
Rab1 about the LCV. Indeed, vacuoles contain-
ing L. pneumophila DlidA showed delayed Rab1
recruitment compared with wild-type LCVs (20).

SidM is a protein that has both GEF and GDF
activity toward a Rab GTPase. This unique abil-
ity of SidM to link GDI displacement to Rab1
activation explains how the intravacuolar patho-
gen L. pneumophila can efficiently exploit host
cell Rab1 even in the presence of GDI that natu-
rally interferes with this process. The discovery of
both GEF and GDF activity within SidM raises
the intriguing possibility that eukaryotic GEF pro-
teins may possess similar abilities to mediate mem-
brane delivery and activation of Rab GTPases
during intracellular vesicle transport.
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Rheb Activates mTOR by Antagonizing
Its Endogenous Inhibitor, FKBP38
Xiaochun Bai,1,3 Dongzhu Ma,1 Anling Liu,1 Xiaoyun Shen,1 Qiming J. Wang,1
Yongjian Liu,2 Yu Jiang1*

The mammalian target of rapamycin, mTOR, is a central regulator of cell growth. Its activity is
regulated by Rheb, a Ras-like small guanosine triphosphatase (GTPase), in response to growth
factor stimulation and nutrient availability. We show that Rheb regulates mTOR through FKBP38, a
member of the FK506-binding protein (FKBP) family that is structurally related to FKBP12. FKBP38
binds to mTOR and inhibits its activity in a manner similar to that of the FKBP12-rapamycin
complex. Rheb interacts directly with FKBP38 and prevents its association with mTOR in a
guanosine 5′-triphosphate (GTP)–dependent manner. Our findings suggest that FKBP38 is an
endogenous inhibitor of mTOR, whose inhibitory activity is antagonized by Rheb in response to
growth factor stimulation and nutrient availability.

Themammalian target of rapamycin, mTOR,
is a serine-threonine protein kinase that
controls a wide spectrum of cellular events

in response to various environmental cues, in-
cluding stimulation by growth factors, changes
in nutrient conditions, and fluctuations in energy
levels (1, 2). mTOR elicits its pleiotropic func-
tion in the context of two distinct multiprotein

complexes termedmTOR complex 1 (mTORC1)
and mTOR complex 2 (mTORC2) (3). Rapamycin,
in complex with FKBP12 (an FK506-binding pro-
tein), specifically interferes with mTORC1 func-
tion, and consequently, inhibits cell growth (4, 5).

The major upstream regulators of mTORC1
are the TSC1 and TSC2 tumor suppressors. The
two TSC proteins form a complex that displays

Fig. 4. LidA can recruit GDI-free Rab1(D44N) in the absence of SidM. (A) LidA can bind Rab1(D44N).
Binding of LidA to bead-immobilized GST-Rab1 or GST-Rab1(D44N) but not GST was determined by
SDS–polyacrylamide electrophoresis and Coomassie staining. The figure represents two repetitions. (B)
Recruitment of GFP-Rab1(D44N) during L. pneumophila infection. Transiently transfected COS-1 cells
producing GFP-Rab1(D44N) were infected for 30 min as indicated. Cells were fixed and stained for
intracellular bacteria (left). (Middle) GFP-Rab1(D44N), (right) merged images with bacteria (red) and
GFP-Rab1(D44N) (green). Arrows indicate the location of the LCV magnified threefold in the insets of
each panel. Scale bar, 5 mm. Contrast was equally changed by linear adjustment. (C) Quantification of
(B) showing that recruitment of GFP-Rab1(D44N) in the absence of SidM requires LidA. The graph
represents pooled data (mean ± SD) from four independent experiments. *P = 0.0001 (Student′s t test).
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a guanosine triphosphatase (GTPase)–activating
protein (GAP) activity toward Rheb, a Ras-like
small GTPase (6–8). Like other small GTPases,
the activity of Rheb is dictated by its guanine
nucleotide binding states: it is active in its GTP-
bound form and inactive in the guanosine diphos-
phate (GDP)–bound form (9). The TSC1-TSC2
complex stimulates the intrinsic GTPase activity
of Rheb and, thus, negatively regulates Rheb
function. Conversely, inactivation of the TSC1-
TSC2 complex results in accumulation of GTP-
bound Rheb, which activates mTORC1 (10, 11).

