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Rheb is a homolog of Ras GTPase that regulates cell growth,
proliferation, and regeneration via mammalian target of rapa-
mycin (mTOR). Because of the well established potential of acti-
vated Ras to promote survival, we sought to investigate the
ability of Rheb signaling to phenocopy Ras. We found that over-
expression of lipid-anchored Rheb enhanced the apoptotic
effects induced by UV light, TNFe, or tunicamycin in an mTOR
complex 1 (mTORC1)-dependent manner. Knocking down
endogenous Rheb or applying rapamycin led to partial protection,
identifying Rheb as a mediator of cell death. Ras and c-Raf kinase
opposed the apoptotic effects induced by UV light or TNFa but did
not prevent Rheb-mediated apoptosis. To gain structural insight
into the signaling mechanisms, we determined the structure of
Rheb-GDP by NMR. The complex adopts the typical canonical fold
of RasGTPases and displays the characteristic GDP-dependent
picosecond to nanosecond backbone dynamics of the switch I and
switch II regions. NMR revealed Ras effector-like binding of acti-
vated Rheb to the c-Raf-Ras-binding domain (RBD), but the affinity
was 1000-fold lower than the Ras/RBD interaction, suggesting a
lack of functional interaction. shRNA-mediated knockdown of
apoptosis signal-regulating kinase 1 (ASK-1) strongly reduced UV
or TNFa-induced apoptosis and suppressed enhancement by Rheb
overexpression. In conclusion, Rheb-mTOR activation not only
promotes normal cell growth but also enhances apoptosis in
response to diverse toxic stimuli via an ASK-1-mediated mecha-
nism. Pharmacological regulation of the Rheb/mTORC1 pathway
using rapamycin should take the presence of cellular stress into
consideration, as this may have clinical implications.
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Ras homolog enriched in the brain (Rheb)® is a small GTPase
belonging to the Ras superfamily of guanine nucleotide-binding
proteins and is related to Ras, Rap, and Ral (1). The function of
Rheb has been studied in a variety of organisms, especially in
Drosophila and mammalian cells. These results underscore the
role of Rheb as a molecular switch in many cellular processes
such as cell volume growth, cell cycle progression, neuronal
axon regeneration, autophagy, nutritional deprivation, oxygen
stress, and cellular energy status (2—4). The effects of Rheb are
mediated via the mammalian target of rapamycin (mTOR),
which exists in two different multiprotein complexes: the rapa-
mycin-sensitive mTORC1, which is responsible for the modu-
lation of protein translation, and TORC2, which mediates the
spatial control of cell growth by regulating the actin cytoskele-
ton (5, 6). Known mTORC]1 targets include ribosomal p70S6
kinase (S6K), the translational repressor 4E-BP1, and PRAS40
(7,8).

Rheb activity is regulated by a dual mechanism. Insulin and
other growth factors stimulate the GTP loading of Rheb via
inhibition of tuberous sclerosis complex (TSC)1/TSC2, a tu-
mor suppressor protein complex that acts as a Rheb GTPase-
activating protein (GAP) (9, 10). In contrast to Ras, Rheb syn-
thesis is up-regulated similar to immediate early genes after
toxic insults or by growth factors, such as epithelial growth
factor (EGF) or basic fibroblast growth factor (bFGF) (11).
Because of the high concentration of GTP-bound Rheb under
basal conditions, elevated levels of Rheb are sufficient to acti-
vate mTORCI1 (5, 12).

Because of high sequence identity, we initially anticipated
that Rheb would promote an H-Ras-like phenotype. Vast evi-
dence exists for Ras activity acting as a protective agent both in
non-neuronal (13) and neuronal systems (14—17). Further-
more, transgenic activation of neuronal Ras in the brain pre-
vents degeneration in several lesion paradigms (17—19). Similar
to Ras, Rheb signaling is also directly correlated with the pro-
motion of survival. Correspondingly, attenuated mTOR signal-
ing has been shown to induce apoptosis in cell lines (20, 21). In
neurons, the Parkinson disease mimetic 6-hydroxy dopamine

 The abbreviations used are: Rheb, Ras homolog enriched in brain; mTOR,
mammalian target of rapamycin; TSC, tuberous sclerosis complex; GAP,
GTPase-activating protein; RBD, Ras-binding domain; ER, endoplasmic
reticulum; GEF, guanine nucleotide exchange factor; Gpp(NH)p,
guanosine 5'-(B,y-imido)triphosphatey; ANOVA, analysis of variance;
HSQC, heteronuclear single-quantum coherence; ASK, apoptosis signal-
regulating kinase 1.
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triggers neuronal death by suppressing the activation of mTOR
(22). After axotomy of retinal ganglion cells, mTOR activity is
suppressed and new protein synthesis impaired, contributing
to degeneration. Reactivating mTOR by conditionally knocking
out TSCI1 leads to axon regeneration (4).

In contrast, in other cellular systems such as radiation-in-
duced cell damage, up-regulated Rheb activity is associated
with apoptosis (23). Furthermore, TSC deficiency results in
severe insulin resistance (24) and triggers the unfolded protein
response to regulate endoplasmic reticulum (ER) stress (25).

Taken together, this evidence shows that the balance of the
mTOR pathway is essential to ensure the healthy state of the
cell. However, whether enhanced Rheb activity will lead to cel-
lular protection or increased vulnerability cannot be predicted.

Here, we investigated whether Rheb influences cell death
induced by excitotoxic glutamate treatment in neurons. More
specifically, we analyzed whether Rheb enhances or prevents
the apoptosis of HeLa (cervical cancer) cells triggered by UV
light, TNFa, and tunicamycin in an mTORCI1-dependent
manner.

