MS spectra were searched against the human international protein index (IPI) protein 
database version 3.68. The false discovery rate (FDR) at both the peptide and protein level was 
set at 1%.
The database for annotation, visualization and integrated discovery (DAVID) version 6.7 was used 
to determine Gene Ontology (GO) enrichments. The IPI number assigned by the Velos programme 
was used as a protein identifier. GO annotations were considered enriched with a p-value (EASE 
score) ≤0.05. An enrichment score of 1.3 is equivalent to non-log scale 0.05, thus only groups 
with scores >1.3 are shown. The fold enrichment indicates the percentage of proteins involved in 
a given term in the input list divided by the percentage of proteins in this term in the population 
background. A fold enrichment score above 1.5 is regarded interesting (Huang et al., 2009).
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H. Rehmann, M.J. Groenewoud and F.J.T. Zwartkruis.
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Introduction
The small GTPase Rheb is a member of the Ras family of GTPases and is an important activator in 
the mTORC1 signalling pathway (Patel et al., 2003; Saucedo et al., 2003; Stocker et al., 2003). The 
nucleotide status of small GTPases is regulated by GTPase activating proteins (GAPs) to inactivate 
the GTPase and by guanine-nucleotide exchange factors (GEFs) to activate the GTPase. The GAP 
for Rheb has been identified as TSC2. However, a GEF for Rheb has not been identified so far. 
Genetic evidence that Rheb activation is catalyzed by a GEF comes from the yeast S. pombe where 
loss of tsc1 or tsc2 lead to an arginine uptake defect that can be rescued by a dominant negative 
mutant of rheb (Van Slegtenhorst et al., 2004). In addition, the exchange activity of Rheb is 10 
times faster in vivo than in vitro (unpublished results F.J.T. Zwartkruis, M. Roccio). In chapter 3 of 
this thesis we described our approach to isolate a GEF for Rheb by using an affinity purification 
approach based on the high affinity of nucleotide-free GTPases for their GEFs. Unfortunately, the 
samples obtained with that purification process did not show enough enrichment to identify a 
RhebGEF. Therefore, we set out to use a different approach to isolate a RhebGEF. In this study we 
show that there is exchange activity towards purified GST-Rheb1 loaded with α32PGTP in total cell 
lysates. We continued our search for a GEF for Rheb by using an in vitro fluorescence based assay 
and enriching RhebGEF activity from cell lysates by chromatographic techniques. Unfortunately, 
up to this point we were unable to determine the GEF for Rheb with this approach.

Results
Exchange activity measured in total cell lysates
As a first step towards identification of a RhebGEF, we determined the exchange rate of purified 
GST-Rheb1 loaded with α32PGTP in the presence and absence of total cell lysates. We used whole 
cell lysates from dialyzed U2OS or MEFs to which we added GDP to a final concentration of 0.1 
mM. Mixtures were incubated for various periods at 37°C. Hereafter, GST-Rheb1 was isolated by 
incubation with glutathione-agarose beads and nucleotides bound were analyzed by thin layer 
chromatography (Figure 1A). Quantification of the amount of α32PGTP released from GST-Rheb1 
after 90 minutes incubation showed a significant (p=0.04) increase in exchange activity in whole 
cell lysates compared to BSA controls (Figure 1B). We confirmed that the decrease in bound 
α32PGTP did not result from GST-Rheb1 degradation by checking Rheb protein levels on western 
blot (data not shown). Furthermore, no detectable GEF activity was found in boiled lysates (data 
not shown). Overall, little GAP activity was noted during this incubation as the ratio of GTP/GDP 
barely varied after 90 minutes (Figure 1A). A drawback of this approach is that it is laborious. 
We therefore set out to measure RhebGEF activity by using a different in vitro assay based on 
fluorescence.
For this method, Rheb was loaded with the fluorescently labeled GDP analog GDP-bodipy. The 
fluorescence intensity of GTPase bound GDP-bodipy is approximately five times as high as of GDP-
bodipy free in solution. The nucleotide exchange of GDP-bodipy against an excess of unlabeled 
nucleotide can therefore be monitored as decay in fluorescence intensity. We preferred GDP-
bodipy over another fluorescent GDP analog, mGDP, since the fluorescence intensity of GTPase 
bound mGDP is approximately twice as high as of mGDP free in solution and therefore has a 
smaller detection window. In addition, the excitation and emission spectra of GDP-bodipy show 
less overlap with the spectra of whole cell lysates than mGDP and is therefore better detectable. 
Using this method, we observed increased GDP-bodipy fluorescence decay in cell lysates of U2OS 
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cells as compared to the buffer control, suggesting the presence of exchange activity (Figure 1C, 
blue versus green line). Heat-inactivation of the lysates reduced the rate of GDP-bodipy fluores-
cence decay, consistent with a proteinous nature of the measured activity (Figure 1C, pink versus 
green line). We fitted the fluorescence decay single exponentially to obtain the reaction rates 
in cell lysates (Figure 1D). Intrinsic exchange activity of Rheb occurred with a rate constant of 
4x10-5 s-1. This exchange rate was increased 7 fold by addition of whole cell lysate and 2 fold after 
addition of heat-inactivated cell lysate. Similar results were obtained with whole cell lysates from 
HeLa-S3 cells (data not shown). It should be noted that at this point it is hard to be sure that the 
indicated activity is true GEF activity. Since we lysed our cells in a small volume, salt concentration 
and pH of the lysate may not be exactly comparable to that of the lysis buffer in which we tested 
purified Rheb. Furthermore, heat-inactivation followed by centrifugation may also affect certain 
aspects of the lysate.

Figure 1: In vitro GEF assays for Rheb. 1A. Radioactive activation assay for small GTPases. Measurement of GTP/GDP 
charged state of Rheb at 0, 30, 60 and 90 minutes incubation with either BSA or whole cell lysate is shown. Figure is 
representative of four independent experiments. 1B. Box plot showing the fold decrease in GTP charged Rheb after 
90 minutes incubation with either BSA or whole cell lysates. Boxplots show the means of four independent experi-
ments. P-value was assessed with an unpaired independent t-test under the assumption of unequal variances. 1C. The 
nucleotide exchange of GDP-bodipy against an excess of unlabeled nucleotide is monitored as decay in fluorescence 
intensity. Fluorescence stability of GDP-bodipy bound to Rheb is shown in red. Intrinsic exchange rate is shown in blue. 
Exchange rate induced by addition of cell lysate of U2OS cells is shown in green. Exchange rate induced by addition of 
cell lysate of U2OS cells after being heated for 5 minutes at 95⁰C is shown in pink. 1D. Fluorescence decay of 1C is fitted 
exponentially to obtain the reaction rates in cell lysates.
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The putative RhebGEF is not retained by ion exchange material
To identify the GEF for Rheb we followed an approach similar to one used for identification of 
a GEF for the small Rho GTPase Rac (Welch et al., 2002). This method uses consecutive rounds 
of chromatographic separation techniques to reduce the complexity of protein samples to a 
point where only a few proteins are present in the final fractions. These proteins can then be 
identified by mass spectrometry to determine the possible candidates for being a GEF for Rheb. 
Since cell lysates from U2OS cells and HeLa-S3 cells yielded similar results regarding the GDP-
bodipy fluorescence decay, we decided to continue with HeLa-S3 cells, because these can be 
grown in large volumes in suspension. The putative GEF activity was present in the flow-through 
after anion exchange chromatography of the cell lysate (Figure 2A). We subsequently loaded the 
flow-through onto a cation exchange column and found the putative GEF activity again in the 
flow-through (Figure 2B). In order to induce retention of the activity on the column, which would 

Figure 2: Purification strategy. 2A. Representation of Coomassie Brilliant Blue stainings from fractions eluted from 
anion exchange chromatography column. The far left protein gel shows the samples from the flow through after loa-
ding and washing of the column. The middle and right protein gel show the proteins in the fractions eluted from the 
column with a 25-500 mM NaCl gradient. All fractions are tested for exchange activity. The asterisk shows the fractions 
from which GEF activity could not be excluded and were pooled and loaded onto the next column. 2B. Representation 
of Coomassie Brilliant Blue stainings from fractions eluted from cation exchange chromatography column. The protein 
gels show the samples from the flow through after loading and washing of the column and the subsequent fractions 
eluted from the column with a 25-500 mM NaCl gradient. All fractions are tested for exchange activity. The asterisk 
shows the fractions from which GEF activity could not be excluded and were pooled and loaded onto the next column. 
2C. The fluorescence decay fitted exponentially to obtain the reaction rates in the corresponding protein fractions 
from 2D. 2D. Schematic representation of the purification strategy. Coomassie Brilliant Blue staining from fractions 
eluted from Superdex 200 size exclusion chromatography column is represented. The protein gel shows the samples 
eluted based on size. All fractions are tested for exchange activity as shown in 2C.
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Figure 3: GDP-bodipy degradation. Coomassie Brilliant blue stain of fractions that were recovered from Superdex 75 
size exclusion column (3A). Rate constant of fractions labeled with G (3B). A time point zero mGDP-bodipy loaded Rheb 
is incubated with fraction G. After 10,000 seconds 240 nM free mGDP-bodipy is added to the reaction and after 42,500 
seconds 680 nM free mGDP-bodipy is added to the reaction. The decay in rate constant of the free mGDP-bodipy indi-
cated degradation. Intrinsic exchange rate is shown in black lines; exchange rate of the fraction is shown in red lines.

