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Rheb Protein Binds CAD (Carbamoyl-phosphate Synthetase
2, Aspartate Transcarbamoylase, and Dihydroorotase)
Protein in a GTP- and Effector Domain-dependent Manner
and Influences Its Cellular Localization and Carbamoyl-
phosphate Synthetase (CPSase) Activity”
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Background: Rheb activates mTORCI to stimulate mRNA translation.

Results: Rheb binds to CAD and activates CPSase activity.

Conclusion: Rheb affects intracellular pyrimidine nucleotide pools.
Significance: Our results provide a new mechanism that TSC/Rheb signaling regulates cell growth.

Rheb small GTPases, which consist of Rhebl and Rheb2 (also
known as RhebL1) in mammalian cells, are unique members of
the Ras superfamily and play central roles in regulating protein
synthesis and cell growth by activating mTOR. To gain further
insight into the function of Rheb, we carried out a search for
Rheb-binding proteins and found that Rheb binds to CAD pro-
tein (carbamoyl-phosphate synthetase 2, aspartate transcar-
bamoylase, and dihydroorotase), a multifunctional enzyme
required for the de novo synthesis of pyrimidine nucleotides.
CAD binding is more pronounced with Rheb2 than with Rheb1.
Rheb binds CAD in a GTP- and effector domain-dependent
manner. The region of CAD where Rheb binds is located at the
C-terminal region of the carbamoyl-phosphate synthetase
domain and not in the dihydroorotase and aspartate transcar-
bamoylase domains. Rheb stimulated carbamoyl-phosphate
synthetase activity of CAD in vitro. In addition, an elevated level
of intracellular UTP pyrimidine nucleotide was observed in
Tsc2-deficient cells, which was attenuated by knocking down of
Rheb. Immunostaining analysis showed that expression of Rheb
leads to increased accumulation of CAD on lysosomes. Both a
farnesyltransferase inhibitor that blocks membrane association
of Rheb and knockdown of Rheb mislocalized CAD. These
results establish CAD as a downstream effector of Rheb and sug-
gest a possible role of Rheb in regulating de novo pyrimidine
nucleotide synthesis.
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Rheb is a member of the Ras superfamily small GTPases that
plays important roles in the regulation of protein synthesis and
growth in response to nutrient and growth factors (1-5). Small
GTPases including Rheb are activated when GTP-bound but
inactivated when bound with GDP (6). Although Rheb is con-
served from yeast to human, two Rheb proteins termed Rheb1
and Rheb2 have been found only in mouse and human (7).
Northern blot analysis has shown that human Rheb1 is ubiqui-
tously expressed, whereas Rheb2 is observed predominantly in
the brain and less in the spleen and peripheral blood (8). The
two proteins are 52% identical and 73% similar in amino acid
sequence. Structurally, the 169 N-terminal residues form a
GTPase domain composed of G1-G5 boxes (1, 6,9). In addition,
an isoprenoid farnesyl group is added at a C-terminal CAAX (C
is cysteine, A is an aliphatic amino acid, and X is the C-terminal
amino acid) motif (10-12). It has been thought that Rheb1 and
Rheb2 have redundant functions (13).

Although Rheb has weak intrinsic GTPase activity, the bind-
ing of tuberous sclerosis complex (TSC),? TSC1 and TSC2, sig-
nificantly enhances GTP hydrolysis, leading to the inactivation
of Rheb (14—17). Mutations in either the Tscl or Tsc2 gene
results in the hyperactivation of Rheb and causes tuberous scle-
rosis, an autosomal dominant disease characterized by the
development of hamartomas in a variety of organs (18). LKB1-
or PTEN-inactivating mutations, which cause inactivation of
TSC complex resulting in Rheb activation, also increase the risk
of developing cancer. The best-known molecule that mediates
Rheb signaling cascades is mTOR, a serine/threonine kinase.
This protein forms two distinct complexes, mTORC1 and

2The abbreviations used are: TSC, tuberous sclerosis complex; CAD, car-
bamoyl-phosphate synthetase 2, aspartate transcarbamoylase, and
dihydroorotase; CPSase, carbamoyl phosphate synthetase Il; PRPP,
phosphoribosylpyrophosphate; S6K, S6 kinase; GTPvS, guanosine 5'-O-
(thiotriphosphate); LAMP2, lysosome-associated membrane protein 2;
FTI, farnesyltransferase inhibitor.
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mTORC?2, and Rheb activates mTORC1. The mTORC1 com-
plex is composed of mTOR, Raptor, and mLST8, whereas
mTORC2 contains mTOR, rictor, mLST8, and mSinl (3). We
previously demonstrated that Rheb directly activates mTORC1
and increases the recruitment of its substrate protein eukary-
otic initiation factor 4B-binding protein 1 (4E-BP1) (19). The
activation of mMTORC1 promotes the sequential activation of
its substrates such as ribosomal protein S6 kinase 1 (S6K1)
and 4E-BP1, leading to cap-dependent mRNA translation
initiation.