Analyzing Ras-Rheb cross-talk, other studies have suggested
that Rheb is involved in negative regulation of B-Raf and c-Raf-
activity (26), suggesting that Rheb is a feedback inhibitor of Ras
signaling that results in the antagonism of Ras (26-28). To
investigate the interaction among Rheb, Ras, and c-Raf at the
atomic level, we compared their signaling mechanisms and
analyzed the perturbed chemical shifts upon the formation of
the Rheb/c-Raf-Ras-binding domain (RBD) complex (29, 30).
Finally, we correlated the solution structure and backbone
dynamics of Rheb with its biochemical properties.

EXPERIMENTAL PROCEDURES

Chemicals, Antibodies, and Plasmids—All chemicals were
purchased from Sigma unless stated otherwise. Inhibitors were
obtained from Calbiochem and used at the following concen-
trations: rapamycin (20 nm), cycloheximide (2.5 pg/ml), TNFa
(10 ng/ml), salubrinal (100 wm), and tunicamycin (1.5 um).
Antibodies were acquired from Cell Signaling with the excep-
tion of anti-FLAG-M2 and anti-HA (Sigma). Rat Rheb cDNA
was a kind gift from A. Wittinghofer (Max-Planck-Institut,
Dortmund, Germany) and subcloned into pcDNA3 fused to an
N-terminal FLAG epitope. pASK-AN-c-Raf was a kind gift
from U. Rapp (Medizinische Strahlenkunde und Zellforschung,
Wiirzburg, Germany) and subcloned into pcDNA3-myc. In
addition, pHA-ASK-1 was a gift from W. Min (Yale University,
New Haven, CT). pBos-mRFP-histone 2B was applied as pub-
lished previously (31), and the pSM2 scramble shRNA and
pSM2-hRheb shRNA constructs were obtained from Open
Biosystems.

Primary Neuron Cell Culture, Transfection, and Stimulation—
Cortical cultures were prepared from the cortices of PO—P2
newborn NMRI mice according to a slightly modified version of
the protocol established by Lessmann and Heumann (32). Pri-
mary cortical cultures were transfected using the calcium phos-
phate method described by Haubensak et al. (33). After 48 h,
the cells were stimulated with 1 mM glutamate in balanced salt
solution (130.0 mm NaCl, 5.4 mm KCl, 1.8 mm CaCl,, 5.5 mm
glucose, 20.0 mm HEPES, pH 7.4) supplemented with 10 um
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glycine for 1 h at 37 °C under conditions of 5% CO,. Twenty-
four hours later, the cells were fixed with 4% paraformaldehyde
and stained with bisbenzimide H3342 (Fluka). Using a fluores-
cence microscope (Olympus IX51, X20), we determined apo-
ptosis by counting transfected neurons showing fragmented or
strongly condensed nuclei caused by DNA fragmentation.

Cell Culture, cDNA Transfection, and Inhibitor Stimulation—
HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS) and 2 mm
glutamine. Transient transfection was carried out for 48 h using
Polyfect (Qiagen) according to the manufacturer’s protocol or
for 96 h in the case of shRNA transfection. Rapamycin was
applied 2 h before stimulating the cells with TNFa and cyclo-
heximide (for 4 h) or UV light (0.03 J/cm? followed by 4 h incu-
bation). Salubrinal was applied 2 h before UV irradiation and 30
min before tunicamycin stimulation.

Apoptosis Assay—To visualize transfected cells and facilitate
the quantification of apoptotic cells, a mRFP-histone 2B reporter
construct was co-transfected at a molar ratio of 1:5 with the con-
structs of interest (31). Apoptotic mRFP-histone 2B-positive cells
were counted under a fluorescence microscope (Olympus IX51,
X20) 4 h (TNFa + cycloheximide and UV irradiation) or 24 h
(tunicamycin) after apoptotic stimulation to visualize mRFP-
histone 2B. Apoptotic cells showed fragmented or strongly
condensed nuclei caused by DNA fragmentation (supplemental
Fig. S1).

Flow Cytometry—Cell volume was analyzed by flow cytom-
etry using a CyFlow SL instrument (Partec). HeLa cells were
trypsinized 72 h post-transfection and fixed with 4% paraform-
aldehyde. The distribution of forward scatter signals gated for
transfected green fluorescent protein (GFP)-positive cells was
recorded.

Protein Expression, Purification, and Western Blot—Rheb
was expressed and purified as described previously (29). The
RBD of c-Raf kinase was expressed and purified as described
previously (34—36). Western blot analysis was also performed
essentially as described previously (17).

NMR Spectroscopy—All spectra were recorded at 298 K on
Bruker DRX600 and Bruker DRX750 spectrometers equipped
with pulsed field gradients and triple resonance probe heads,
processed with NMRPipe, and analyzed by NMRView (37, 38).
The steady state heteronuclear NOE (nuclear Overhauser
effect) experiments were recorded on a DRX 600 spectrometer
at 298 K in an interleaved manner to reduce influence from
possible instabilities in the experimental conditions (39). The
NOE values were calculated from the ratio of the peak heights
in the experiment with and without proton saturation (40 —43).

Structure Calculation—Assignment, data handling, and cal-
culations were performed using NMRView and XPLOR-NIH
(38, 44, 45). The distance constraints were supplemented with
torsion angle constraints derived from the HNHA experiment
(46) and TALOS (47). Structure calculations were performed
using standard protocols for simulated annealing constraint
methods implemented in the program XPLOR-NIH and as
published previously (44). Further details are given in sup-
plemental Table S1 (Protein Data Bank code 2L0X).