Classic purification approach to isolate a RhebGEF

allow for concentration of our protein of interest, we tried whether we could lower the pH of the 
buffer. Since nucleotides dissociate from Rheb at low pH, we lysed cells in buffer with pH 6 and 
subsequently dialyzed the cell lysates to a buffer with pH 7.5. However, we were unable to detect 
activity in the cell lysate after dialysis and decided not to lower the pH of the lysisbuffer. We set 
up an experiment in which we performed anion and cation exchange columns with four separate 
cell lysates and subsequently pooled and concentrated these samples.

Breakdown of GDP-bodipy is seen after size exclusion
After concentration of the pooled flow-through samples following cation exchange, we separated 
the proteins according to size with size exclusion chromatography. We first tested a separate 
sample for the approximate size at which the putative GEF activity was eluted on a superdex 200 
column. The putative GEF activity was retained in fraction E, which corresponds to an apparent 
size of 10 to 30 kDa (Figure 2C). Therefore, we decided to use a superdex 75 column for the 
large-scale experiment for better separation of proteins of small size. In addition, we tested the 
complexity of the sample after the purification process and observed that the final fraction was 
clearly less complex compared to the input (Figure 2D). The reduction in complexity of the sam-
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ple also reduced the level of autofluorescence of the sample compared to the autofluorescence 
measured in the whole cell lysates and flow-through fractions. Surprisingly, this revealed that the 
final level of fluorescence in our in vitro exchange reactions were lower than expected for that of 
free GDP-bodipy in solution. This indicates breakdown of the GDP-bodipy rather than GDP-bodipy 
exchange from Rheb, which would be expected to leave a residual fluorescence of around 20 
percent. Indeed, addition of the fraction containing putative GEF activity to GDP-bodipy only 
showed a rather rapid and complete decay in fluorescence intensity (Figure 3). Based on these 
results we started a new approach.

New approach to isolate RhebGEF
Since the component in the sample that induced the breakdown of the GDP-bodipy was found in 
the flow-through of the anion and cation exchange columns, we decided to start a new experiment 
and focus on the fractions that eluted at different salt concentrations from the anion exchange 

Figure 4: Exchange activity recovered from size exclusion column. 4A-H. Examples of exchange activity tested for frac-
tions that were recovered from Superdex 75 size exclusion column. Fractions were chosen based on representation of 
observations over the entire spectrum of fractions. The bottom part of each graph shows the amount of protein eluted 
over the spectrum of the fractions. The upper part of each graph shows rate constant of the corresponding protein 
fractions. Proteins eluted in fractions 27, 28, 33, 34, 35 (4A-B, G-H) show only intrinsic exchange activity. The lack of 
rate constant in 29 till 32 (4C-F) indicates that it was not possible to determine the rate constant for these samples due 
to protein precipitation.
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chromatography column. We combined these eluted fractions in 8 pools and concentrated these 
pools. We subjected each individual pool to size exclusion. The fractions of the size exclusion were 
than concentrated again and analyzed for GEF activity. We did not find fractions that showed 
GDP-bodipy fluorescence decay rates above intrinsic decay rates. However, for some of the frac-
tions we were unable to determine exchange rates. Fluorescence intensities did not follow single 
exponential decay, likely due to the precipitation of proteins during the measurement. In figure 4 
we show the results of a subset of these fractions. Each graph shows the UV-spectrum of protein 
in the eluted fractions and the corresponding GDP-bodipy fluorescence decay. Taken together, 
due to technical inabilities we are unable to confirm that there is exchange activity present in 
these fractions at this point.

Discussion
Here, we show our attempt to identify a GEF for Rheb with a classical purification approach. 
We used consecutive rounds of chromatographic techniques to reduce the complexity of protein 
samples in order to allow for concentration of our protein of interest. We show that we are able 
to detect exchange activity towards Rheb in cell lysates by determination of the exchange rate of 
purified GST-Rheb1 labeled with α32PGTP. Since we were able to detect exchange activity towards 
Rheb with this time-consuming approach, we set out to measure RhebGEF activity by using a 
different, less laborious, in vitro assay based on fluorescence. Unfortunately, we are unsuccessful 
to identify a GEF for Rheb with this approach at this moment.
In our first attempt we detected GDP-bodipy fluorescence decay in the flow-through of anion 
and subsequently cation chromatography columns and after concentration of these samples we 
separated the proteins with size exclusion chromatography. Analysis of the fractions from size 
exclusion chromatography did show a time dependent decline in bodipy fluorescence. However, 
since the autofluorescence of the fractions after size exclusion was much lower that for the whole 
cell lysates we observed a very low final level of fluorescence that suggested a degradation of our 
bodipy-probe rather than the emergence of free bodipy-labeled GDP in solution. Indeed, when 
we incubated free bodipy-labeled GDP in our final fraction, a similar decay in fluorescence was 
observed demonstrating that the observed decay in fluorescence resulted from modification of 
bodipy.
The origin of the enhanced fluorescence decay with samples of total lysates is therefore threefold, 
likely due to an acceleration of nucleotide exchange activity due to RhebGEF activity, salt effects 
and an enzymatic degradation of GDP-bodipy. In our initial approach we have followed the activity 
in the purification process that led to isolation of activity of enzymatic GDP-bodipy degradation. 
It is unlikely that after three successive chromatographic steps the degrading activity still co-
occurs with RhebGEF activity. In a second approach we therefore went back to the first step of 
our purification protocol and analyzed the fractions obtained after eluting the anion exchange 
column after loading with the total lysates in a salt gradient. Unfortunately we were not able to 
identify a fraction with putative GEF activity. However, we were not able to analyze all fractions. 
We had to exclude several fractions from analysis which according the UV-profile contained high 
amounts of protein as we observed interference with the fluorescence assay.
Although we cannot exclude the possibility that a GEF for Rheb does not exist, at this point we 
think it is more likely that we missed the correct fraction containing GEF activity. We observed 
putative GEF activity in total lysates not only in the fluorescence based assay, but also in the 
radioactive exchange assay. The latter should not be sensitive to GDP-bodipy degrading activity 
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and is thus an independent proof for the existence of a RhebGEF. Nonetheless, the relatively high 
intrinsic exchange rate of Rheb could indicate that the activity of Rheb is regulated only by its GAP. 
This is also thought for other GTPases in the Ras-family of which the GEF is not known (Popovic 
et al., 2013) and would mean that the activity of Rheb is regulated via a mechanism that switches 
the small GTPase ‘off’ instead of ‘on’. So far, the nucleotide exchange of the small GTPases within 
the Ras-like family has been found to rely on GEFs which harbor a CDC25 homology domain 
(CDC25HD) (reviewed in (Bos et al., 2007; Quilliam et al., 2002)). However, no protein with a 
CDC25HD could be found that showed exchange activity towards Rheb (Popovic et al., 2013). 
This lack of activity of proteins containing a CDC25HD is also seen for other GTPases from the 
Ras-family with a relatively high intrinsic exchange activity, like R-Ras, Rit, Di-Ras1 and D-Ras2 
(Popovic et al., 2013). In contrast, the nucleotide exchange of Rap2B is catalyzed by several 
GEFs, even though this GTPase also harbors a relatively high intrinsic exchange activity. Since the 
 CDC25HDs in the study of Popovic et al. represented most, if not all, CDC25HDs, it is unlikely that 
a known protein with a CDC25HD is the GEF for Rheb.

Materials and Methods
Cell culture and cell lysates
HeLa-S3 and U2OS cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% FCS, 4 mM L-glutamine and pen/strep at 37°C with 5% CO2. Cells were grown 
to 80% confluency and cell lysates of four 15 cm culture plates were made for radioactive and 
fluorescent GEF assays. Cells were washed twice with PBS and scraped in 1 ml PBS per plate, 
centrifuged for 5 minutes at 1,200 rpm, snap frozen in liquid nitrogen and stored at -80˚C. 1 ml 
Buffer A containing 50 mM Tris pH 7.5, 25 mM NaCl, 2.5 mM MgCl2 and 5 mM DTT, was added 
to the cell pellets and the suspension was lysed by sonication and centrifuged for 60 minutes, 
45,000 rpm, at 4˚C. The supernatant was transferred to a new eppendorf tube and used for GEF 
assays. For ion exchange chromatography, HeLa-S3 cells were grown in a bioreactor. On day 1, 
8 liter Modified Eagle’s medium (MEM, Lonza) supplemented with 10% FCS, 4 mM L-glutamine, 
non-essential amino acids and pen/strep was added to the bioreactor and calibrated. On day 2, 
16 culture plates (15 cm) of cells grown to 80% confluency were trypsinized and added to the 
bioreactor. On day 3, medium was supplemented to 15 liter. Cells were grown till ≥6.0E05 cells/
ml. If concentration was correct, 6 to 9 liter of cells was harvested, centrifuged, snap frozen in 
liquid nitrogen and stored at -80˚C. Bioreactor was supplemented to 15 liter with medium. Ap-
proximately 40 liter cells were harvested in total. Cell pellets were lysed in 1 ml buffer A per liter 
cells. The suspension was lysed by sonication and centrifuged for 60 minutes, 45,000 rpm, at 4˚C. 
The supernatant was transferred and used for ion exchange chromatography.