To gain insight into the function of Rheb, we have under-
taken a systematic screen to identify Rheb-binding proteins.
Although extensive studies have been carried out on Rheb and
mTOR, not much is known about other downstream effectors
of Rheb. As multiple effectors have been identified for a variety
of small GTPases, it is likely that Rheb activates multiple down-
stream effectors, but this possibility has not been sufficiently
explored. The criteria used to identify Rheb effectors are: (i) the
effector binds GTP-bound Rheb but not GDP-bound Rheb, and
(ii) the binding requires the presence of an intact effector
domain. In this paper we report that one of the proteins, CAD
(carbamoyl-phosphate synthetase 2, aspartate transcarbamoy-
lase, and dihydroorotase), a multifunctional enzyme required
for the de novo synthesis of pyrimidine nucleotides, fulfills these
criteria as a potential Rheb effector.

Nucleotide synthesis is a key event for the maximal prolifer-
ation of cells because of a limited amount of intracellular nucle-
otide pools. Thus, the enzymes involved in the nucleotide bio-
synthetic pathway are attractive targets for growth inhibition of
malignant cells. Biosynthesis of nucleotides utilizes ribose
5-phosphate, produced from the oxidative and non-oxidative
arms of the pentose phosphate pathway, and nonessential
amino acids (20). The rate-limiting step in this pyrimidine syn-
thesis pathway is catalyzed by the carbamoyl phosphate synthe-
tase II (CPSase) of CAD (21, 22). CAD activity is regulated by
two molecules. Phosphoribosylpyrophosphate (PRPP), synthe-
sized from ribose 5-phosphate and used for purine and pyrim-
idine synthesis, increases the CPSase activity of CAD, whereas
UTP negatively regulates CPSase activity by feedback inhibi-
tion (23). The phosphorylation of CAD by mitogen-activated
protein kinase and PKCa changes the CAD sensitivity to UTP
and/or PRPP to regulate pyrimidine synthesis. Recently, CAD
has been shown to be phosphorylated at serine 1859 by S6K,
and this phosphorylation stimulates CAD activity (24, 25).
However, the protein that directly regulates CPSase or other
enzyme activities in CAD has not been well understood.

In this paper we report that Rheb binds CAD protein. CAD
binding to Rheb is specific to the GTP-bound active form of
Rheb and is dependent on the presence of an intact effector
domain of Rheb. Immunostaining analysis suggests that Rheb
recruits CAD to lysosomes, and CAD is mislocalized when the
cells are treated with a farnesyltransferase inhibitor, which
blocks the membrane binding of Rheb, or transduced with
shRNA targeting Rheb. In vitro experiments indicated that
Rheb stimulated CPSase activity of CAD, although CAD phos-
phorylation by mTORCI1 did not alter the activity. In addition,
elevated levels of intracellular pyrimidine nucleotides were
observed in Tsc2-deficient cells. This increased nucleotide pool
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persisted even when the cells were treated with rapamycin,
whereas knockdown of Rheb reduced UTP pyrimidine nucleo-
tide level. These results suggest that Rheb regulates de novo
pyrimidine nucleotide synthesis by binding and activating
CAD, independent of mTORCI signaling.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Torinl was a generous gift of Dr.
N. Gray (Harvard Medical School). Rapamycin was purchased
from Merck Millipore. Insulin was bought from Nacalai
Tesque. Antibodies against CAD were purchased from Bethyl
Laboratories, anti-Halo antibodies were from Promega, anti-
LAMP?2 antibody was from Abcam, and anti-AKT, anti-phos-
pho-AKT (Ser-473), anti-S6, anti-phospho-S6 (Ser-235/236),
anti-mTOR, and anti-phospho-(Ser) 14-3-3 binding motif anti-
bodies were from Cell Signaling. Anti-FLAG antibody was
obtained from Sigma.

Cell Culture and Transfection—The Tsc2-deficient mouse
renal tumor cell line (E8) and the Tsc2-introduced cell line
(T2-5) were kindly provided by Dr. O. Hino and Dr. T.
Kobayashi. These cells were cultured as previously described
(26). HEK293 and HeLa cells were maintained in Dulbecco’s
modified Eagle’s medium (Nissui Seiyaku) supplemented with
10% (v/v) fetal bovine serum and 100 units/ml penicillin and
streptomycin. Cells were cultured at 37 °C in a 5% CO, incuba-
tor. Transfection was carried out using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. For
serum starvation, cells were cultured overnight in serum-free
medium. Insulin stimulation was performed by incubating
serum-starved cells in fresh medium containing 150 nm insulin
for1h.

DNA Constructs—The plasmid encoding Halo-tagged CAD
was purchased from Kazusa DNA Research Institute. Full-
length ¢cDNA was digested with BglIl and Sall to produce
ACPS.A (amino acids 931-2162), and the fragment was sub-
cloned into pCMV-Tag 3A vector (Stratagene). Other frag-
ments were amplified by PCR and subcloned into pCMV-Tag
3A vector. pPCDNA3-FLAG-Rheb was produced as described
previously (27). Y35A, T38A, Q64L, and N153T mutants were
generated by site-directed mutagenesis.