VOLUME 285+-NUMBER 44 -OCTOBER 29, 2010


http://www.jbc.org/cgi/content/full/M109.095968/DC1
http://www.jbc.org/cgi/content/full/M109.095968/DC1
http://www.jbc.org/cgi/content/full/M109.095968/DC1
http://www.jbc.org/cgi/content/full/M109.095968/DC1

Rheb-WT - ; 380
A 100 B RhebAeCAAX - : + h S C
2 : eaae36 4500
= g Ser’
g 90 E S - total S6 Il Mock
= é 3 B Flag 4000 | [ Flag-Rheb-WT
2 80 — S Tubulin 1500, I Flag-RhebACAAX
) ]
= 2 =
g " 2 S 3000
S = =
o S 3 2500
=
= - 8
g~ g < 2000
2
S 40 ° =
2 2 8 1500
S w0 3 1000
. 177
(=] 5]
.20 2z 500
g -
d
£ 10 =
St

Rheb-WT - + - Rheb-WT
glutamate - - + + RhebACAAX - - +
D 60 Sotcte E

jh:eze:d

10

% apoptotic transfected cells
% apoptotic transfected cells

Rheb-WT Rheb-WT -
RhebACAAX - - + - - + RhebACAAX -
UV - - -+ o+ o+ TNFo -

- + -
- -+
+ o+ o+

Pro-apoptotic Function and Structure of Rheb

60 100 140 180 220 260 300 340 380 420 460 500540 580
FSC (foward scatter)

% apoptotic transfected cells

Rheb-WT - - + -
RhebACAAX - - = +
Tunicamycin - + * 4

FIGURE 1. Rheb overexpression enhances the rate of cell death in a CAAX-box-dependent manner after toxic treatment. A, primary cortical neurons
transfected with FLAG-Rheb-WT exhibited an increased rate of cell death 24 h after excitotoxic treatment with 1 mm glutamate compared with mock-
transfected cells. B, in Rheb-WT- but not RhnebACAAX-transfected HelLa cells, the mTOR pathway was strongly activated as shown by the activation level of the
S6 protein on Western blot. C, the size of Rheb-WT-transfected Hela cells was increased compared with RhebACAAX or mock-transfected Hela cells. D, HeLa
cells transfected with FLAG-Rheb-WT were more sensitive to UV light as measured by quantification of apoptotic cells 4 h after UV light treatment (0.03 J/cm?).
Notably, the basal level of apoptotic cells did not change upon transfection with FLAG-Rheb-WT or FLAG-RhebACAAX. E, Hela cells transfected with Rheb-WT
had significantly higher rates of cell death after TNFa (10 ng/ml + 2.5 ug/ml cycloheximide) treatment compared with RhnebACAAX or mock-transfected cells.
F, ER stress-induced apoptosis in the presence of tunicamycin was increased in Rheb-WT-transfected cells but not in RhebACAAX-transfected cells. All
bars represent mean = S.E. of at least sixindependent experiments. **, p < 0.01; ***; p < 0.001 (determined by ANOVA followed by a Bonferroni post hoc

test).

RESULTS

Rheb Overexpression Enhances Apoptosis—To investigate
whether Rheb participates in survival or the regulation of cell
death, we overexpressed FLAG-Rheb-WT in primary cortical
neurons and subjected the cells to transient stimulation with
excitotoxic concentrations of glutamate (1 mm, 1 h). Cell death
was assessed 24 h later by nuclear staining and determining the
percentage of fragmented or pyknotic nuclei within the popu-
lation of transfected cells as indicated by co-expression of an
EGFP-reporter plasmid. Although overexpression of FLAG-
Rheb-WT did not induce cell death per se in primary cortical
neurons, it did significantly enhance apoptosis by nearly 30%
after excitotoxic stimulation (Fig. 14; 62 versus 91%, mock ver-
sus FLAG-Rheb-WT, respectively).

To test whether Rheb overexpression generally enhances
apoptosis, we used a different, non-neuronal cell type. Indeed,
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Rheb overexpression significantly increased the sensitivity of
HeLa cells to UV-induced apoptosis. However, the apoptosis-
enhancing effect disappeared when RhebACAAX lacking the
C-terminal farnesylation signal (27) was overexpressed
(Fig. 1D andsupplemental Fig. S1). In contrast to Rheb-WT,
RhebACAAX failed to activate mTORCI activity, which was
measured by ribosomal S6 protein phosphorylation and the cellu-
lar volume (Fig. 1, B and C). This result is in accordance with pre-
vious reports that Rheb-dependent mTORC]1 activation depends
on Rheb targeting to the membrane (48). Similarly, Rheb was
observed to have CAAX-box-dependent apoptosis-enhancing
effects when TNFa (Fig. 1E) or the ER stress inducer tunicamycin
(Fig. 1F) was applied as apoptotic stimuli. Taken together, the data
show that Rheb overexpression enhances the pro-apoptotic
response of various mammalian cell types to different kinds of
apoptotic stimuli in a CAAX-box-dependent manner.
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FIGURE 2. Knocking down Rheb decreases cell death after toxic treatment. A, Western blot showing that endogenous Rheb expression increased after
exposure to UV light or tunicamycin. B-D, Hela cells were transfected with either a non-silencing scramble shRNA or human-specific Rheb shRNA and
incubated for 96 h. The shRNA-mediated knockdown of endogenous Rheb significantly protected against UV light (B), TNFa (C), and tunicamycin-induced
apoptosis (D). E, the efficiency of knocking down Rheb and inhibiting mTOR activation was tested by Western blot 96 h after transfection showing a moderate
inhibition of S6 phosphorylation. All bars represent mean = S.E. of at least six independent experiments. ***, p < 0.001 (determined using ANOVA followed by

a Bonferroni post hoc test).

Apoptosis Is Enhanced by Endogenous Rheb—To assess
whether endogenous levels of Rheb are required for the trans-
mission of pro-apoptotic signals, we investigated the effects of a
functional Rheb knockdown construct (Fig. 2E). Knocking
down Rheb led to a significant decrease in apoptotic cells after
stimulation with UV light, TNFe, and tunicamycin, indicating
that endogenous Rheb functionally in participates the apopto-
tic response induced by these agents (Fig. 2, B—D). Notably,
neither Rheb overexpression nor Rheb knockdown led to apo-
ptosis in the absence of toxic stimuli, underscoring a cell stress-
dependent functional switch by Rheb.