Protein preparation
Rheb was expressed as GST fusion protein from pGEX vectors in the bacterial strain CK600K in 
the presence of 100 mg/l ampicillin and 50 mg/l kanamycin. The next day, the culture was diluted 
in 1 liter Standard1 medium with 100 mg/l ampicillin and 50 mg/l kanamycin and cultured until 
OD600 was around 0.8 to 1.0. Protein expression was induced with 0.1 mM IPTG overnight at 
room temperature. Bacteria were collected by centrifugation and resuspended in 40 ml buffer 
containing 50 mM Tris pH 7.5, 50 mM NaCl, 5 mM MgCl2, 5% glycerol, 5 mM β-mercaptoethanol 
and 1 mM PMSF. Samples were sonicated on ice for 3 minutes and centrifuged for 30 minutes at 
17,000 rpm at 4˚C.
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Radioactive activation assay for small GTPases
Radioactive activation assay for small GTPases measurement of GTP/GDP charged state of en-
dogenous Rheb was performed as described earlier (Wolthuis et al., 1997). After in vivo labeling 
and treatment cells were lysed in buffer containing 50% glycerol, 50 mM Tris pH 7.5, 100 mM KCl, 
0.3% CHAPS, protease and phosphatase inhibitors. Cell lysates of U2OS cells or MEFs were added 
to purified labeled Rheb for 0, 10, 20, 60 or 90 minutes. BSA was added as a control for radioactive 
decay. Quantification was performed using a PhosphoImager (STORM820, Molecular Dynamics).

In vitro GEF assay
GEF assays were performed as describes previously (De Rooij et al., 1998) in buffer A. Rheb was 
loaded with the fluorescently labeled GDP analog GDP-bodipy. The fluorescence intensity of G-
protein bound GDP-bodipy is approximately twice as high as of GDP-bodipy free in solution. The 
nucleotide exchange of GDP-bodipy against an excess of unlabeled nucleotide can therefore be 
monitored as decay in fluorescence intensity. Fluorescence decay is fitted exponentially to obtain 
the reaction rates in cell lysates.

Purification of a RhebGEF
Approximately 5 ml of cell lysates were applied to a 25 ml Q-Sepharose fast flow column equi-
librated in buffer A and washed with 120 ml buffer A. Protein containing fractions of the flow-
through and the washing step were pooled and supplied to 25 ml SP-Sepharose fast flow column 
equilibrated in buffer A and washed with 120 ml buffer A. Protein containing fractions of the 
flow-through and wash were pooled, concentrated and supplied for gelfiltration to a superdex 
column equilibrated in buffer A. The obtained fractions were concentrated and analyzed for 
activity. When desired, ion exchange columns were eluted after loading and washing with a 250 
ml gradient from 25 to 500 mM NaCl in buffer A. For further analysis the obtained fractions were 
concentrated and supplied for gelfiltration to a superdex column equilibrated in buffer A. The 
obtained fractions were concentrated and analyzed for activity.
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The research described in this thesis can be divided in three major parts. First, we address the 
question whether Rheb is a crucial activator of mTORC1 (chapter 3) and what the consequences 
are of loss of Rheb on insulin-induced transcription (addendum 1). Secondly, we have investigated 
if metabolic parameters are changed in cells lacking Rheb or harbouring Rheb mutant isoforms 
(chapter 5). Finally, we document our efforts to isolate a GEF for Rheb by means of purification 
from cell lysates (chapter 6 and addendum 2). We complement these studies with two reviews 
that focus on the function of Rheb and mTORC1 at two distinct organelles, namely lysosomes 
(chapter 2) and mitochondria (chapter 4).

Rheb-independent mTORC1 activity
We were interested in determining the precise role for Rheb in mTORC1 activation. The obser-
vation that Rheb-/- embryos live twice as long as mTOR or Raptor deficient embryos (Goorden 
et al., 2011), suggested that Rheb is not essential for mTORC1 activity and that a certain level of 
mTORC1 activity still exists in Rheb-/- embryos. Therefore, we generated Rheb-/- MEFs that we 
characterized thoroughly as reported in chapter 3 and, in addition, we performed microarray 
analysis of Rheb-/- versus control cells to determine the precise role of Rheb in insulin-induced 
mTORC1 activation. The results of this microarray are discussed in detail in addendum 1.
In chapter 3 we report that Rheb is indeed not essential for mTORC1 activity. Rheb-/- cells 
completely lack the insulin- and amino acid-induced increase in mTORC1 activity, but do show 
residual mTORC1 activity in asynchronously growing conditions and upon serum stimulation. We 
demonstrate that this residual mTORC1 activity can be blocked completely by inhibitors for either 
MEK or RSK. In addition, we show that this residual mTORC1 activity is important for cell cycle 
progression. These results indicate that these cells adapt to the lack of the PI3K/PKB/Rheb-path-
way by increasing the MAPK pathway to sustain cell growth. We suggest a mechanism by which 
the phosphorylation of Raptor by RSK induces a conformational change in the complex which 
can still induce some mTORC1 activity in the absence of Rheb. The precise mechanism by which 
RSK can induce mTORC1 activity needs further investigation and it would be interesting to see 
which phosphorylation changes occur in the complex in Rheb-/- MEFs upon serum stimulation or 
which phosphorylation sites are differentially regulated between Rheb-/- and control cells when 
asynchronously grown. Another intriguing observation from this study is the difference in acute 
and continuous mTORC1 regulation. While mTORC1 activity is present in asynchronously growing 
Rheb-/- cells, they completely lack the ability to respond to insulin or amino acids. This same 
effect is also seen in Vps34-/- MEFs (De Virgilio and Loewith, 2006b). Together, these data suggest 
that regulation of acute mTORC1 activity is via a Vps34- and Rheb-dependent pathway, while 
continuous basal mTORC1 activity is regulated in a MAPK-dependent and Rheb-independent 
manner. In addition, these data suggest that acute mTORC1 activation by amino acids requires its 
localization to lysosomes in close proximity to Rheb, while basal activation and serum activation 
can occur in the cytoplasm via RSK. The precise localization for mTORC1 activation by insulin is 
possibly also on lysosomes, since mTORC1 activation by insulin cannot occur in the absence of 
amino acids.
In addition to the effect of Rheb depletion on asynchronously growing cells, we describe in ad-
dendum 1 the Rheb-dependent aspects of insulin signalling by comparing the gene expression 
profiles of Rheb-deficient MEFs and their control counterparts. We show that the transcriptional 
response to insulin is largely intact in Rheb-deficient MEFs. This was not completely surprising, 
since the insulin-induced response towards PKB is intact in these cells and therefore the SREBP 
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activation and FOXO inactivation by PKB. Lipid biosynthesis was increased in Rheb-deficient cells 
due to the increased PKB activity in these cells. However, the induction of ribosome biogenesis 
upon insulin stimulation was decreased, but not absent. These data suggest that there is another 
pathway activated in these cells with a redundant function, since there is no insulin-induced 
mTORC1 activity in Rheb-deficient cells. The other transcriptional processes in which mTORC1 
regulation has been reported, like glycolysis, mitochondrial biogenesis and the oxidative arm of 
the pentose phosphate pathway, were not changed in our experimental settings. This lack of 
effect could be because we used a single time point of insulin stimulation and did not analyse 
changes at different time points or changes upon, for example, glucose deprivation.
One of the genes that was detected in our gene expression profiles to depend on Rheb for its 
insulin-responsiveness would be especially interesting for further investigation is SLC2A1 (Glut1). 
SLC2A1 is involved in glucose transport and our data show that SLC2A1 is significantly repressed 
in Rheb-deficient cells compared to control cells. This is in agreement with the data in  TSC2-/- 
MEFs, which have constitutively active mTORC1, showing induction of SLC2A1 expression in 
serum starved conditions (Düvel et al., 2010). There is no significant difference upon insulin sti-
mulation in SLC2A1 expression levels in Rheb-deficient cells in contrast to the control cells, where 
SLC2A1 is significantly repressed. These data suggest Rheb is important for the stimulation of 
SLC2A1 expression by basal mTORC1 activity under serum starved conditions and for repression 
of SLC2A1 expression upon insulin stimulation. This regulation could be via the downregulation of 
the transcriptional repressor TXNIP by mTORC1. TXNIP reduces SLC2A1 expression and thus cel-
lular glucose uptake leading to decreased glycolysis. Furthermore, TXNIP expression is repressed 
under hypoxic conditions via mTORC1-induced 4EBP1 phosphorylation (Wong et al., 2013). In our 
gene expression profiles TXNIP expression is significantly induced in Rheb-deficient cells compa-
red to control cells under serum starved and insulin-induced conditions, indicating a more general 
regulation of TXNIP expression by mTORC1 than only under hypoxic conditions. In addition, we 
see a significant repression of TXNIP expression in both cell lines upon insulin stimulation, sug-
gesting that mTORC1 is not the only regulator of TXNIP expression. A more complete model of 
mTORC1-induced TXNIP regulation will be discussed in more detail later in this discussion.