Identification of Rheb-binding Proteins—HEK293T cells
transfected with the plasmids encoding FLAG-Rheb T38A,
Q64L, or GFP (control) and FLAG-Rheb were immunoprecipi-
tated using anti-FLAG M2 affinity gel (Sigma). The cells were
lysed with lysis buffer (0.3% CHAPS or 1% Triton X-100, 50 mm
Tris-HCl (pH 7.5), 150 mm NaCl, 25 mm MgCl,) containing 1 X
protease inhibitor mixture (Nacalai Tesque), and the lysates
were incubated with anti-FLAG antibody at 4 °C for 3 h.

After washing with lysis buffer, proteins on beads were eluted
by the addition of 1X SDS sample buffer (3% SDS, 5% glycerol,
62 mm Tris-HCI (pH 6.8)) and subsequent incubation at 95 °C
for 5 min. Protein samples were subjected to SDS-PAGE and
stained with SilverQuest silver staining kit (Invitrogen) accord-
ing to the manufacturer’s instructions. Protein bands were then
excised from the silver-stained gel, in-gel-digested with trypsin,
and subjected to nano-liquid chromatography-electrospray
ionization mass spectrometry analysis using a DiNa nano-LC
system (KYA Technologies) with an L-column 2 octyldecyl sil-
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ane (0.05 mm by 100 mm, 3 um; CERI) coupled to a QStar Elite
hybrid LC-MS/MS system (AB Sciex). Protein identification
was performed using Protein Pilot Version 3.0 software (AB
Sciex) with default parameters.

Lentivirus-mediated RNAi—shRNA plasmids (pGIPZ
shRNAmir) containing the sequence CAGTGTAGTTTGTT-
GTTTA (shRhebl #1) or TCAGACATACTCCATAGAT
(shRheb1 #2) were used. The plasmids were cotransfected into
the HEK293T cells with packaging plasmids using Lipo-
fectamine 2000, and the supernatants containing Rhebl shRNA
viruses were collected after 48 h of incubation. HeLa or E8 cells
were infected with lentiviruses in growth medium containing 8
pg/ml Polybrene (Sigma) and selected with 5 ug/ml puromycin
(HeLa cells) or 200 pg/ml zeocin (E8 cells) for 2 days.

Intracellular Localization Studies—Cells plated on 15-mm
coverslips were immunostained with 5 uM HaloTag TMR
Ligand (Promega) for 30 min according to the manufacturer’s
instructions. Cells were then fixed in PBS containing 1% form-
aldehyde for 15 min. For lysosome-associated membrane pro-
tein 2 (LAMP2) staining, cells were permeabilized in PBS
containing 0.1% Triton X-100 for 15 min, incubated with anti-
LAMP2 antibody overnight, and stained with fluorescently
conjugated secondary antibodies for 1 h. The cells were
mounted in Vectashield mounting medium (Vector Laborato-
ries). Fluorescence images were obtained using an Olympus
IX71 microscope equipped with a Hamamatsu ORCA-Flash 4.0
CCD monochrome camera (Hamamatsu Photonics).

In Vitro CPSase Assay—Endogenous CAD was immunopuri-
fied from HEK293T cells using anti-CAD antibody by the
immunoprecipitation method described above. Rabbit IgG was
used as a control. The products were mixed in the buffer con-
taining 100 mm Tris-HCI (pH 8.0), 100 mm KCI, 3.3 mm gluta-
mine, 17.5 mM aspartate, 3 mm ATP, 1 mm DTT, 7.5% dimethyl
sulfoxide, 10% glycerol, and 5 mm MgCl,. The reaction was
initiated by the addition of 1 mm "*C-labeled sodium bicarbon-
ate (40-60 mCi/mmol, PerkinElmer Life Sciences) to a final
concentration of 5 mMm. The reaction was quenched after 60 min
of incubation at 37 °C by the addition of trichloroacetic acid
(TCA) to afinal concentration of 20%. The samples were heated
for 1 h at 95 °C, and then powdered dry ice was added to the
tubes to eliminate excess CO,. Carbon 14-labeled metabolites
were counted by a liquid scintillation counter.

Assay for the Nucleotide Pool—Cultured cells (1 X 10°)
treated with or without rapamycin were lysed with 1 ml of 10%
TCA and centrifuged for 2 min at 15,000 rpm. The supernatant
was extracted 5-7 times with 500 ul of diethyl ether until the
pH was >5.0. The extract was reduced to a volume of <200 ul
by a SpeedVac concentrator (TOMY SEIKO) and analyzed by
high performance liquid chromatography (HPLC). The sample
was injected onto a column (100 X 4.6 mm) of Partisil-10 SAX
anion-exchange resin (Reeve Angel) equilibrated with Buffer A
(7 mM ammonium phosphate buffer at pH 3.8). The nucleotides
were eluted with a discontinuous gradient of Buffer A and
Buffer B (250 mm ammonium phosphate buffer, 500 mm KCI
(pH 4.5)) at a flow rate of 1 ml/min. Buffer B increased linearly
to 40% in 5 min, from 40% to 60% in 20 min and then to 100%
over the next 5 min. The absorbance at 254 and 280 nm was
monitored continuously. The peaks were analyzed using the
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FIGURE 1. Identification of CAD as a Rheb2-binding protein. HEK293T cells
were transfected with the vector encoding GFP (control), Rheb2 T38A nega-
tive mutant, or Q64L active mutant. The cell lysates were immunoprecipi-
tated with anti-FLAG antibody, and the products were resolved by SDS-PAGE
followed by silver staining. Molecular weight markers in kilodaltons are
shown on the left side of the gel. CAD was identified by LC-MS/MS.