As dysregulated mTOR signaling stimulated the unfolded
protein response and ER stress, we wanted to investigate
whether the ER stress signaling pathway (49, 50) might be
responsible for Rheb-enhanced apoptosis. As shown in
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supplemental Fig. S2A, Rheb was still able to enhance apoptosis
in the presence of the ER stress-protective agent salubrinal (100
uMm), despite clear inhibition of tunicamycin-induced apoptosis.
Similarly, after apoptosis was induced with UV treatment, salu-
brinal was not able to prevent Rheb-enhanced apoptosis. This
finding indicates that Rheb-mediated apoptosis occurs inde-
pendent of the ER stress/unfolded protein response pathway
(Fig. S2B).

Up-regulated and Basal Rheb Levels May Mediate Apoptosis—
Because UV irradiation and tunicamycin (Fig. 24) induced an
up-regulation of Rheb protein in HeLa cells within 4 h, the time
period of maximal cell death, we tested whether these stimuli
would also activate the mTOR pathway. The irradiation of
HelLa cells with UV light increased the phosphorylation level of
the ribosomal S6 protein (Fig. 3C). However, we were unable to
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FIGURE 3. Rheb-enhanced apoptosis after toxic treatmentis mTOR-dependent. Aand B, pretreatment (2 h) of transfected HeLa cells with rapamycin (20 nm)
inhibited Rheb-enhanced apoptosis after UV light (A) or TNFa treatment (B). C, Western blot showing a strong induction of the mTOR pathway 4 h after
stimulation with UV light in mock-transfected cells, which was comparable with the activation levels of Rheb-WT-transfected cells. Pretreatment with rapa-
mycin blocked activation of the mTOR pathway. D and E, co-expression of permanently activated Ras®'? almost completely protects Hela cells against UV
light as well as TNFa-induced cell death but cannot inhibit Rheb-enhanced cell death. All bars represent the mean = S.E. of at least six independent experi-
ments. * p < 0.05; **, p < 0.01; ***, p < 0.001 (determined using ANOVA followed by a Bonferroni post hoc test).

demonstrate further increases in S6 phosphorylation in the Active H-Ras®'?Y Opposes Apoptosis but Not the Specific
presence of Rheb-WT overexpression, possibly because of the  Contribution of Rheb Overexpression—In accordance with a
saturating activation of mTOR after UV irradiation (Fig. 3C). cytoprotective role of constitutively active Ras (18), H-Ras<**V
Functional Rheb knockdown attenuated TNFa-stimulated protected cells from apoptosis induced by adverse stimuli,
apoptosis in the presence of cycloheximide, although the latter ~whereas Rheb overexpression exacerbated the apoptotic
inhibited protein synthesis (Fig. 2C). Thus, up-regulation of response. Exposure to UV light or TNF« typically increased
endogenous Rheb mimicks transfection-induced overexpres- apoptotic numbers from 7—8 to 42—43%, and active Ras'?V
sion, although the basal level of Rheb may be sufficient to medi-  decreased it to 12—-14% (Fig. 3, D and E). Rheb-enhanced apo-
ate apoptosis. ptosis was also reduced, but only to ~15-18%. Notably, in the
Rheb-enhanced Cell Death Is Sensitive to Rapamycin Treat- presence of activated Ras, Rheb was still able to enhance apo-
ment—The major TORCI inhibitor rapamycin inhibits S6 ptosis (compare bars 3 and 5in Fig. 3, D and E). Considering the
phosphorylation to below basal levels (Fig. 3C) and reduces, but  dissimilarity in signaling, despite a high degree of sequence sim-
does not abolish, apoptosis after TNFa stimulation and UV ilarity between Rheb and Ras, we sought to gain further insight
irradiation, suggesting a pro-apoptotic effect of endogenous into the mechanisms underlying the differential signaling path-
mTORCI activity (Fig. 3, A and B). However, rapamycin treat-  ways of these proteins using a structural approach.
ment never completely blocked the cell death induced by toxic Overall Structure of Full-length Rheb in Solution—Based on
treatment in the absence or presence of Rheb-WT overexpres-  the sequence alignment, Rheb is more closely related to Ras and
sion, indicating that other additional pro-apoptotic mecha- Rap than other small G proteins (Fig. 44). The switch I region
nisms may exist independent of the mTORCI1 pathway. extends from Asp-33 to Asn-41 and the switch II region from
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FIGURE 4. Structure-based sequence alignment of Rheb from different species, as well as Ras and Rap 1A from the rat, and stereoview of the backbone
atoms (N, C_, C’, and O) of the ensemble (SA) of 20 rRheb structures. A, invariant residues are highlighted in red-shaded boxes, and open red boxes indicate
conserved residues. The secondary structural elements of Rheb are given above the sequence alignment. Residues in blue boxes are discussed in detail
throughout the text. B, this superposition shows the lowest root mean square deviation values for the backbone atoms (N, C,, and C’) of the regions with a
regular secondary structure. The unstructured N-terminal residues Ser-1 to Lys-5 and C-terminal residues Ser-175 to Met-184 have been omitted for clarity.

Gly-63 to Asn-79. In all small GTPases, these switch regions are
involved in the recognition of and interaction with GAPs, gua-
nine nucleotide exchange factors (GEFs), and effectors (51, 52).
Small GTPases also carry a characteristic phosphate binding
P-loop that, in Rheb, comprises residues Gly-13 to Ser-20. The
final ensemble (SA) of 20 Rheb-GDP NMR structures is shown
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in stereo in Fig. 4B, and a summary of refinement statistics is
given in supplemental Table S1. Overall, the structure is well
defined, and the coordinate precision is rather high. The root
mean square deviation between the ensemble of structures
((SA)) and the average structure of the ensemble ((SA),,) for the
backbone atoms is ~0.59 * 0.11 A for backbone atoms and
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1.17 + 0.17 A for all heavy atoms. 99.5% of all backbone angles
¢ and ¢ are located in allowed regions of the Ramachandran
plot (supplemental Table S1).