Rheb intracellular localization and signalling function
We investigated the effect of Rheb localization in relation to mTORC1 signalling and metabolic 
homeostasis. The main site of intracellular localization and signalling function of Rheb is on lyso-
somes. However, Rheb has been reported on various other membranes and our results from the 
proteins bound to the GST-Rheb affinity purification column (chapter 6) suggest a role for Rheb 
on the mitochondria.

Rheb in mTORC1 signalling and metabolism
As discussed in detail in chapter 4, Rheb and mTORC1 are involved in the stimulation of anabolic 
processes by increasing glycolytic flux and mitochondrial respiration. However, the precise mole-
cular mechanism behind this regulation is unknown. In summary, both energy stress and hypoxia 
shift the metabolism of cells from anabolic to catabolic. The response to energy stress appears 
to be via AMPK-mediated regulation of mTORC1 activity and the mTORC1-mediated regulation of 
VDAC1 and mitochondrial biogenesis via PGC1α. The maintenance of mitochondrial quality con-
trol by mTORC1 under limited amounts of nutrients could be via the regulation of the unfolded 
protein response. The response to hypoxia seems to be via HIF-dependent and –independent 
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mechanisms. The acute response to hypoxia involves the stabilization of HIF1α and induction 
of the REDD genes, which in turn will shut down this acute response by inhibiting mTORC1 and 
releasing the inhibition on autophagy. Furthermore, BNIP3 and BNIP3L sense mitochondrial dys-
function upon hypoxic stress and inhibit mTORC1 and stimulate mitophagy to compensate for the 
decreased aerobic metabolic demand and maintenance of mitochondrial quality control. At the 
same time, the metabolism of the cell is shunted away from the mitochondria via a shift towards 
anaerobic glycolysis for survival. This latter response could be via the regulation of TXNIP and 
GAPDH, but that needs further investigation and will be discussed in detail below.

Rheb is involved in the regulation of the reducing capacity of cells
In chapter 5 we show that Rheb depletion indeed decreases glycolytic flux and increases mi-
tochondrial respiration as determined by measuring the extracellular acidification rate and the 
oxygen consumption rate, respectively. In addition, we show by expressing different CAAX-box 
mutants in a Rheb-deficient background that the CAAX-box of Rheb is redundant for its function 
in the regulation of the reducing capacity of cells. A model was proposed in which Rheb binding 
to GAPDH inhibits the glycolytic flux and thereby increases G6P levels, which leads to an increase 
in the flux through the pentose phosphate pathway. This increased flux leads to the synthesis 
of the reducing metabolites NAPDH and GSH. This model can be extended further if we take 
into account the results for SLC2A1 and TXNIP from the expression profiles described above. 
The thioredoxin-interacting protein TXNIP is another player in the context of the regulation of 
cellular glucose homeostasis. TXNIP knockdown in adipocytes and skeletal muscle cells leads to 
enhanced glucose uptake and glycolysis (Parikh et al., 2007). Furthermore, knockdown of TXNIP 
in skeletal muscle leads to a reduction of mitochondrial oxidation. This indicates that TXNIP is 
involved in the regulation of a shift in metabolism from oxidative to glycolytic. TXNIP expression 
is stimulated by glucose via glucose-6-phosphate (G6P) and by functional mitochondria (Yu et al., 
2010). As mentioned above, TXNIP in turn reduces SLC2A1 expression and thus cellular glucose 
uptake, leading to decreased glycolysis. In addition, inhibition of mitochondrial respiration leads 
to a reduction in TXNIP gene transcription and subsequent increase in cellular glucose uptake. 
Intriguingly, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) inhibition slows down glyco-
lysis and leads to the accumulation of G6P, which regulates TXNIP expression (Yu et al., 2010). In 
accordance to this latter observation, independent groups have shown that glucose availability 
in cells can regulate mTORC1 signalling via GAPDH, which is able to sequester Rheb away from 
mTORC1 (Buller et al., 2011; Kim et al., 2011; Lee et al., 2009). It is tempting to speculate that 
activation of mTORC1 activity by Rheb increases the glycolytic flux by two different mechanisms 
(Figure 1). First, the increase in glycolytic flux releases the inhibitory function of GAPDH on Rheb 
and thereby stimulates the activation of mTORC1. In turn, mTORC1 activation stimulates the 
glycolytic flux by repressing TXNIP expression and subsequent increasing SLC2A1 expression. This 
is also reflected in the reduced glycolytic flux in Rheb-deficient cells, where TXNIP expression is 
increased and SLC2A1 expression is decreased. Secondly, the increase in glycolytic flux prevents 
the accumulation of G6P and thus releases the activation of TXNIP by G6P.

Figure 1: Rheb involvement in redox regulation and glycolytic flux. 1A. Regulation of redox state by Rheb under low 
glycolytic flux. When glycolytic flux is low, GAPDH sequesters Rheb away from mTORC1. This inactivation of mTORC1 
releases the inhibition on TXNIP, which in turn decreases SLC2A1 levels. In addition, the low glycolytic flux and redu-
ced availability of GAPDH leads to accumulation of G6P, which inhibits TXNIP and increases the pentose phosphate 
pathway flux. This increased flux generates reducing metabolites like NADPH and GSH. 1B. Rheb and mTORC1 stimu-
lation of glycolytic flux. When glycolytic flux is high, GAPDH inhibition of Rheb is released and activation of mTORC1 
by Rheb is induced. This activation of mTORC1 inhibits TXNIP, which releases the inhibition on SLC2A1. In addition, the 
high glycolytic flux reduces accumulation of G6P, which releases the inhibition of TXNIP and decreases the pentose 
phosphate pathway flux. This decreased flux decreases the generation of reducing metabolites like NADPH and GSH.
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Rheb is involved in the regulation of mitochondrial respiration and quality
Rheb-deficient cell lines show increased mitochondrial respiration coinciding with an increase 
in ATP levels and an increased population of cells with a higher mitochondrial membrane po-
tential. The increase in mitochondrial respiration could lead to an increase in ROS production. 
The damaging effects of increased ROS levels are limited by scavenging the ROS away by, for 
example, NADPH and GSH. We hypothesize that cells depleted of Rheb are unable to stimu-
late mTORC1 activity and therefore unable to stimulate glycolytic and PPP flux. This results in 
decreased production of reducing metabolites in Rheb-deficient cells. While the CAAX box of 
Rheb is redundant for its function in redox regulation, it is probably not for the regulation of 
mitochondrial respiration by Rheb, since we do not see a reduction in ATP levels upon expression 
of this mutant. To our regret, we were unable to determine whether the oxygen consumption rate 
and the mitochondrial membrane potential are also not restored by this mutant due to technical 
difficulties. A role for Rheb on the mitochondria has been reported to be the maintenance of 
mitochondrial quality under conditions with increased mitochondrial respiration by increasing 
mitochondrial turnover via LC3 and BNIP3L induced mitophagy (Melser et al., 2013). However, 
whether Rheb could also be a regulator of mitochondrial respiration via a different mechanism or 
via the regulation of mTORC1 on the mitochondria needs further investigation.
In conclusion, we suggest that Rheb is an important player in redox homeostasis by regulating the 
glycolytic and PPP flux in the cytosol and maintaining mitochondrial quality via induction of mi-
tochondrial turnover. Therefore it would be interesting to determine, besides the glycolytic flux, 
mitochondrial respiration and mitochondrial membrane potential in the add back cell lines, also 
the ROS, NADPH and GSH levels in the Rheb-deficient, control and add back cell lines. In addition, 
it would be interesting to test whether a Rheb mutant with a mitochondrial targeting sequence 
is able to rescue the effects of Rheb on mitochondrial respiration, but is unable to restore the 
cytoplasmic effects on the reducing capacity of the cells. Finally, to test our hypothesis, it would 
be very interesting to see the effects of knockdown of TXNIP on the glycolytic flux in the different 
cell lines.