ChromNAYV software (Jasco). The identification and amount of
each nucleotide were calculated from standard curves obtained
using authentic standards.

RESULTS

Identification of CAD as a Rheb2-binding Protein—To iden-
tify new Rheb effectors, we decided to screen for a protein
whose binding depends on the presence of an intact effector
domain. Initially, we tested both Rhebl and Rheb2, but Rheb2
gave more pronounced results. We previously showed that a
mutation of residue Thr-38 within the effector domain of
Rhebl results in the inability of Rhebl to activate mTORC1
while maintaining a normal level of GTP binding (19). Thus, a
mutant form of Rheb2, Rheb2 (T38A) and an active mutant of
Rheb2, Rheb2¥*, was used. These mutants as well as a GFP
control were expressed as FLAG-tagged proteins in HEK293T
cells. Cell lysates were immunoprecipitated with anti-FLAG
antibody, and Rheb-interacting proteins were visualized by
SDS-PAGE and protein silver staining. An intense band of
~250-kDa was observed in the sample with Rheb2?%%%,
whereas the band was significantly weak or not detected in
Rheb2"%%* and in the control sample (Fig. 1). We thus analyzed
the protein sequence in the band using liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) systems
and identified CAD as a Rheb2-binding protein (ProteinPilot
score: 99.86).

Both Rhebl and Rheb2 Bind CAD, but Rheb2 Binds Better
with CAD—To confirm the interaction between Rheb and
CAD, we co-expressed FLAG-Rhebl or FLAG-Rheb2 with
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FIGURE 2. Specific binding of Rheb to CAD. A-C, HEK293T cells expressing
the indicated proteins were subjected to immunoprecipitation (/P) with anti-
FLAG antibody. Co-precipitation of Halo-CAD (A) or endogenous CAD (B and
() was detected by Western blotting. D, His6-fusion Rheb2 loaded with
GTP+S, GDP, or EDTA only (nucleotide free) was incubated with HEK293T cell
lysates and subjected to immunoprecipitation with anti-CAD antibody. The
precipitates were analyzed by Western blotting. £, HEK293T cells expressing
FLAG-tagged active mutant of small GTPase (Rheb2 Q64L, H-Ras G12V, RalA
G23V, or Rac1 G12V) were subjected to immunoprecipitation with anti-FLAG
antibody. Co-precipitation of endogenous CAD was detected by Western
blotting.

Halo-CAD and co-precipitation assays were performed in Fig.
2A. Both Rheb1, and Rheb2 were shown to co-immunoprecipi-
tate with CAD. The amount of CAD precipitated with Rheb2
was much higher than that with Rhebl, suggesting a stronger
interaction of CAD with Rheb2. Fig. 2B shows co-immunopre-
cipitation of endogenous CAD with Rheb1 or Rheb2. This was
shown by expressing FLAG-Rheb1 or FLAG-Rheb2 alone and
probing the immunoprecipitate with anti-CAD antibody.
These results confirm binding of Rheb with CAD. As Rheb2
exhibits more pronounced binding with CAD compared with
Rheb1, we used Rheb2 in the following experiments.

Specific Interaction of CAD with the GTP Form of Rheb—
Although we identified CAD by using the Rheb2?°*" mutant in
our initial screen, we observed significant amounts of CAD
binding to the wild type Rheb2 (Fig. 2C). This is because the
wild type Rheb overexpressed in mammalian cells exists as an
active form because of weak intrinsic GTPase activity and a
limiting amount of TSC1/2 (28). In contrast, little binding of
CAD was observed with two different effector domain
mutants of Rheb2, alanine substitution mutant at residue 35
that reduces the amount of nucleotide bound to Rheb as well
as the mutant at residue 38 that decreases effector activation
without significantly affecting GTP binding activity (19).
Taken together, it appears that CAD selectively binds to an
active form of Rheb.
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FIGURE 3. Defining the region of CAD where the Rheb interaction takes
place. A, domain arrangement of CAD. An N-terminal CPSase domain is fol-
lowed by a regulatory region (B3), a dihydroorotase, and a C-terminal aspar-
tate transcarbamoylase (ATC). The indicated CAD fragments were used in B. B,
HEK293T cells expressing indicated the Myc-CAD fragment and FLAG-Rheb2
Q64L were subjected to immunoprecipitation (/P) with anti-FLAG antibody.
Co-precipitation of FLAG-Rheb2 and Myc-tagged CAD fragments was
detected by Western blotting (WB).