FKBP38 (also known as FKBP8) belongs to
the peptidyl prolyl cis/trans isomerase (PPIase)
family of FKBPs. It contains a region, referred
to as the FKBP-C domain, that is highly related
to FKBP12 (12). FKBP38 also has a trans-
membrane domain at the very C terminus, which
is unique among all the FKBP proteins and is
required for targeting it to mitochondria (13, 14).
We isolated FKBP38 in a yeast two-hybrid screen
designated to identify Rheb-interacting proteins
(fig. S1) (15). The potential interaction between
Rheb and FKBP38 in mammalian cells was con-
firmed by coimmunoprecipitation of endogenous
Rheb with FKBP38 from human embryonic kid-
ney (HEK293) cell lysates (Fig. 1A). Furthermore,
purified bacterially expressed recombinant Rheb
and FKBP38 interacted with each other in an in
vitro binding assay (Fig. 1B). The interaction of
Rheb with FKBP38 appeared to be dependent on
its nucleotide binding states, because Rheb loaded
with GTP-g-S, a nonhydrolyzable GTP analog,
guanosine 5′-O-(3′-thiotriphosphate), exhibited
much higher binding affinity toward FKBP38
than did GDP-bound or untreated Rheb (Fig. 1C).

In cells overexpressing FKBP38, insulin-
stimulated phosphorylation was largely prevented
for several downstream targets of mTORC1, in-
cluding ribosomal protein S6 kinase (S6K), ribo-
somal S6 protein (S6) and the eukaryotic initiation
factor 4E–binding protein 1 (4E-BP1) (Fig. 2A
and fig. S2). In contrast, FKBP38 overproduction
had no detectable effect on phosphorylation of
protein kinase Akt (Fig. 2A). The inhibitory effect
of FKBP38 on mTORC1 activity was reversed if
Rheb was overexpressed, which suggested that
Rheb antagonizes FKBP38. Similar effects of
FKBP38 overproduction on mTORC1 activity
were observedwhen cells deprived of amino acids
were exposed to amino acids (Fig. 2B and fig. S2).

In cells transiently transfected with FKBP38-
specific small interfering RNA (siRNA) oligonu-
cleotides, the amounts of FKBP38 were reduced
by ~80% (Fig. 2C). Accompanying the decreased
abundance of FKBP38 was an increase in mTOR-

dependent phosphorylation in both S6K and
4E-BP1 but not of extracellular signal–regulated
kinase (ERK) 1 or 2 (Fig. 2C). This effect on
mTORC1 activity appeared to be specific, be-
cause a different FKBP38-specific siRNA oli-
gonucleotide produced a similar effect (fig. S3).
In addition to the enhancement in mTORC1 ac-
tivity under normal growth conditions, decreased
abundance of FKBP38 also reduced the rate of

mTORC1 inactivation in response to serum or
amino acid deprivation (fig. S4), which indi-
cated that the affected cells were less sensitive to
growth factor or nutrient limitation. The partial
response of mTORC1 to changes in serum and
nutrient conditions may result from the remain-
ing FKBP38 in the cells. Alternatively, it may
indicate the existence of FKBP38-independent
mechanisms that regulate mTORC1. Collective-

1Department of Pharmacology, University of Pittsburgh
School of Medicine, E1357 Biomedical Science Tower, 200
Lothrop Street, Pittsburgh, PA 15213, USA. 2Department of
Neurology, University of Pittsburgh School of Medicine,
Pittsburgh, PA 15213, USA. 3Department of Cell Biology,
School of Basic Medical Science, Southern Medical Uni-
versity, Guangzhou 510515, China.

*To whom correspondence should be addressed. E-mail:
jiang@server.pharm.pitt.edu

Fig. 1. GTP-dependent interaction of Rheb with FKBP38. (A) Coimmunoprecipitation of FKBP38 with
Rheb. Lysates from HEK293 cells were immunoprecipitated with antibody to FKBP38 (lanes 2 and 4) or
control IgG (lanes 1 and 3). FKBP38 (top) and Rheb (bottom) in the precipitates were detected by
immunoblotting. (B) Direct binding between Rheb and FKBP38 in vitro. Histidine-tagged Rheb (His-
Rheb) was incubated with glutathione S-transferase (GST) or GST-tagged FKBP38 (GST-FKP38) followed
by precipitation with glutathione beads. The precipitates were immunoblotted for His-Rheb (bottom),
GST, and GST-FKBP38 (top). (C) GTP-dependent binding of Rheb with FKBP38. Untreated His-Rheb
(lane 1) GTP-g-S–loaded His-Rheb (lane 2), and GDP-loaded His-Rheb (lane 3) were all incubated with
GST-FKBP38 followed by precipitation with glutathione beads. The precipitates were immunoblotted for
GST-FKBP38 and His-Rheb.