Precise localization of Rheb is important under amino acid starved conditions
Besides the mutant lacking the CAAX-box we also generated a mutant of which we switched the 
CAAX-box of Rheb with the CAAX-box and polybasic stretch of Rap1A. With this mutant we had 
three observations that indicated that Rheb localization and function is probably not restricted to 
lysosomes. First, the Rap1ACAAX mutant is able to rescue insulin and amino acid induced signal-
ling towards mTORC1 to the same extent as the WT, while the ΔCAAX mutant is unable to rescue 
at all. This indicates that sufficient Rap1ACAAX mutant protein is present on lysosomes or this 
mutant can signal towards mTORC1 from other sites as well. Second, under amino acid starved 
conditions this mutant is not able to maintain a basal level of mTORC1 activity. This suggests that 
basal mTORC1 signalling under amino acid starved conditions is not on lysosomes, but on another 
organelle where Rap1ACAAX is not located. In addition, the amount of Rheb-Rap1ACAAX on the 
lysosomal membrane could be insufficient under these conditions due to dilution over the plasma 
membrane. Third, under amino acid starved conditions the Rap1ACAAX cell line showed a low 
level of phosphorylated PKB compared to the other cell lines. These results suggest that the ne-
gative feedback from S6K to PKB is somehow dependent on proper localization of Rheb. It would 
be interesting to test whether the lack of mTORC1 activity under nutrient/limited conditions can 
be rescued by a higher level of overexpression of Rheb-Rap1ACAAX.
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Rheb intracellular localization and function in endosomal-lysosomal pathway
Data in this thesis hint towards Rheb functioning on different membranes in the cell than lysoso-
mes. In chapter 2 we discussed the possibility that the localization of Rheb to Golgi vesicles may 
target Rheb into the endosomal-lysosomal pathway, thereby bringing Rheb in close proximity to 
mTORC1. In line with that hypothesis, we postulate here four models for the involvement of Rheb 
and mTORC1 in the endosomal-lysosomal pathway based on our results and existing literature.

Model 1: mTORC1 positioning
For the first model the localization of mTORC1 on the lysosomes is important to inhibit auto-
phagy (Figure 2A). Under nutrient rich conditions mTORC1 will be localized on the lysosomes 
and will prevent fusion of the lysosomes with autophagosomes (Korolchuk et al., 2011; Poüs and 
Codogno, 2011). Under nutrient-poor conditions, mTORC1 will be in the cytoplasm, even in the 
presence of constitutively active Rheb (Sancak et al., 2010), and lysosomes will not be inhibited 
to fuse with autophagosomes. Since autophagy will lead to the availability of nutrients, there 
will be a negative feedback leading to activation and translocation of mTORC1 by nutrients and 
subsequent inhibition of autophagy.
However, we have never seen complete translocation of mTORC1 from lysosomes to the cytoplasm 
in different cell lines (data not shown). In addition, in Rheb-deficient cells we still see induction 
of autophagy when we treat these cells with rapamycin (data not shown), indicating that not only 
mTORC1 localization is important to inhibit fusion of lysosomes with autophagosomes, but also 
mTORC1 activity.

Model 2: Lysosome positioning
For the second model the localization of lysosomes is the determinant for mTORC1-controlled 
autophagosome-lysosome fusion (Figure 2B). This model is based on the presence of the TSC1/2 
complex on lysosomes (Dibble et al., 2012), suggesting that dissociation from lysosomes is not 
necessary to terminate Rheb signalling. Intriguingly, the position of lysosomes with respect to 
the cell periphery is a modulating factor for GAP activity of this complex, which is under the 
control of signalling events at the plasma membrane. Proteins that translocate lysosomes to the 
cell periphery and enhance mTORC1 activity include the kinesins Kif1Bβ and Kif2 and the GTPase 
ADP-ribosylating factor-like 8B. In contrast, during starvation, autophagosome-lysosome fusion is 
enhanced by the perinuclear localization of lysosomes (Korolchuk et al., 2011).
The Korolchuk paper is to our knowledge the only paper that shows mTORC1 translocation after 
amino acid stimulation to the cell periphery instead of the perinuclear region. Amino acid sti-
mulation in our hands, and other labs, results in translocation from the periphery towards the 
perinuclear region (data not shown). Differences in amino acid starvation protocols could be an 
explanation for this difference and therefore requires further investigation.

Model 3: Autophagosome transport
A third model can be envisioned at the perinuclear localized organizing center of microtubules 
(MTOC) in the regulation of autophagosome-lysosome fusion and microtubule associated protein 
transport (Figure 2C). Proteins and autophagosomes are transported along microtubules by means 
of the dynein motor complex. It has been shown that Rheb inhibits cargo binding to the dynein 
motor complex (Zhou et al., 2009). In addition, this complex is a docking station for regulatory 
factors of signalling pathways and has been shown to be required for perinuclear localization and 
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activation of mTORC1 (Clippinger and Alwine, 2012). It could therefore be that Rheb activation 
at the MTOC leads to mTORC1 activation at the perinuclear region and inhibition of autophagy 
via the reduction of cargo binding to dynein and subsequent reduction of cargo trafficking to 
lysosomes.

Model 4: Endosome maturation
A final model could be deduced from the observation that Rheb regulates early to late endosomal 
conversion in a GTP-dependent, but mTORC1-independent manner (Saito et al., 2005) (Figure 
2D). Inhibition of early to late endosomal conversion leads to the localization of inactive mTORC1 
to this hybrid early/late endosomes and blocks its localization on lysosomes (Flinn et al., 2010). 
Since mTORC1 is required for the terminal maturation of lysosomes (Takahashi et al., 2012), it 
could be that after nutrient stimulation endosomal trafficking induced by Rheb brings mTORC1 to 

Figure 2: mTORC1 control of autophagosome-lysosome fusion. 2A. mTORC1 positioning. Under nutrient rich con-
ditions mTORC1 will be localized on the lysosomes and will prevent fusion of the lysosomes with autophagosomes. 
Under nutrient pore conditions, however, mTORC1 will be in the cytoplasm and lysosomes will not be inhibited to 
fuse with autophagosomes. 2B. Lysosome positioning. Under nutrient rich conditions lysosomes are located in the 
cell periphery where stimulation of mTORC1 can occur. Under nutrient pore condtions, the lysosomes translocate to 
the perinuclear region, which stimulates autophagosome fusion. 2C. Autophagosome transport. Under nutrient rich 
conditions Rheb inhibits cargo binding to dynein and therefore transport of cargo to the lysosomes. In the absence 
of nutrients cargo will bind to dynein and transported to the lysosomes for recycling or degradation. 2D. Endosome 
maturation.Under nutrient rich conditions Rheb is involved in the trafficking of mTORC1 to the lysosomes via the 
stimulation of endosome maturation. Under this condition mTORC1 also inhibits autophagosome maturation and 
lysosome fusion via the inhibition of Ulk1 function. Under nutrient starved conditions Ulk1 function is stimulated 
and autophagosome maturation and lysosome fusion will be induced. EE; Early endosome, LE; Late endosome, ER; 
Endoplasmic Reticulum, TGN; Trans-Golgi network, MTOC; Microtubule-organisation centre, PM; Plasma membrane.
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the Ragulator complex on lysosomes. This induces activation of mTORC1 on late endosomes and 
induction of lysosomal maturation. In this same condition, mTORC1 inhibits the maturation of 
autophagosomes by inhibiting Ulk1 function. However, if nutrients are limiting, autophagosome 
maturation is induced and thus fusion with lysosomes.

Conclusion
We have shown that absence of Rheb affects mTORC1 activity under amino acid starved and sti-
mulated conditions, but has a much milder effect on mTORC1 activity in the continuous presence 
of serum (Groenewoud et al., 2012). A similar effect on mTORC1 activity has been shown in the 
absence of Vps34 (Jaber et al., 2012). Intriguingly, autophagosomes in Vps34-/- MEFs do not 
contain cargo (Jaber et al., 2012). Together, these data suggest that autophagy regulation by Rheb 
and mTORC1 upon acute stimulation and under the continuous presence of serum is via different 
mechanisms. Since blocking early endosome function leads to the inhibition of autophagy (Razi et 
al., 2009), maturated lysosomes are probably generated when nutrients are not limiting. This me-
ans that under these conditions basal Rheb activity regulates endosomal trafficking of mTORC1 
to lysosomes and subsequent induction of lysosomal maturation by mTORC1. In addition, acute 
Rheb activation upon nutrient stimulation inhibits autophagy via reduction of cargo binding to 
dynein and via activation of mTORC1 and subsequent inhibition of Ulk1.
In future work, it would be interesting to determine the effects of Rheb depletion on lysosomal 
maturation in the continuous presence of serum. We already started preliminary experiments. 
In addition, Rheb mutants with different targeting sequences to, for example, mitochondria, 
endosomes or trans-Golgi network, should give more insight in the function of Rheb on precise 
locations in the cell and the effects of this localization on mTORC1 signalling.