To further examine GTP dependence of CAD binding,
recombinant Rheb loaded with GTP+S, GDP, or a nucleotide-
free form of Rheb was added to lysates of HEK293T cells, and
endogenous CAD was immunoprecipitated with anti-CAD
antibody (Fig. 2D). The band of Rheb-GTP was clearly detected.
On the other hand, Rheb-GDP and the nucleotide-free form of
Rheb were hardly detected in the CAD precipitate.

Finally, we examined whether other members of the Ras
superfamily G-proteins bind CAD. In this experiment various
small GTPases were expressed in HEK293T cells, and co-im-
munoprecipitation of CAD was examined. As shown in Fig. 2E,
CAD was co-precipitated with Rheb?®*" but not with the active
small GTPase mutants such as H-Ras®'*V, RalAS'”Y, and
Rac1?°'Y, indicating that CAD specifically interacts with active
form of Rheb.

Rheb Binds to the CPSase Regulatory Region of CAD—Dele-
tion constructs of CAD were used to delineate the region of
CAD where Rheb interacts. Myc-CAD deletion constructs
shown in Fig. 3A were generated and used to co-transfect with
FLAG-Rheb2 construct into HEK293T cells. Rheb2 was immu-
noprecipitated by using anti-FLAG antibody, and the presence
of CAD was examined. As shown in Fig. 3B, full-length,
ACPS.A, CPS.B2-B3 fragment, and to a much lesser extent
CPS.B2 interacted with Rheb. On the other hand, fragments
containing only the dihydroorotase domain or aspartate tran-
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FIGURE 4. Rheb activates CAD and alters intracellular nucleotide pools. A, role of CAD in pyrimidine biosynthesis. CAD exerts the first three steps, in which
first CPSase reaction catalyzes a rate-limiting step. CAD activity is negatively regulated by UTP, a final product of this pathway, but activated by PRPP, a
biosynthetic precursor of pyrimidine and purine nucleotides. CAA, carbamoyl acetic acid; DHO, dihydroorotate. B-D, afterimmunoprecipitation of endogenous
CAD, in vitro CPSase assays were performed in the absence (Control) or presence of UTP, PRPP, Rheb2-GTP+S, or Rheb1-GTP«S. Bars represent the relative
CPSase activities in three independent experiments with S.D. E, Tsc2-deficient renal tumor (E8) cells and Tsc2-replete (T2-5) cells were lysed, and the intracellular
UTP was separated by HPLC. Bars show relative amounts of UTP in three independent experiments with S.D. F-H, E8 cells infected with lentiviruses expressing
shRNA against Rheb1 (shRheb1 #1 or #2) were lysed, and the proteins were subjected to Western blotting (F). The intracellular UTP and ATP were separated by
HPLC (G and H). Bars represent the relative amount of indicated nucleotides in three different experiments with S.D. *, p < 0.05 versus control./and J, after E8
and T2-5 cells were treated with DMSO, 150 nm insulin, or the combination of insulin and 100 nm rapamycin for 2 h, these cells were lysed, and the intracellular

UTP and ATP were separated by HPLC. Bars represent the relative amount of indicated nucleotide in three different experiments with S.D. *, p < 0.05 versus
control.

scarbamoylase domain did not bind Rheb. These results place
the interaction domain in the region B of the CPSase domain.
Interestingly, this region overlaps with the regulatory region of
CAD where UTP and PRPP bind and cause allosteric regulation
of CPSase (29).

Rheb Stimulates CPSase Activity of CAD—The specific bind-
ing of Rheb-GTP to CAD led us to examine whether Rheb reg-
ulates CAD activity. CAD has three enzyme activities and cat-
alyzes the first three steps in de novo pyrimidine nucleotide
biosynthesis (21, 22) (Fig. 44). CPSase of CAD is responsible for
the catalysis of the first rate-limiting step of de novo pyrimidine
biosynthesis. This activity is allosterically inhibited by the UTP,
an end product, and activated by PRPP, a substrate for pyrimi-
dine and purine biosynthesis (23). To assess the effect of Rheb
on CPSase activity, we first checked whether immunopurified
CAD can be used for an in vitro CPSase assay.

1100 JOURNAL OF BIOLOGICAL CHEMISTRY

Endogenous CAD was immunoprecipitated from HEK293T
cell lysate using anti-CAD antibody and incubated with '*C-
labeled sodium bicarbonate, glutamine, and aspartate in the
presence or absence of UTP or PRPP for 60 min at 37 °C. As
shown in Fig. 4B, UTP inhibited CPSase activity, whereas PRPP
activated CPSase activity, suggesting that the regulation of
CPSase can be evaluated by this method. We next measured the
CPSase activity in the presence of Rheb (Fig. 4C). The CPSase
activity was significantly increased by the addition of Rheb2-
GTPvS. Rheb1-GTP+S also stimulated the CPSase activity to a
similar extent.