Fig. 2. Inhibition of mTORC1 activity by FKBP38. HEK293 cells were transfected with hemagglutinin
(HA)–tagged S6K along with (+) or without (–) Flag-tagged Rheb and HA-tagged FKBP38 as indicated. (A)
Effect of FKBP38 on insulin-stimulated phosphorylation. Cells were collected after being deprived of
serum (0.5%) for 16 hours and treated with 100 nM insulin for 30 min. (B) Effect of FKBP38 on amino
acid–stimulated phosphorylation. Cells were collected after being deprived of amino acids for 1 hour and
then incubated with amino acids for 30 min. Rapamycin (20 nM) was added to the indicated samples
30 min before the addition of insulin or amino acids. (C) Effect of FKBP38 depletion on mTORC1
activity. HEK293 cells were transfected with FKBP38-specific (lane 2) or control (lane 1) siRNA. Cells were
harvested and lysed 60 hours after the transfection. The indicated proteins (right panels) and their
phosphorylation (left panels) were detected by immunoblotting. (D) In vitro kinase assay of mTORC1.
Endogenously expressed mTOR was immunopurified from HEK293 cell lysates with antibody to mTOR and
assayed for activity toward recombinant GST–4E-BP1 in the presence (+) or absence (–) of the indicated
agents. Phosphorylation was detected by immunoblotting using antibody to phospho–4E-BP1(T37/46),
and quantified by densitometry from three independent experiments (top).
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ly, the above findings demonstrate that FKBP38
is a negative regulator of mTORC1.

FKBP38 inhibited the kinase activity of mTOR
in a dose-dependent manner in vitro (Fig. 2D
and fig. S5), and the extent of maximal inhibition
was similar to that induced by the FKBP12-
rapamycin complex (Fig. 2D). Although rapa-
mycin alone had no effect on kinase activity
of mTOR, it augmented the inhibitory effect

of FKBP38, which suggests that rapamycin may
interact with FKBP38 and may increase its in-
hibitory activity toward mTORC1.

Coimmunoprecipitation revealed that FKBP38
associated with the components of mTORC1, in-
cluding mTOR itself, the GbL protein and raptor,
but not rictor, a unique component of mTORC2
(Fig. 3A), which suggests that FKBP38 targets
mTORC1 but not mTORC2. In addition, the

association of FKBP38 with mTORC1 appeared
to be regulated by nutrient conditions, because the
association was increased in cells deprived of
amino acids.

Rheb associates with mTOR through a region
(amino acids 1967 to 2191) that overlaps with the
FKBP12-rapamycin binding (FRB) domain (amino
acids 2015 to 2114) (16). We tested the possibility
that the associationwasmediated throughFKBP38.
Indeed, a recombinant peptide containing amino
acids 1967 to 2191 of mTOR interacted directly
with FKBP38 in an in vitro assay (Fig. 3B). On
the other hand, no direct interaction was detected
between Rheb and this FKBP38 binding (FKB)
domain of mTOR (fig. S6). Deletion analysis of
FKBP38 further revealed that its FKBP-C do-
main, a region highly similar to FKBP12, was
sufficient for mTOR binding, which suggested
that FKBP38 may bind to mTOR in a manner
similar to that of the FKBP12-rapamycin com-
plex (fig. S7B). In support of this, we found that
the FKBP12-rapamycin complex competed with
FKBP38 for mTOR binding in vitro (fig. S8), and
rapamycin reduced the association of FKBP38
with mTOR in cells (Fig. 3C).

The interaction of FKBP38 with the FKB
domain of mTOR appeared to be regulated by
Rheb in a GTP-dependent manner, because the
interaction was unaffected by the presence of
GDP-bound Rheb but was abolished by the pres-
ence of the same amount of GTP-bound Rheb
(Fig. 3D). The dissociation of FKBP38 from the
FKB domain of mTOR was also accompanied
by its binding to Rheb, which suggested that the
interaction with Rheb interfered with FKBP38
binding to mTOR.

Because Rheb activity is regulated by growth
factor and nutrient conditions (6, 17, 18), we
examined whether Rheb controlled the interac-
tion between endogenous FKBP38 and mTOR in
a growth factor– and nutrient-dependent manner.
FKBP38 interacted with mTOR in cells deprived
of amino acids, and the interaction was reduced
when amino acids were restored (Fig. 4A). Over-
expression of wild-type Rheb also reduced the
interaction of FKBP38 with mTOR in cells de-
prived of amino acids, and the interaction was
further diminished when amino acids were re-
stored. Accompanying the amino acid–induced
decrease in the interaction of FKBP38 with
mTOR was an increase in the binding of Rheb
with FKBP38, which suggested that Rheb pre-
vented FKBP38 from binding to mTOR in re-
sponse to amino acid availability.