The overall structure of Rheb adopts the typical canonical
fold of small GTPases (53—55). Rheb has an «af-fold that con-
tains a B-sheet consisting of one antiparallel and five parallel
B-strands (Fig. 5). The B-strands wrap around the C terminus of
the a-helix, which is oriented perpendicular to the first a-helix.
The convex side of the B-sheet is covered by three additional
helices. The nucleotide binding site (GTP or GDP) is located at
the C-terminal end of the B-sheet, similar to other nucleotide-
binding, open B-sheet structures (54). This nucleotide binding
site is formed by the switch I and switch II regions and the
P-loop, as well as the N-terminal end of the first helix (53).
Overall, the orientation of the bound GDP nucleotide is con-
served in Rheb. In summary, 31 extends from Lys-5 to Leu-12,
al from Lys-19 to Glu-28, B2 from Asn-41 to Val-49, B3 from

Switch Il

FIGURE 5. Ribbon drawing of a representative member of the ensemble
structures of rRheb. The N and C termini are indicated. The unstructured
N-terminal residues Ser-1 to Lys-5 and C-terminal residues Ser-175 to Met-184
have been omitted for clarity. This figure was generated using PyMol (83, 84).

Pro-apoptotic Function and Structure of Rheb

GlIn-52 to Asp-60, B4 from Gly-80 to Ser-86, a2 from Ile-90 to
Val-107, B5 from Ile-114 to Asn-119, @3 from Tyr-131 to Trp-
141, B6 from Ala-144 to Glu-147, and a4 from Asn-153 to Ile-
170 (Fig. 4A). The resonances of the N-terminal residues Ser-1
to Lys-5 and the C-terminal residues Ser-175 to Met-184 could
not be observed in the spectra, presumably because of chemical
exchange. The topology of the fold is identical to that found for
Ras and the crystallographic study of Rheb (53—55). However,
important differences were found for the (flexible) switch I and
switch II structural elements. Furthermore, the C-terminal
helix in the NMR structure extends to residue Ile-170 (Fig. 5).

Conformational Dynamics of the Switch I and Switch II Re-
gions of Rheb—The heteronuclear NOE data in Fig. 6 clearly
show that the switch I and, to a lesser extent, the switch II
region of GDP-bound Rheb is flexible in solution due to genu-
ine mobility rather than a lack of experimental restraints. In
addition, the turn including Pro-113 has values less than 0.6 for
the heteronuclear NOE, which is a clear indication of increased
flexibility on the pico- to nanosecond time scale and also
observed for the C-terminal residues Asp-171 to Ala-174. Obvi-
ously, these regions undergo motions faster than the overall
tumbling time of the protein. In the *H-'°N heteronuclear sin-
gle-quantum coherence (HSQC) spectrum of Rheb bound to
Gpp(NH)p (the nonhydrolyzable analog of GTP), the reso-
nance signals for the switch I (residues Val-32 to Phe-43) and II
(residues Asp-60 to Ile-78) regions were broadened beyond
detection (Fig. 6B), presumably due to a chemical exchange at
an intermediate rate on the NMR time scale, in marked contrast
to Rheb-GDP. Interestingly, this difference between the GDP-
and Gpp(NH)p-bound forms of Rheb could not directly be
inferred from the crystal structure (55). Due to absent reso-
nances in Rheb-Gpp(NH)p, no quantitative differences could
be extracted for the switch I and switch II regions.

Rheb Interacts with c-Raf-RBD with Low Affinity in a Ras-like
Manner—The functional and physical interactions between
Rheb and Raf proteins were suggested previously (26, 28). We
examined whether the RBD of c-Raf might possibly bind to
Rheb because of similarities between Ras and Rheb in the
switch I region. We used [U-'>N]Rheb bound to either GDP or
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c-Raf selectively binds to Rheb-Gp-
p(NH)p in multidimensional NMR
spectroscopy (Fig. 7A). We mapped
the binding site of c-Raf-RBD on the
Rheb surface (Fig. 7B), which re-
sembled the effector-type interac-
tion between Ras and c-Raf kinase.
The binding site includes Rheb
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FIGURE 6. Steady state heteronuclear NOE for the backbone amides of rRheb in its GDP- (A) and Gpp(NH)p-
bound (B) states. Residues for which no results are shown correspond to either prolines or residues for which
relaxation data could not be extracted. The switch | region extends from residue Asp-33 to Asn-41 and the switch Il
region from residue Gly-63 to Asn-79. For details, refer to the text under “Experimental Procedures” and “Results.”
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residues Glu-28, Gln-30, Thr-44,
Lys-45, Leu-46, and Gln-57. The
c-Raf-RBD selectively bound to
Rheb-Gpp(NH)p, as no significant
chemical shift perturbation was
observed for Rheb-GDP even in the
presence of a 6-fold molar excess of
c-Raf-RBD. Rheb has a lower affin-
ity for c-Raf kinase compared with
Ras (56). Although the affinity of the
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FIGURE 7. Chemical shift differences between rRheb bound to GDP or Gpp(NH)p upon titration with the
RBD of c-Raf kinase. A, the upper panel shows representative regions of the 'H-">N HSQC spectra for Thr-44,
Lys-45, and Leu-46 of rRheb-GppNHP titrated with c-Raf-RBD (molar ratio of rRheb/c-Raf-RBD ranging from 1:0
(shown in black) to 1:3 (shown in green)). The lower panel shows the corresponding regions of the "H-">N-HSQC
spectra of Rheb-GDP titrated with c-Raf-RBD (molar ration of rRheb/c-Raf-RBD ranging from 1:0 (shown in
black) to 1:6 (shown in green)). B, significant chemical shift pertubation for Rheb bound to Gpp(NH)p upon
titration with the RBD of c-Raf kinase projected onto the accessible surface of rRheb. The differences are
represented in light to dark orange depending on the magnitude of the observed weighted chemical shift
differences. For details, refer to the text under “Experimental Procedures” and “Results.” This figure was gen-
erated using PyMol (83, 84).

c-Raf-RDB, the RBD of mNORE1
did not show any affinity for acti-
vated or inactivated Rheb (data not
shown).