Previous results have shown that the modification of Ser-
1406 in the regulatory subdomain abolishes UTP- and PRPP-
dependent regulation of CPSase (30). Thus, we tested whether
Rheb counteracts the inhibitory effect of UTP on CPSase (Fig.
4D). However, UTP inhibited CPSase activity even in the pres-
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HEK293T cells expressing FLAG-Rheb2 and Halo-CAD were subjected to immunoprecipitation (/P) with anti-FLAG antibody. WCL, whole cell lysates. B and C,
HEK293T cells treated with DMSO or rapamycin were subjected to immunoprecipitation with anti-CAD antibody. Aliquots were subjected to Western blotting
(B) and the in vitro CPSase assay (C). The phosphorylation of CAD was detected using anti-phospho-Ser 14-3-3 binding motif antibody. Bars represent the
relative CPSase activities in three independent experiments with S.D. D, HEK293T cells treated with rapamycin were subjected to immunoprecipitation with
anti-CAD antibody, and then the products were used for in vitro CPSase assay in the presence or absence of UTP. Bars represent the relative CPSase activities
in three independent experiments with S.D. E, HEK293T cells expressing the indicated proteins were lysed, and the phosphorylation of S6 and AKT were
analyzed by Western blotting. The relative intensity of phospho-S6 was normalized to total S6 (control, Halo-CAD) or total S6 and FLAG-Rheb2 (FLAG-Rheb2,

FLAG-Rheb2+Halo-CAD).

ence of Rheb2 in a dose-dependent manner, suggesting that
Rheb2 activates CAD but does not abrogate the negative feed-
back regulation by UTP.

Tsc-deficient Cells Exhibit Increased Levels of Intracellular
Pyrimidine Pools—In Tsc-deficient cells, the amount of GTP-
bound Rheb is increased due to the absence of the GAP activity
of TSC, resulting in Rheb activation (14). To examine whether
this increased Rheb activity is associated with an increase in
pyrimidine biosynthesis, we examined the pool of UTP by using
HPLC in Tsc-deficient cells. We used Tsc2-deficient mouse
renal tumor cell line (E8) and its control T2-5 that has Tsc2
reintroduced. As shown in Fig. 4E, the level of UTP in the E8
Tsc2-deficient renal tumor cells was significantly higher than
that in the control T2-5 cells.

To further examine whether the high level of pyrimidine
nucleotide in Tsc-deficient cells is controlled by Rheb, Rheb was
knocked down by RNA interference. Knockdown of total Rheb
in E8 cells was confirmed by Western blotting using the anti-
body recognizing both Rhebl and Rheb2 (Fig. 4F). The UTP
level was reduced by 26% (shRheb1 #1) to 31% (shRheb1 #2) by
the knockdown of Rheb, whereas the ATP level was not signif-
icantly altered (Fig. 4, G and H). These results indicate that
Rheb plays important roles in pyrimidine synthesis in Tsc2-
deficient renal tumor cells.

The low level of UTP pool in the control T2-5 cells was
increased to a level comparable with that in the E8 cells when
the cells were stimulated by the addition of insulin. This
increase was partially inhibited by the treatment with rapamy-
cin (Fig. 41). On the other hand, the level of UTP in the E8 cells
was up-regulated, and this increased level was unaffected by
insulin as well as by rapamycin. The result with rapamycin is
consistent with the idea that the increased UTP is mainly due to
Rheb activation than to mTOR/S6K activation. We also exam-
ined a purine nucleotide pool of ATP (Fig. 4/). This ATP pool
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was similar between E8 and T2-5 cells and was not influenced
by insulin or rapamycin.

mTORCI-dependent Phosphorylation of CAD Does Not
Affect the Interaction of Rheb and CAD—Recent studies have
shown that mTORC]1 activation of S6K phosphorylates CAD at
Ser-1859, leading to the stimulation of de novo pyrimidine bio-
synthesis (24, 25). This raises the question of possible interplay
between Rheb, mTOR, and CAD. For example, mTORC1-de-
pendent phosphorylation of CAD may enhance the interaction
with Rheb, resulting in the activation of CAD. This possibility
was evaluated by expressing FLAG-Rheb in HEK293T cells,
treating with rapamycin, an mTORCI inhibitor, or Torinl, an
mTOR kinase inhibitor, and the interaction of Rheb with CAD
was examined by immunoprecipitation assay (Fig. 54). The
specific inhibition of mTORC1 by rapamycin was confirmed by
the down-regulation of phospho-S6, whereas the inhibition of
mTORC1 and mTORC2 by Torinl was confirmed by decreas-
ing the phosphorylation level of both S6 and AKT. As reported
(24, 25), rapamycin treatment inhibited phosphorylation of
CAD, whereas the CPSase activity was not affected and
remained sensitive to UTP inhibition (Fig. 5, B—D). The results
on Rheb-CAD interaction showed that the amount of CAD
bound to Rheb was not affected by rapamycin (Fig. 54).

We also asked whether CAD has effects on mTORC activi-
ties. To examine this point, Rheb2 and/or CAD were expressed
in HEK293T cells, and effects on mTORC1 or mTORC2 were
examined by the phosphorylation of S6 or AKT (Fig. 5E). As can
be seen, CAD expression did not affect phosphorylation of S6 or
AKT. Furthermore, co-expression of CAD with Rheb2 did not
increase phosphorylation of S6 induced by Rheb expression.
These results suggest that CAD does not affect mTORC1 or
mTORC2 activities.