The search for a RhebGEF
In chapter 6 and addendum 2 we describe the experimental work we performed in the search for 
a GEF for Rheb. Previous attempts by our lab to find such a GEF were unsuccessful. First, yeast 
two-hybrid screens did not result in the identification of a GEF for Rheb (unpublished results 
M. Roccio and F.J.T. Zwartkruis). In addition, no protein with a CDC25HD could be found that 
showed exchange activity towards Rheb (Popovic et al., 2013). Since the CDC25HDs in the study 
of Popovic et al. represented almost all CDC25HDs, it is unlikely that a known protein with a 
CDC25HD is the GEF for Rheb. In addition, it is also very unlikely that unknown proteins exist 
that contain a CDC25HD, since phylogenetic analyses of an extensive number of genomes did not 
identify any new proteins (Van Dam et al., 2009). Therefore, if a GEF for Rheb exists, it is probably 
a structurally unrelated unknown GEF. We used two additional different techniques in the quest 
for a RhebGEF.
We set up a one-step purification method which was based on the affinity of GEFs for nucleotide-
free GTPases. We describe the results of this approach in chapter 6. We washed purified GST-
Rheb and GST-Rap1A with a buffer containing EDTA to abolish the binding of nucleotides to the 
GTPases. We added cell lysates to the nucleotide-free GTPases and washed thoroughly to get rid 
of any a-specific binding to the columns. We eluted the bound proteins by the addition of either 
MgCl2 and GDP or glutathione to the washing buffer and analyzed them by mass spectrometry. 
The control experiment with GST-Rap1A showed that our approach was indeed suitable for the 
identification of GEFs for small GTPases, but that also a number of other interacting proteins were 
found. Unfortunately, this approach did not yet result in the identification of a candidate GEF for 
Rheb, but it still remains possible that such a protein is among the proteins identified by mass 
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spectrometry. The second approach that we took did not rely on strong binding of a GEF to its 
nucleotide-free target GTPase, but rather on detection of in vitro GEF activity.
The work described in addendum 2 shows that we are able to detect exchange activity towards 
Rheb in whole cell lysates of U2OS cells and MEFs using purified GST-Rheb labeled with α32PGTP. In 
order to identify a putative GEF for Rheb we performed consecutive rounds of chromatographic  
techniques and analyzed the rate constant of Rheb-bound GDP-bodipy. The main problem 
 encountered with this approach was that the observed decay of GDP-bodipy fluorescence in the 
cell lysate resulted both from degradation of GDP-bodipy and GEF activity. However, it is unlikely 
that both activities always behave the same in terms of separation and therefore the approach 
could still be valuable after adjustment. We tried to circumvent the decay induced by degradation 
by analyzing the fractions eluted from the exchange columns with a salt gradient instead of using 
the flow-through in which we previously detected the degradation activity. Unfortunately, with 
this approach we encountered technical inabilities to determine the rate constant in some of the 
fractions of the size exclusion column, probably due to precipitation of proteins. It could still be 
that the GEF activity is present in these samples, since we did not detect fluorescence decay in 
the other fractions. One way to circumvent these technical problems is to analyze all fractions 
from both approaches for the presence of exchange activity with the more laborious method 
using purified GST-Rheb loaded with α 32PGTP.
In addition to the above described work, we also performed a study in collaboration with John 
van Dam based on co-evolution. We searched for proteins that co-evolved with Rheb in 60 dif-
ferent genomes and hypothesized that the proteins with the best co-occurrence with Rheb are 
most likely to function in the same process as Rheb. The top matches could therefore include 
good candidates for being a GEF for Rheb. The validity of this approach was strengthened by the 
appearance of TSC2, the Rag GTPases and the recently identified GAP complex (Bar-Peled et al., 
2013) of the Rag GTPases among the top hits that showed co-occurrence with Rheb. Surprisingly, 
we also found Rictor, and not Raptor, consistently showing high co-occurrence. This could indicate 
that Rictor evolved in a comparable way to Rheb, but functions in a different or parallel pathway. 
In addition, this could indicate that Rictor is an interacting partner of Rheb. AVO3 (Rictor) in 
S. cerevisiae contains an N-terminal RasGEF domain (De Virgilio and Loewith, 2006a). This do-
main is not well conserved among AVO3 homologues and its functional significance in yeast is 
unclear. However, could there be such a domain in mammalian Rictor, which explains its high 
co-occurrence with Rheb?
It should be kept in mind that the proteins that co-evolve with Rheb not necessarily are a GEF 
for Rheb, but could also be an interacting protein of Rheb or a protein that functions in the 
same conserved pathway as Rheb. In addition, it could be that among these are proteins that 
are also highly conserved and have an essential function in the cell and therefore show the same 
evolution pattern without having any interaction with Rheb or involvement in Rheb function.
Taken together, there are valid arguments for the existence of a GEF for Rheb with the exchange 
activity detected of purified GST-Rheb labeled with α32PGTP in total cell lysates, the 10 times 
faster exchange activity of Rheb in vivo than in vitro and the genetic evidence that the diminished 
arginine uptake defect after deletion of tsc1 or tsc2 in S. pombe can be rescued by a dominant 
negative mutant of rheb. Therefore, future research to detect the presence of exchange activity 
towards Rheb in cell lysates with the laborious method using purified GST-Rheb labeled with 
α32PGTP would be valuable.
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Dit proefschrift beschrijft het onderzoek dat we hebben gedaan naar het eiwit Rheb en de functie 
van dit eiwit in het doorgeven van signalen naar het eiwitcomplex mTORC1 en het reguleren van 
de energiehuishouding, het metabolisme, van de cel. Rheb is een belangrijke activator van het 
eiwitcomplex mTORC1. Dit eiwitcomplex is zeer belangrijk in de cel voor het detecteren van het 
voedings- en energieniveau van de cel en zorgt voor de aanmaak van eiwitten voor de groei van 
cellen. Als de niveaus te laag zijn wordt mTORC1 inactief gemaakt om de aanmaak van nieuwe 
eiwitten te voorkomen, omdat dat te veel energie en voedingsstoffen kost die de cel nodig heeft 
om te overleven. Mutaties in eiwitten die de activatie en inactivatie van mTORC1 reguleren kun-
nen leiden tot een hyperactief mTORC1 en dus tot het ontstaan van tumoren door de continue 
stimulatie van celgroei. Het onderzoek dat wij hebben gedaan kan worden onderverdeeld in drie 
grote onderzoekslijnen. Allereerst de vraag of Rheb een cruciale activator is van het eiwitcomplex 
mTORC1 (hoofdstuk 3) en wat de consequenties zijn van het verlies van Rheb (addendum 1). Ten 
tweede hebben we onderzocht wat het gevolg is van het verlies van een goed functionerende 
Rheb op bepaalde metabolische parameters in de cel (hoofdstuk 5). En als laatste beschrijven 
we de methoden waarmee we hebben geprobeerd de activator, de GEF genaamd, van Rheb te 
isoleren en te identificeren (hoofdstuk 6 en addendum 2). Al deze studies zijn aangevuld met 
twee hoofdstukken die de literatuur samenvatten over de functie van Rheb en mTORC1 op de 
energiecentrales, de mitochondriën genaamd (hoofdstuk 4), en de afvalverwerkers, de lysoso-
men genaamd (hoofdstuk 2), in de cel.

Activatie van het eiwitcomplex mTORC1 onafhankelijk van Rheb
Wij waren geïnteresseerd in het bepalen van de precieze rol van Rheb in het activeren van mTORC1. 
In de literatuur is tot nu toe beschreven dat Rheb essentieel is voor deze activatie. De literatuur 
laat echter ook zien dat dit niet altijd zo hoeft te zijn. Het is beschreven dat muizenembryo’s die 
geen Rheb meer hebben twee maal zo lang blijven leven als embryo’s die geen mTORC1 meer 
hebben. Als mTORC1 alleen door Rheb geactiveerd zou kunnen worden is de verwachting dat ver-
lies van Rheb een even groot effect als mTORC1 heeft op de groei van embryo’s. De beschreven 
observatie suggereert dus dat mTORC1 nog steeds geactiveerd kan worden in de afwezigheid van 
Rheb. We laten in hoofdstuk 3 zien dat Rheb inderdaad niet essentieel is voor het activeren van 
mTORC1 in cellen die in het lab gegroeid zijn en geen Rheb meer bevatten. Verder laten we in dit 
hoofdstuk zien dat de activiteit van mTORC1 die nog resteert in deze Rheb-loze cellen, belangrijk 
is voor de celdeling en dus voor het vermeerderen en groeien van deze cellen. We laten bewijs 
zien dat een andere cascade van eiwitten de functie van Rheb gedeeltelijk overneemt en zorg 
draagt voor een deel van de activatie van mTORC1 en dus voor de groei en levensvatbaarheid van 
deze Rheb-loze cellen. Verder hebben we in addendum 1 Rheb-loze met normale cellen verge-
leken in hun reactie op een stimulatie met insuline. Deze stimulatie zorgt normaal gesproken via 
Rheb voor een activatie van mTORC1. Hoewel we in Rheb-loze cellen geen activatie van mTORC1 
zien na insuline, zien we dat de cellen amper anders reageren op de stimulatie met insuline wat 
betreft het aanmaken van eiwitten die belangrijk zijn voor deze reactie. Deze data suggereren dat 
een andere eiwitcascade in Rheb-loze cellen de reactie van deze cellen op insuline overneemt.