Rheb mutants, including an active allele,
Q64L, in which leucine replaces glutamine at
residue 64, and two inactive alleles, S20N and
D60K (in which asparagine replaces serine at
residue 20 and lysine is substituted for aspartic
acid at residue 60), are defective for nucleotide
binding, which renders the mutants largely in-
sensitive to the GAP activity of the TSC1/TSC2
complex (19, 20). In cells expressing the Q64L
mutant, the interaction of FKBP38 with mTOR
was barely detectable, regardless of the availability

Fig. 4. Controlling interaction of FKBP38
with mTOR by Rheb in response to serum
stimulation and nutrient availability. HEK293
cells were transfected with control vector or
the indicated Rheb mutants and incubated
for 24 hours. (A) Effect of amino acid con-
ditions on the interaction of FKBP38 with
mTOR. Cells were deprived of amino acids
(AA) for 1 hour (–) followed by readdition
of amino acids for 30 min (+). (B) Effect
of serum conditions on the interaction of
FKBP38 with mTOR. Cells were serum de-
prived (0.5% serum) for 16 hours, fol-
lowed by treatment with 20% serum for
30 min (+) or no treatment (–). Lysates
(input) were precipitated with antibody to
FKBP38. The presence of endogenous
FKBP38, mTOR, and ectopically expressed
Rheb in the precipitates was detected by
immunoblotting.

Fig. 3. Control of the interaction between FKBP38 and mTOR by Rheb. (A) Association of FKBP38 with
mTORC1. HEK293 cells were deprived of amino acids for 1 hour and then incubated with amino acids for
30min. Lysates were precipitated with antibody to FKBP38 or control IgG, and precipitates were blotted for
the components of mTORC1 and mTORC2. (B) The FKBP38 binding domain in mTOR. Recombinant His-
mTOR(1967–2191) or His-FRB domain of mTOR was incubated with GST or GST-FKBP38 followed by
precipitation with glutathione beads. The precipitates were immunoblotted for GST (bottom, lane 1), GST-
FKBP38 (bottom, lanes 2 and 3), His-mTOR (1967–2191) and His-FRB (top, lanes 1 to 3). Asterisk denotes
a breakdown product of FKBP38. (C) Effect of rapamycin on the association of FKBP38 with mTOR. HEK293
cells expressing both myc-mTOR and HA-FKBP38 were treated with 20 nM rapamycin (lanes 2 and 4) or
drug vehicle (lanes 1 and 3) for 1 hour. Lysates were precipitated with antibody tomyc epitope. HA-FKBP38
and myc-mTOR in the precipitates were detected by immunoblotting. (D) Effect of Rheb on the interaction
of FKBP38 with mTOR. Recombinant His-mTOR (1967–2191) and GST-FKBP38 were incubated together in
the absence (lane 4) or presence of GDP-loaded His-Rheb (lane 5) or GTP-loaded His-Rheb (lane 6),
followed by precipitation with glutathione beads. The precipitates were immunoblotted for GST-FKBP38
(bottom), His-mTOR(1967–2191) (top, top bands), and His-Rheb (top, lower bands).
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of amino acids, whereas the interaction of the ex-
pressed Rheb mutant with FKBP38 was strong
(Fig. 4A and fig. S9). Despite this, the latter inter-
action was partially sensitive to amino acid starva-
tion, consistent with a previous finding that the
Q64Lmutant retains a limited response to the GAP
activity of the TSC1/TSC2 complex (20). In con-
trast, in cells expressing the S20N mutant, little
Rheb was bound to FKBP38, and the interaction
of FKBP38 with mTOR was strong and largely
insensitive to changes in amino acid conditions.
These observations indicate that these Rheb
mutants block the amino acid–dependent regu-
lation of the interaction between FKBP38 and
mTOR, which suggests that amino acid con-
ditions control the interaction of FKBP38 with
mTOR through Rheb.