Rheb Affects Cellular Localization of CAD—As Rheb is
required for mMTORC]1 activation but not for the recruitment of
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FIGURE 6. Colocalization of Rheb and CAD at lysosomal membranes. A, Halo-CAD or GFP-Rheb2 was expressed in HeLa cells. Halo was labeled with HaloTag
TMR ligand 30 min before fixation. LAMP2 and mTOR were stained with specific antibodies, respectively, after fixation. B, the cells expressing GFP and Halo-CAD
or GFP-Rheb2 and Halo-CAD were stained with HaloTag TMR ligand 30 min before fixation. C, the cells expressing GFP-Rheb2 and Halo-CAD were treated with
10 um FTI-277 (FTI) or 100 nm rapamycin (Rapa) for 24 or 1 h, respectively. Halo was labeled with HaloTag TMR ligand 30 min before fixation. D, graphs show line
plot quantifications of GFP-Rheb and Halo-CAD fluorescent intensity depicted in C. E, HeLa cells (—) and the cells infected with lentiviruses expressing shRNA
against Rheb1 (shRheb1 #1 and #2) were lysed, and the proteins were subjected to Western blotting. F, after the cells shown in E were transfected with the
plasmid encoding Halo-CAD, Halo was labeled with HaloTag TMR ligand 30 min before fixation. G, graphs show line plot quantifications of Halo-CAD fluores-
cent intensity depicted in F.

mTORC1 to proper cellular location (31), we examined
whether Rheb affects cellular localization of CAD in cultured
cells. We first examined the localization of Halo-CAD
expressed in HeLa cells. The signal was observed in the cytosol
surrounding the nucleus (perinuclear) and partially co-local-
ized with LAMP2, a lysosomal marker, and mTOR (Fig. 64, top
and middle panels). This CAD localization appears to be differ-
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ent from that of Rheb, as the localization of GFP-Rheb2 was
more restricted, showing signal only at one side of perinuclear
region and mostly colocalized with LAMP2 (Fig. 6A, bottom
panels).

However, when GFP-Rheb and Halo-CAD were co-ex-
pressed, the localization of CAD and Rheb became quite simi-
lar. CAD staining was mainly concentrated in a restricted peri-
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nuclear region, and this localization overlapped with that of
GFP-Rheb2 (Fig. 6B). On the other hand, CAD was observed in
the perinuclear region when co-expressed with GFP as a con-
trol. These results suggest that the expression of GFP-Rheb2
results in the accumulation of CAD on lysosomes. These results
are significant, as the Rheb/mTORCI1 signaling is mainly regu-
lated on the lysosomal membranes (3).

To further examine whether Rheb affects CAD localization
on lysosomal membranes, cells were treated with a farnesyl-
transferase inhibitor (FTI), which interferes with membrane
association of Rheb by inhibiting the farnesylation of Rheb at
the C-terminal CAAX box. In the cells treated with FTI, local-
ization of both Rheb and CAD was drastically changed; GFP-
Rheb was detected mainly in nucleus as observed for GFP in Fig.
6C, whereas CAD was distributed throughout the cytoplasm
(Fig. 6C). As seen in Fig. 6D, specific accumulation of Rheb and
CAD signals at the perinuclear region (shown as shading) in the
control cells were widely dispersed by FTI treatment, suggest-
ing that the mislocalization of ectopically expressed GFP-Rheb
as well as endogenously expressed Rheb completely abolished
the accumulation of CAD to lysosomes. In contrast, the inacti-
vation of mTORC1 by rapamycin did not significantly alter
CAD localization, and CAD accumulated at the perinuclear
region with Rheb (Fig. 6, C and D, lower panels).

To further analyze whether Rheb recruits CAD, we examined
shRNA-mediated Rheb knockdown in HeLa cells. Western
blotting analysis using the antibody recognizing both Rhebl
and Rheb2 showed the suppression of Rheb and its downstream
signal assessed by phospho-S6 in the knockdown cells (Fig. 6E).
Halo-CAD diffused freely in the cytoplasm by the knockdown
of Rheb, whereas CAD showed the restricted distribution in the
control cells (Fig. 6, F and G). These results indicate that Rheb
affects cellular localization of CAD.