¢-Raf Opposes Rheb-enhanced Apo-
ptosis—Having  established that
Rheb binds specifically to c-Raf-
RBD with low affinity in a Ras-like
pattern, we tested whether this
weak interaction might have func-
tional implications in cells by mea-
suring c-Raf activity using a phos-
pho-specific c-Raf antibody against
the activating phosphorylation site,
Ser-338 (27). H-Ras'?V increased
phosphorylation of c-Raf (Fig. 84).
However, we were unable to detect
major changes in the phosphoryla-
tion level of c-Raf in the presence of
Rheb-WT, which is consistent with
the notion that, because of the low
binding affinity in the micromolar
range, direct regulation of the c-Raf
kinase might not be possible, de-
spite the interaction specificity.

To further characterize the role
of c-Raf, we used a constitutively
active c-RafAN mutant (59) that
resulted in a protective effect
against UV light and TNFa-induced
apoptosis (Fig. 8, B and C). Al-
though active c-RafAN opposed
apoptosis in all cases tested, Rheb
was still able to enhance apoptosis,
indicating that c-Raf and Rheb sig-
nal through independent mecha-
nisms (compare bars 3 and 5 in Fig.
8B).

The effects by c-RafAN could be
due to either the lack of an N-termi-
nal RBD region, preventing the
interaction with Ras, or an inhibi-
tory action of the RBD on Raf
kinase activity. To test whether
the kinase activity is necessary for
the anti-apoptotic c-RafAN activ-
ity, we co-expressed an inactive
c-Raf mutant, c¢-RafAN-K375M,
with FLAG-Rheb-WT and FLAG-
RhebACAAX and treated Hela
cells with UV light and TNFa. Inter-
estingly, inactive c-RafAN-K375M
was still able to inhibit Rheb-en-

latter interaction is 120 nm (34, 57), the affinity of Rheb for c-Raf  hanced apoptosis to nearly the same extent as c-RafAN (sup-

kinase is ~200 = 80 uM according to our NMR titration exper-  plemental Fig. S3).

iments. The novel GTP-Ras effector mNOREL1 is capable of What Is the Mechanism Behind the Apoptosis-enhancing
inducing apoptosis; therefore, we questioned whether it may Effect of Rheb?—Our data did not show a role for Ras, Raf
bind to Rheb, thereby mediating cell death (58). In contrast to  kinase, or ER stress in Rheb-enhanced apoptosis, and there was
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FIGURE 8. Active c-Raf does not inhibit Rheb-enhanced apoptosis. A, Western blot showing that, in transfected HelLa cells, Rheb expression does not
influence the activation level of endogenous c-Raf as indicated by no differences at the Ser-338 phosphorylation site of c-Raf. B and C, co-expression of a
constitutively active c-Raf mutant significantly protects against UV light and TNFa-induced apoptosis but is not able to completely inhibit Rheb-enhanced
apoptosis. D, representative Western blot illustrating the efficiency of ASK-1 knockdown. E and F, HelLa cells were transfected with scramble or human ASK-1
shRNA plus FLAG-Rheb-WT or FLAG-RhebACAAX and incubated for 96 h. ASK-1 knockdown led to a general decrease in cell death and inhibited Rheb-
enhanced apoptosis after UV irradiation as well as TNFa stimulation, as shown by a lack of significant differences in cell death. All bars represent mean =+ S.E.
of at least six independent experiments. *, p < 0.05; ***, p < 0.001 (determined using ANOVA followed by a Bonferroni post hoc test).

no associated change in the activity of Akt kinase (data not
shown). Apoptosis signal-regulating kinase 1 (ASK-1) plays an
essential role in apoptosis (60, 61). Upon shRNA-mediated
knockdown of ASK-1 (Fig. 8D), we observed a decrease in apo-
ptosis from 50.9 = 3.2% to 18.5 = 3.1% for UV treatment and
from 56.7 = 1.9% to 25.4 * 2.9% for TNFa« in the presence of
Rheb (Fig. 8, E and F). Notably, in the presence of shRNA
knockdown of ASK-1, apoptosis was not significantly enhanced
by Rheb overexpression (compare bars 10 and 11 in Fig. 8, Eand
F). Taken together, the data suggest that Rheb-enhanced apo-
ptosis is mediated by ASK-1 activity. Next, we inhibited the
ASK-1 downstream targets p38 and c-Jun kinase and found that
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this opposed apoptosis (supplemental Fig. S4). Whether addi-
tional ASK-1 effectors are involved in Rheb-enhanced apopto-
sis remains to be determined.