De rol van Rheb in de energiehuishouding van de cel
Rheb en mTORC1 zijn allebei betrokken bij de regulatie van de omzetting van glucose naar pyru-
vaat in de cel en de snelheid waarmee de energiecentrales van de cel pyruvaat omzetten naar 
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bruikbare energie en het maken van nieuwe eiwitten. Voor dit proces hebben de energiecentrales 
zuurstof nodig. Door het verhogen van de hoeveelheid glucose die wordt omgezet, wordt ook 
de hoeveelheid energie die vrijkomt in de cel verhoogd. Deze energie kan dan gebruikt worden 
door de cel om nieuwe eiwitten te maken en dus te groeien. Dit wordt ook wel een anabool 
proces genoemd. Als er onvoldoende zuurstof of voedingsstoffen aanwezig zijn in de omgeving 
van de cel kan dit proces gestopt worden en schakelt de cel over naar een zo genaamd katabool 
proces. Bij dit proces worden eiwitten die al aanwezig zijn in de cel afgebroken om energie te 
genereren die de cel nodig heeft om te kunnen overleven. In hoofdstuk 5 laten we zien dat het 
verwijderen van Rheb inderdaad leidt tot een verlaging van de hoeveelheid glucose die wordt 
omgezet in de cel en een verhoging van het zuurstofgebruik van de energiecentrales, wat een 
indicatie kan zijn voor een verhoogde activiteit. Deze verhoogde activiteit kan dan leiden tot een 
verhoogde hoeveelheid schadelijke afvalstoffen die geproduceerd worden tijdens het genereren 
van energie. Deze afvalstoffen zullen dus onschadelijk gemaakt moeten worden. De productie 
van stoffen die deze afvalstoffen onschadelijk kunnen maken vindt onder andere plaats door de 
omzetting van glucose. We laten zien dat Rheb belangrijk is voor de productie van deze stoffen. 
Rheb bevat een staart waarmee het zich aan verschillende componenten in de cel kan binden, 
zodat het op precies die plek zijn functie uit kan voeren. Men denkt dat deze staart essentieel is 
voor het functioneren van Rheb. We laten zien dat deze staart niet essentieel is voor Rheb in de 
regulatie van de omzetting van glucose, maar wel belangrijk voor de regulatie van de activiteit 
van energiecentrales.

De zoektocht naar een activator voor Rheb
Als laatste beschrijven we het werk dat we hebben gedaan om de activator van Rheb te identi-
ficeren. Rheb behoort tot een groep van eiwitten die geactiveerd worden door het vervangen 
van een zogeheten GDP molecuul op het eiwit door een GTP molecuul. De activators van deze 
eiwitten zorgen voor deze vervanging. Deze vervangingsactiviteit kan gemeten worden met 
verschillende technieken. Allereerst kan het bepaald worden door het GTP molecuul radioactief 
te labelen en dan te meten welke hoeveelheid Rheb radioactief is geworden. Deze hoeveelheid 
geeft dan een indicatie van de hoeveelheid GTP die gebonden is aan Rheb. Ook kan deze activiteit 
gemeten worden door aan Rheb GDP moleculen te binden die een fluorescente label hebben 
die hun fluorescentie verliezen als ze niet meer gebonden zijn. De afname van de hoeveelheid 
gemeten fluorescentie is in dit geval een indicatie voor de hoeveelheid fluorescent gelabeld 
GDP dat vervangen wordt door niet gelabeld GTP. Deze twee technieken hebben we gebruikt in 
 addendum 2 om te bepalen of we de vervangingsactiviteit op Rheb kunnen meten als we Rheb 
incuberen met alle eiwitten en moleculen die in cellen aanwezig zijn. We laten zien dat we in-
derdaad vervangingsactiviteit kunnen meten en dat er dus waarschijnlijk een activator voor Rheb 
bestaat. De activator hebben we geprobeerd te identificeren met twee verschillende technieken. 
Allereerst, zoals beschreven in hoofdstuk 6, met een techniek waarbij we Rheb hebben gebonden 
aan een kolom en dan hebben geïncubeerd met alle eiwitten en moleculen die in cellen aanwezig 
zijn. Na deze incubatie hebben we de kolommen zeer grondig gewassen en toen geprobeerd 
alle eiwitten die nog aan Rheb gebonden waren te identificeren. Met deze methode hielden we 
echter een te groot aantal gebonden eiwitten over om een positieve identificatie te maken. Bij 
de tweede methode hebben we gebruik gemaakt van het scheiden van alle eiwitten die aanwezig 
zijn in de cel op lading en grootte. Dit genereerde dan heel veel kleinere groepen met eiwitten. 
Voor elke groep konden we testen in welke groep de vervangingsactiviteit aanwezig was en dan 
deze groep weer verder opsplitsen in nieuwe kleinere groepen. In theorie zou dit dan uiteindelijk 
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een groep opleveren met een beperkte hoeveelheid eiwitten vanuit waar we dan mogelijk de 
activator zouden kunnen identificeren. Door technische problemen met het fluorescente label 
hebben we echter met deze techniek helaas niet de activator voor Rheb kunnen identificeren. 
Echter, we zien goede mogelijkheden om de activator alsnog te identificeren met deze methode 
als we daarbij het radioactieve label gebruiken om de vervangingsactiviteit te bepalen. 
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Pfffff......Dit was het dan. Mijn keuze om naar Utrecht te verkassen bleek de juiste beslissing te 
zijn en heeft zijn vruchten afgeworpen. Mijn thesis is afgerond. Nu nog het stuk schrijven waar 
ik het meest tegenop zie van mijn hele thesis. Ik vond dat ‘aan al wie dit aangaat: bedankt!’ toch 
niet helemaal recht doen aan al die mensen die mij de afgelopen jaren hebben geholpen. Vandaar 
dat ik toch hieronder iedereen nog even persoonlijk wil bedanken. Het was wel iets verstandiger 
geweest om alles wat ik op de fiets de afgelopen maanden al had bedacht meteen op te schrijven, 
maar dat was te makkelijk geweest. Ik zal ploeteren tot het bittere einde!

Allereerst natuurlijk mijn begeleider en wandelende encyclopedie Fried. Onze werkmethoden 
mogen misschien niet altijd met elkaar overeen komen, maar volgens mij konden we samen 
prima door een deur en hadden we hetzelfde doel voor ogen. Met jou heb ik met heel veel 
plezier de afgelopen jaren kunnen werken aan mijn favoriete signaaltransductieroute en hebben 
we samen nog een aantal pogingen gedaan om toch eens die GEF voor Rheb te identificeren. 
Maar waar verstopt hij zich toch? Ik vind het heel erg jammer dat het project dat een beetje mijn 
hobby was geworden nog niet tot een publiceerbare paper is gekomen, maar hoop toch dat dat 
de komende jaren nog wel gaat gebeuren. Verder wil ik je bedanken voor je betrokkenheid en je 
begrip in tijden dat het iets minder ging. Ik wens je alle best toe in de nabije en verre toekomst.

Hans, bedankt voor het zijn van mijn promotor en dat je me hebt voorgesteld aan Fried en me 
de kans hebt geboden om mijn promotietraject opnieuw te starten in Utrecht. Verder wil ik je 
bedanken voor de goede werksfeer waarin ik heb mogen werken in je lab met de bijbehorende 
wetenschappelijke en sociale input.

Mijn paranimfen Margot en Sarah. Margot, samen studeren, samen schrijven, samen koffie drin-
ken, samen uren op de bank hangen, samen elkaar op de been houden, samen spelletjes spelen, 
samen knutselen, samen naar de IKEA en samen bellen zijn toch dingen die ik niet graag zou 
willen missen! Het was dan ook een moeilijke keuze om, nadat we samen waren begonnen met 
promoveren bij Margriet, te vertrekken en naar Utrecht te verkassen. De uurtjes bank en koffie 
werden hierdoor drastisch gereduceerd, maar dat hebben we gelukkig kunnen compenseren met 
extra veel uren bellen! Ik vind het ontzettend fijn om jou als paranimf naast me te hebben op deze 
dag om ook deze periode samen af te kunnen sluiten en te vieren!

My other paranimf, Sarah. I was really happy for you that you found such a nice job back home, 
but was a bit sad that you were leaving before the final months of my PhD. The office that was 
once occupied with you, On Ying, Anouk and me was now down to only me :). Throughout the 
years I have really enjoyed our science-related and –unrelated chats and all the times you have 
managed to put me with two feet back on the ground and see everything in perspective. I am 
really happy that you are my paranimf! I wish you all the best with your career in research back 
home in Scotland. All will be well!