DISCUSSION

This paper represents our first report of proteins binding to
Rheb. We have undertaken a systematic screen to identify
Rheb-binding proteins. As can be seen in Fig. 1, multiple pro-
teins were co-purified with Rheb2. Our strategy was to take
advantage of Rheb effector domain mutants we generated
before (19). In particular, the T38 A mutant exhibits normal
levels of GTP binding but cannot activate downstream effec-
tors. One of the prominent bands was found to represent CAD,
a multifunctional enzyme involved in pyrimidine biosynthesis.
We also showed that another effector domain mutant of Rheb,
Y35A, is defective in the binding to CAD. Indeed, further char-
acterizations established that Rheb binding to CAD is specific,
as we did not detect binding of other Ras superfamily GTPases
(H-Ras, RalA, Racl) to CAD. Furthermore, we demonstrated
that the binding of Rheb to CAD is GTP-dependent, as GDP-
bound or nucleotide-free Rheb did not bind CAD. Although a
number of attempts have been made to identify Rheb-binding
proteins, no clear candidates have emerged before. One of the
reasons for the successes of our screen is the use of Rheb2;
Rheb2 has a stronger binding to binding proteins. Although
Rheb1 also binds CAD, the binding is weaker compared with
that of Rheb2 (Fig. 2).
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We have defined the region of CAD where Rheb interacts.
CAD is a multifunctional enzyme with three different activities,
CPSase, dihydroorotase, and aspartate transcarbamoylase.
Each activity is coded in a separate domain. Our deletion anal-
ysis points to region B of the CPSase. Thus, Rheb does not bind
to the dihydroorotase and aspartate transcarbamoylase
domains. In support of this idea, our in vitro assays demon-
strated that Rheb can activate CPSase activity of CAD. Our
analysis revealed that a B2-B3 fragment of CAD efficiently
binds Rheb. Interestingly, this region overlaps with the regula-
tory region of CPSase whose activity is regulated by UTP and
PRPP (23). This raised the possibility that Rheb is competing
with these regulators; however, Rheb-activated CPSase activity
was still sensitive to the inhibition by UTP, suggesting that
Rheb did not influence UTP inhibition. Further studies are
needed to examine whether Rheb affects allosteric regulation of
CAD.

It is important to point out that the Rheb binding region we
identified is located away from serine 1859 where phosphory-
lation by S6K takes place (24, 25). This mTOR-dependent phos-
phorylation occurs at a site located between the dihydroorotase
and aspartate transcarbamoylase domains. Although Rheb is an
activator of mTORC], it appears that the CAD phosphoryla-
tion and Rheb binding are two separate events. First, the inhib-
itors of mTORC]1 did not affect binding of Rheb to CAD. Sec-
ond, rapamycin treatment did not significantly affect CPSase
activity of CAD. In addition, expression of Rheb2 and CAD did
not affect the activity of mMTORCI1 as examined by the phosphor-
ylation of S6. Taken together, these results suggest that CAD
can be activated by two different mechanisms, phosphorylation
at Ser-1859 and Rheb binding. Because phosphorylation was
shown to induce CAD oligomerization (24), these two events
have different outcomes.

Significance of Rheb in pyrimidine biosynthesis is gleaned
from our characterization of T'sc2-deficient cells (Fig. 4). In our
study with a pair of mouse renal tumor cell lines, we found that
the pool of UTP, but not ATP, is increased in T'sc2-deficient
cells and that the knockdown of Rheb significantly reduced the
UTP levels. Rheb may be strongly activated in Tsc2-deficient
cells, resulting in nearly full activation of CAD in the pyrimidine
synthesis pathway, which was not stimulated further by insulin.
Rapamycin inhibition of mMTORCI little affected the UTP levels
in these cells, possibly because mTORC1-dependent stimula-
tion of CAD may be marginal. In contrast, it appears that both
mTORCI1-dependent and -independent (likely Rheb-depen-
dent) regulation of pyrimidine synthesis occur in T2-5 (Tsc2™)
cells stimulated with insulin; thus, rapamycin only inhibited the
mTORCI1-dependent portion.

One of the interesting findings we made concerns cellular
localization of CAD. Indirect immunofluorescence of CAD
shows localization of this metabolic enzyme widely in the cyto-
plasm and perinuclear region. However, CAD localization
becomes concentrated in the perinuclear region when Rheb is
co-expressed. The CAD stain overlaps with that of LAMP2,
suggesting that CAD is localized on lysosomes in the presence
of excess Rheb. The perinuclear, punctuate staining of Rheb2 is
consistent with earlier observations suggesting the presence of
Rheb on endosomes and lysosomes (8, 32). We observe over-
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lapping localization of Rheb2 and CAD. These results suggest
that Rheb recruits CAD to a vesicular localization where Rheb
catalyzes multiple functions. Interestingly, FTI treatment dra-
matically changed cellular localization of both Rheb2 and CAD.
Because Rheb2 ends with the CAAX motifand it is farnesylated,
the FTT treatment inhibits its farnesylation, leading to cytosolic
localization of Rheb. FTI treatment or knockdown of Rheb
causes CAD to return to a generally cytoplasmic localization.
These results point to the function of Rheb to place CAD at a
particular cellular location needed to support its function.
Pyrimidine biosynthesis uses glutamine as a starting material to
synthesize UTP. Recent studies suggest that amino acids are
taken up into cells and accumulate on lysosomes (33). Thus,
CAD localization to lysosomes may be a mechanism to place
this multifunctional enzyme close to glutamine, the amino acid
source needed for pyrimidine biosynthesis.

As shown in Fig. 1, multiple protein bands were identified by
the Rheb2 pulldown. Thus, there are proteins other than CAD
that bind Rheb. Characterization of these proteins is ongoing,
and this should result in dramatically expanding our knowledge
on the Rheb GTPases.
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