The effect of D60K on the interaction of
FKBP38 with mTOR was similar to that of S20N.
However, despite its failure to bind nucleotide
and a low expression level (19), the D60K mu-
tant interacted with FKBP38 more strongly than
did wild-type Rheb, and the interaction was in-
sensitive to changes in amino acid conditions.
This observation suggests that the Asp to Lys (D
to K) substitution at position 60 confers to Rheb
a higher affinity for FKBP38 but impedes its
action to release mTOR from FKBP38. The fact
that the D60K mutant binds strongly to FKBP38
but does not displace it from mTOR interaction
suggests that the binding of FKBP38 with Rheb
and that with mTOR are not mutually exclusive.

Cells deprived of serum also showed increased
interaction between FKBP38 and mTOR that

was prevented by serum repletion or overex-
pression of wild-type Rheb (Fig. 4B). Similarly,
overexpression of active Rheb mutant (Q64L)
or inactive Rheb mutants (S20N and D60K) ren-
dered the interaction of FKBP38 with mTOR
insensitive to changes in serum conditions, which
suggests that the interaction was regulated by
Rheb in response to serum conditions.

The ability to bind and inhibit mTOR activity
in the absence of rapamycin establishes FKBP38
as an endogenous inhibitor of mTOR. Under ami-
no acid or serum starvation this mTOR inhibitor
binds and interferes with mTORC1 function in a
manner similar to that of the FKBP12-rapamycin
complex. In response to growth factors or amino
acid availability, Rheb prevents the interaction
of FKBP38 with mTOR in a GTP-dependent
manner, which leads to mTORC1 activation.
This mechanism for the action of Rheb on mTOR
is consistent with evidence that active Rheb
associates less with mTOR than does the inactive
form (16). In addition to mTOR, FKBP38
associates with Bcl-2 and calcineurin (14, 21). It
is thus possible that Rheb may also control Bcl-2–
dependent apoptosis and calcineurin-dependent
transcription through FKBP38.
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Magnetic Resonance Spectroscopy
Identifies Neural Progenitor Cells in
the Live Human Brain
Louis N. Manganas,1,3 Xueying Zhang,1 Yao Li,1 Raphael D. Hazel,1,2 S. David Smith,2
Mark E. Wagshul,1 Fritz Henn,2 Helene Benveniste,1,2 Petar M. Djurić,1
Grigori Enikolopov,3* Mirjana Maletić-Savatić 1,3*

The identification of neural stem and progenitor cells (NPCs) by in vivo brain imaging could have
important implications for diagnostic, prognostic, and therapeutic purposes. We describe a
metabolic biomarker for the detection and quantification of NPCs in the human brain in vivo. We
used proton nuclear magnetic resonance spectroscopy to identify and characterize a biomarker in
which NPCs are enriched and demonstrated its use as a reference for monitoring neurogenesis. To
detect low concentrations of NPCs in vivo, we developed a signal processing method that enabled
the use of magnetic resonance spectroscopy for the analysis of the NPC biomarker in both the
rodent brain and the hippocampus of live humans. Our findings thus open the possibility of
investigating the role of NPCs and neurogenesis in a wide variety of human brain disorders.

Theadult mammalian brain retains the abil-
ity to generate new neurons. These neurons
are produced from neural stem and pro-

genitor cells (NPCs), which reside in the hippo-
campus and the subventricular zone (1–4). NPCs
possess the ability to self-renew and also to
generate progeny that can give rise to mature cell

types. The ability of NPCs to produce neurons,
astrocytes, and oligodendrocytes in vitro and in
vivo raises the prospect of harnessing them to
repair nerve tissue damaged or lost to neurological
disease or trauma (1, 2, 4). The realization of the
curative potential of NPCs would benefit from the
development of methods that would enable their

identification and tracking in vivo. Currently, pos-
itron emission tomography, single-photon com-
puted tomography scanning, and magnetic
resonance imaging (MRI) are being examined
toward this goal (5–7). These technologies require
NPCs to be preloaded ex vivo with radiolabeled
agents or superparamagnetic iron oxide–based
derivatives, and therefore are not applied for the
detection of endogenous NPCs in the human
brain. We used proton magnetic resonance spec-
trosopy (1H-MRS) to overcome the above limita-
tions and to detect NPCs in the live human brain.

Proton nuclear magnetic resonance spectros-
copy (1H-NMR) has been widely used for in
vitro detection of low quantities of knownmetab-
olites and the identification of unknown com-
pounds present in body fluids or tissues in vitro
(8). 1H-NMR can identify metabolites that are
specific for neurons [such as N-acetyl aspartate
(NAA)] or glia [such as choline (Cho) and
myoinositol (mI)], and these compounds have
been used as reliable biomarkers of the corre-
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