DISCUSSION

Here, we have described a switch in the physiological func-
tion of Rheb from a growth-promoting to a cell death-mediat-
ing GTPase. Overexpression of membrane lipid-anchored
Rheb stimulates S6 phosphorylation and increases cell volume
without inducing any detectable levels of apoptosis. After acute
apoptotic stress, however, Rheb leads to a rapamycin-sensitive
enhancement of apoptosis.
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Cell Stress-dependent Switch to a Death-mediating GTPase—
Considering the various reports demonstrating survival and
regeneration via the activated mTOR pathway (4), we were sur-
prised to find that Rheb facilitated, rather than attenuated, exci-
totoxic glutamate-induced cell death. As the mechanisms of
excitotoxic cell death are still being debated (62), we decided to
further study the Rheb-mediated apoptotic mechanism in a
more defined non-neuronal cell system by applying three dif-
ferent types of apoptosis inducers that initiate ER and/or mito-
chondrial signaling pathways: UV stress (the release of toxic
oxygen radicals), DNA fragmentation, and activation of p38
and c-Jun kinase. TNFa and cycloheximide cause cell death via
a defined signaling cascade and the glycosylation inhibitor tuni-
camycin via a well described ER-unfolding response program
(63). In all cases, Rheb-enhanced apoptosis was diminished
when a Rheb construct lacking the C-terminal lipidation
anchor was overexpressed, which suggests that intracellular
membrane localization is essential for its function. Recently,
Rheb was shown to stimulate exclusively the mTORCI1 pathway
in vitro, leading to enhanced binding and phosphorylation of
4E-BP1, but mTORC?2 signaling was not affected. Together
with the observed sensitivity to rapamycin, we concluded that
Rheb-enhanced apoptosis is mediated via the activation of
mTORCI. In addition, we demonstrate that shRNA suppres-
sion of endogenously expressed Rheb attenuates the apoptotic
effects (Fig. 2), clearly identifying Rheb as an apoptosis-medi-
ating protein. However, further research is necessary to deter-
mine where Rheb-dependent and Rheb-independent pro-ap-
optotic pathways converge.

Rheb Activation Per Se Does Not Induce Apoptosis—Here, we
show that overexpression of Rheb alone is not sufficient to trig-
ger apoptosis. Numerous reports have shown that high Rheb
GTP loading stimulated through TSC suppression and
enhanced mTOR activity is an important aspect of the regula-
tion of various processes of growth and survival (64) or neuro-
nal differentiation (65). Furthermore, inappropriate activation
of the Rheb/mTOR/S6 cassette causes cell survival deficiencies
(66). Bnip3 decreases Rheb-GTP levels, thereby mediating the
hypoxia-induced inhibition of mTOR (67), and PRAS40 inhib-
its mTORCI kinase-mediated phosphorylation of the elf-4E-
binding protein, thereby promoting apoptosis. Similarly, in the
nervous system, axon regeneration and polarity are promoted
by TSC deficiency (4), and overexpression of Rheb induces the
formation of multiple axons in hippocampal neurons (68).
Taken together, this evidence indicates that the regulation of
Rheb GTP loading is vital for normal cell physiology. However,
we have shown here that various toxic stimuli, such as excito-
toxic glutamate treatment, UV irradiation, TNFa/cyclohexi-
mide, and tunicamycin, cause a dramatic switch in Rheb func-
tion from promoting growth to being an apoptosis effector
protein.

Rheb-enhanced Apoptosis Is Not Specifically Affected by
H-Ras and c-Raf Kinase—Although, H-Ras strongly opposed
UV- or TNFa-induced apoptosis, significant enhancement by
Rheb was still measured in the presence of H-Ras (Fig. 3, D and
E). Similar Rheb-induced enhancement was found in the
presence of active or inactive c-Raf kinase (Fig. 88 and supple-
mental Fig. S3), indicating some dramatic dissimilarity in sig-
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naling between Ras and Rheb after apoptotic challenge. To
investigate whether these differential signaling mechanisms
derive from changes at the structural level, we used a protein
NMR-based approach.

The Switch I and Switch Il Regions of Rheb Possess Unique
Structural Features, Explaining Differences in Ras/Rap Signal-
ing—The amino acid composition of switch I in Rheb-GDP
differs significantly from the conformation of switch I in Ras
and Rap (55). The difference predominantly includes the N-ter-
minal portion of switch I, including Asn-41 and Thr-44. In the
NMR structure, switch I and, in part, switch IT of Rheb-GDP are
generally less precise because of fluctuations on the pico- to
nanosecond time scale, as observed in the heteronuclear NOE
experiment. This experiment clearly shows that the switch I
and, to a lesser extent, switch II loops are ill-defined in the
solution state because of genuine mobility rather than a lack of
experimental restraints; this has also been observed for the
structure of Ras in solution (54). Nonetheless, Ser-34 of Rheb,
Glu-31 in Ras, and Lys-31 in Rap have been shown to be crucial
in determining the specificity for their effectors (69). Therefore,
Ser-34 in Rheb might select for different effectors than those of
Ras and Rap. Although the overall sequence similarity found for
switch I is rather high, the eliminated charge (Arg in Ras versus
Thr-44 in Rheb) and the shorter side chain of this amino acid
will also most likely have an impact on the function of Rheb.

In the NMR structure, the ensemble of conformations of the
flexible switch Il region also deviates from the switch II confor-
mations observed for Ras in solution (54). Switch II itself con-
tains only a short helix-like stretch from Pro-71 to Ser-75, and it
packs against the long a-helix composed of residues Ser-89 to
Gly-108, which is parallel to the central B-sheet of Rheb (Fig. 5).
This interaction is almost exclusively based on hydrophobic
residues. This unique switch II conformation puts Gln-64 in a
position that prevents its side chain from interacting with the
bound nucleotide. The 'H-"*N HSQC spectrum of activated
Rheb bound to Gpp(NH)p, a nonhydrolyzable analog of GTP,
suggests that switch I adopts multiple conformations in solu-
tion that interconvert on an intermediate time scale, as the cor-
responding resonances are broadened beyond detection. This
finding supports the idea that switch I might adopt different
conformations in active and inactive Rheb. Therefore, the
conformation of switch I observed in solution for Rheb-GDP
might deviate substantially from some structures of the ensem-
ble of conformations expected for the Gpp(NH)p-bound state
because of the broadened resonances in the 'H-'°N HSQC
spectrum (Fig. 6B). Some of these conformations might be cat-
alytically important for the hydrolysis of GTP bound to Rheb.
Further elucidation is needed, by studying the interaction
between Rheb and its genuine GAP.