Mijn andere twee kamergenoten, On Ying en Anouk. On Ying, samen in dezelfde werkgroep be-
gonnen aan onze studie en uiteindelijk in dezelfde groep en hetzelfde kantoor in Utrecht terecht 
gekomen om te promoveren. Ik bewonder jouw rust en doorzettingsvermogen en hoe je alles 
altijd georganiseerd en onder controle hebt. Ik ben je dankbaar voor alle keren dat ik uit heb 
mogen razen als ik het weer eens ergens niet mee eens was en afleiding op kantoor hebt geboden 
als ik even geen zin had! Succes met het vinden van een baan die bij je past. Ik weet zeker dat je 
dat gaat lukken!
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Lieve Noukie, wat was het toch jammer dat jij het kantoor ging verlaten. Maar het moet wel 
gezegd worden dat mijn werkuren wel wat productiever werden toen ik niet meer zo ontzettend 
gezellig met jou kon kletsen en spelletjes kon spelen. Ik weet zeker dat je als fysiotherapeut hele-
maal je draai gaat vinden! Ik wens je alle geluk en liefde toe samen met Bob en jullie toekomstige 
gezinnetje!

And the last, but not the least, of the quintet, Milica. I was really honored when you asked me to 
be your paranimf and really enjoyed being it. What have I admired you during your defense! The 
relaxed and calm way in which you tackled all the questions made all my fears disappear instantly 
and let me enjoy your defense to the fullest! I love all our chats, dinners, drinks and movie nights 
and hope you can stay a bit longer in the Netherlands. I would like to thank you for all the times 
you listened to all my fears and concerns and helped me to put everything in perspective. I wish 
you all the best with finding your next step in your career. 

‘De jongens’, Willem-Jan, René en Lucas. Bedankt dat ik deel mag uitmaken van de Heuvelrug 
Butchers! Ik heb nog nooit zo hard gefietst als de afgelopen twee jaar (en soms was het misschien 
ook wel iets te hard, maar dan doet een beetje paracetamol altijd wonderen). Ik geniet iedere 
keer weer van het fietsrondje en het bijbehorende terrasje. Willem-Jan en René natuurlijk ook 
nog bedankt voor het helpen sjouwen van mijn niet zo goed doordachte aankoop! Ik wens jullie 
alle drie heel veel succes met jullie carrière en hoop dat ik nog even mee mag blijven fietsen!

De rest van de Bos-groep, Sarah, Anneke, Marjolein, Patricia, Ingrid, Marije, Bas, Hugo, Carla. 
 Sarah and Anneke, I wish you all the best with finishing your PhD and the next step in your 
careers. Marjolein, bedankt voor alle hulp op het lab! Wel een beetje jammer dat altijd jij getuige 
moest zijn van al mijn domme acties, zodat ik deze niet stiekem even snel in de doofpot kon stop-
pen. Heel veel plezier met de nieuwe aanwinst in je leven! Patricia, bedankt voor de gezelligheid 
die jij ook toevoegde aan ons gezellige kantoor! Ingrid, bedankt voor alle cellen die je telkens 
weer voor me van beneden hebt gehaald! Marije, de tijd is aangebroken om te gaan genieten 
van je pensioen. Heel veel plezier toegewenst. Bas, Hugo en Carla, heel veel succes met jullie 
onderzoek in deze groep.

Holger, bedankt voor alle keren dat ik je kantoor kon binnenkomen en jij het geduld had om 
mijn vragen te beantwoorden. Jij hebt samen met ons geprobeerd om toch eindelijk de RhebGEF 
eens bij zijn staart te grijpen, maar dat heeft helaas tot nu toe ook nog geen toetsbare kandidaat 
opgeleverd. Ik wens je alle succes toe met het vervolg van je carrière!

De twee analisten die in de Zwartkruis-groep hebben gewerkt tijdens mijn promotietijd, Wendy 
en Jorien, heel erg bedankt voor alle proeven die jullie voor me hebben gedaan! Ik wens jullie 
alle goeds toe.

Maaike, mijn partner in crime. Wat was het fijn om samen met jou op kantoor onze boekjes te 
schrijven. Samen werken, samen lachen, samen huilen en samen leuke dingen doen hebben er 
zeer zeker aan bij gedragen dat de laatste paar maanden niet eenzaam waren en ik mezelf elke 
dag weer met frisse moed naar het Stratenum begaf om nog maar weer eens een paar regeltjes te 
typen. Als ik alleen op kantoor had gezeten was het schrijven zeker een stuk minder vlot gegaan. 
Je tijdelijke afwezigheid zullen Kruimel en ik je dan maar vergeven ;). Ik hoop dat je snel in wat 
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minder onstuimig water gaat komen en weet zeker dat je je boekje fantastisch zult verdedigen! Ik 
wens je alle succes toe aan de andere kant van de plas, maar vind het wel heel erg jammer dat je 
die kant op zult gaan. Gelukkig komen kaartjes en vliegtuigen overal!

Alle andere leden van de Burgering-Dansen groep, Boudewijn, Tobias, Astrid, David, Harm-Jan, 
Marrit, Marten, Marieke, Tobias, Lydia, Miranda, Evi en Paulien wens ik natuurlijk ook alle succes 
toe met hun carrière en promoties! Evi, I wish you all the best with the final stages of your PhD. 
I enjoyed all the times at the movies and your reaction to the mice in the theatre. I also enjoyed 
your enthusiasm and joy at the chocolate workshop! I wish you and your husband all the best. 
David, bedankt voor alle koppen koffie die we hebben gedronken. Bedankt voor de gezellige 
eet- en spelletjes-avonden bij Maaike en bedankt voor het altijd geïnteresseerd zijn in hoe het 
met me gaat! Ik wens je alle succes toe met het afronden van je promotie. Ik weet heel zeker dat 
het einde heel nabij is en voor het grijpen ligt!

Wat zou mijn promotietijd er anders uit hebben gezien als ik niet in zo’n ontzettend gezellig 
 waterpoloteam terecht was gekomen! We bewijzen elke week weer opnieuw dat de derde helft 
de belangrijkste is en de reden om te komen trainen! Ik wil jullie allemaal, Iris, Ineke, Karin, 
Debby, Vera, Inge, Maaike en Jits, heel erg bedanken voor het begrip dat jullie de afgelopen jaren 
hebben getoond wat betreft mijn trainingsopkomst en de interesse die jullie allemaal hebben 
getoond. Ik wil heel graag nog vier dames apart bedanken. Karin, Iris en Ineke, bedankt voor 
de eindeloze interesse die jullie hebben getoond en dat ik altijd weer even bij jullie uit mocht 
komen razen. Ook bedankt voor alle keren dat jullie me van eten hebben voorzien als ik weer 
eens geen fut had om voor mezelf te zorgen! Zonder jullie was mijn trainingsopkomst zeker nog 
dramatischer geweest! Debby, bedankt dat je mijn boekje zo ontzettend mooi hebt gemaakt! Ik 
ben je eeuwig dankbaar dat je zoveel tijd aan mijn proefschrift hebt willen besteden om het tot 
zo’n prachtig geheel te maken. Zonder jou waren deze laatste weken heel wat frustrerender en 
zwaarder geweest! Aan alle dames: Het komende jaar wordt weer fantastisch!

Dan komen we langzaam aan het einde van dit dankwoord. Twee mensen die ik zeker niet moet 
vergeten te bedanken zijn Jan en Lianne. Bedankt voor alle tijd die ik door de jaren heen bij jullie 
heb doorgebracht. Het was altijd heel fijn en gezellig! Bedankt dat ik zelfs tijdens het schrijven van 
mijn proefschrift weer bij jullie welkom was om te komen eten en we weer hele gezellige avonden 
hebben gehad! Ik ben heel blij dat jullie er ook tijdens de laatste dat van mijn promotie bij zijn!

En dan natuurlijk nog papa en mama, of paps en moes, of kokkie en knorretje! Bedankt dat 
jullie mijn leven altijd zorgeloos hebben laten zijn en daar nog steeds zorg voor dragen! Bedankt 
voor de eeuwige crisisopvang! Zonder jullie was mijn promotietraject nog veel zwaarder geweest. 
Samen gezellig quilten, samen gezellig fietsen, samen op vakantie en samen gezellig eten hebben 
allemaal gezorgd voor de broodnodige afleiding. Ik kom altijd weer helemaal tot rust als ik weer 
een paar nachtjes bij de moes ben wezen slapen! Jullie pensioen is in zicht en dan is daar eindelijk 
de tijd om te genieten en alles te kunnen doen waar jullie zin in hebben!

En dan uiteindelijk voor de insiders: Adam bedankt ;).

Zo! Ik hoop dat ik niemand ben vergeten.

Marlous
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