The major difference among small GTPases occurs in the
switch II region. In the crystal structures of Rheb, switch II
remains virtually unchanged in the GDP- and GTP-bound
states, and only residues Pro-71 to Ser-75 constitute a helix-like
structure that is much shorter than the helix found in Ras (51,
55). In contrast to the crystal structure, switch II as well as
switch I of Rheb-Gpp(NH)p presumably adopts multiple con-
formations in solution, fluctuating on the micro- to millisecond
time scale, as their resonances are broadened beyond detection
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in the "H-'°N HSQC spectrum. This observation suggests that
switch I and switch II are capable of adopting several (two or
more) different stable conformations, which are in slow inter-
conversion, in contrast to Rheb-GDP. Interestingly, this differ-
ence has also been observed for Ras, and it has been suggested
that this conformational flexibility might be functionally rele-
vant for the GTP/GDP cycle, as well as for determining the
binding selectivity of GAPs and GEFs (51, 54, 56, 70). Obvi-
ously, the interaction between Rheb and its GAP and/or GEF is
also characterized by conformational selectivity.

The peculiar difference between the switch II conformations
in Rheb and Ras is probably related to the different amino acid
sequences. The Phe-70/Pro-71/Gln-72 motifin Rheb and R15G
and S16G in its P-loop are not present in Ras (Fig. 44). The
conformational space of switch II in Rheb is restricted
because of the limitations of the ¢ angle for Pro-71. There-
fore, the different amino acid composition of the P-loop
might be linked structurally to the conformation of the
switch II region of Rheb and could suggest a different mech-
anism of (intrinsic) hydrolysis.

Nucleotide-dependent Low Affinity Interaction between Rheb
and c-Raf-RBD—The observed low affinity between Rheb and
c-Raf-RBD is most likely caused by two important changes in
the primary structure of Rheb. Unlike Ras, Rheb carries an Asn
instead of an Asp at position 41 and a Thr instead of an Arg at
position 44. Both residues play an important role in the Ras/Raf
interaction, contributing to affinity and determining the selec-
tivity of the complex through the complementary surface
charges of Ras and c-Raf kinase (71, 72). This interaction obvi-
ously cannot be achieved in the Rheb-Raf complex, thus pro-
viding a molecular explanation for the observed low affinity,
which is based mainly on the interaction between hydrophobic
residues located at the interface. Despite the very moderate
affinity between activated Rheb-Gpp(NH)p and c-Raf kinase,
Rheb does not bind unselectively to any RBD; for example, we
could not detect NORE1-RBD binding to Rheb-Gpp(NH)p
under the experimental conditions used for the titration of
Rheb-Gpp(NH)p with c-Raf kinase RBD. Thus, we exclude the
possibility here that Rheb-GTP-enhanced apoptosis is medi-
ated by binding to NOREL], a known apoptosis effector for Ras
(73).

The Mechanism Underlying Rheb-enhanced Apoptosis—Our
data are compatible with recent reports suggesting that stimu-
lation of the mTOR pathway in TSC-deficient neuronal or non-
neuronal cells increases the ER stress response program,
thereby lowering the threshold for apoptosis (25, 63, 74). How-
ever, using the ER stress-protective agent salubrinal, we were
unable to suppress Rheb-enhanced apoptosis, suggesting that
ER stress is an inducer but not a mediator of the pro-apoptotic
function of Rheb.

Consistent with the low affinity between c-Raf and Rheb-
Gpp(NH)p, this interaction is not associated with a regulation
of c-Raf kinase after the overexpression of Rheb in HeLa cells.
Furthermore, a c-Raf-mediated anti-apoptotic effect occurs in
the absence of the N-terminal c-Raf domain that encompasses
Raf-RBD. We cannot determine whether the previously de-
scribed down-regulation of c-Raf activity by Rheb in HEK cells
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is due to cell type-specific signaling or different culturing con-
ditions (26).

While this manuscript was under review, Ma et al. (75)
reported that Rheb may exert a protective effect against certain
apoptotic stimuli such as etoposide, and this finding was con-
firmed by us (data not shown). Thus, the cellular readout of
Rheb signaling may rely on the specific type of apoptotic stim-
ulus used.

ASK-1 Knockdown Prevents Rheb-enhanced Apoptosis—Sim-
ilar to Rheb, ASK-1 overexpression may promote differentia-
tion, but depending on the cellular context it can also induce
apoptosis and plays a major role in stress responses (60, 76, 77).
Accordingly, we found that knocking down ASK-1 not only
strongly reduced UV or TNFa-induced apoptosis, but the spe-
cific enhancement by Rheb overexpression was abolished, sim-
ilar to rapamycin treatment (Fig. 8). We could not decide
whether the remaining 10 —15% of apoptosis was due to an inef-
ficient knockdown or an additional unknown pro-apoptotic
signaling pathway.

Implications in Pathology and the Normal Organism—In the
normal organism, some toxic stress conditions are likely to con-
vert Rheb to a death effector protein. We hypothesized that
Rheb is a death effector in the following physiological or patho-
physiological situations: (i) during brain ischemia under exci-
totoxic glutamate conditions, causing a massive calcium over-
load and neuronal cell death (78); (ii) during ER stress produced
by a toxic accumulation of proteins (79); (iii) during the growth
of human malignant glioma cells, in which rapamycin protects
from hypoxia-induced cell death (80); (iv) in a mouse model of
Alzheimer disease, in which rapamycin abolishes cognitive def-
icits and reduces amyloid-f3 levels (81); and (v) during normal
aging because feeding mice rapamycin late in life extends their
life span (82). In these physiological or pathophysiological sit-
uations, the mTOR pathway could switch from a growth-con-
trolling pathway to one mediating apoptosis.

We concluded that the application of cell stress stimuli drives
Rheb in rapamycin and ASK-1-sensitive pro-apoptotic func-
tions, underscoring the awareness that drugs targeting mTOR
may have opposite effects depending on the presence or
absence of specific types of cellular stress. This knowledge may
have therapeutic implications for the application of rapamycin
in clinical settings.
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