COOH-terminal coiled-coil region, which are
shared with other SNX proteins, are most likely
responsible for its SNX function. The presence
of both activities in one molecule makes RGS-
PX1 an ideal bridge between G protein signal-
ing and regulation of vesicular trafficking.
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Phosphatidic Acid—-Mediated
Mitogenic Activation of mTOR
Signaling

Yimin Fang, Montserrat Vilella-Bach, Rebecca Bachmann,
Asa Flanigan, Jie Chen*

The mammalian target of rapamycin (mTOR) governs cell growth and prolif-
eration by mediating the mitogen- and nutrient-dependent signal transduction
that regulates messenger RNA translation. We identified phosphatidic acid (PA)
as a critical component of mTOR signaling. In our study, mitogenic stimulation
of mammalian cells led to a phospholipase D—dependent accumulation of
cellular PA, which was required for activation of mTOR downstream effectors.
PA directly interacted with the domain in mTOR that is targeted by rapamycin,
and this interaction was positively correlated with mTOR’s ability to activate
downstream effectors. The involvement of PA in mTOR signaling reveals an
important function of this lipid in signal transduction and protein synthesis, as
well as a direct link between mTOR and mitogens. Furthermore, these studies
suggest a potential mechanism for the in vivo actions of the immunosuppres-

sant rapamycin.

The mammalian target of rapamycin (mTOR;
also named FRAP or RAFT1) (/-3) belongs to
the family of phosphatidylinositol kinase-like
kinases (PIKK) (4). The mTOR homologs in

Saccharomyces cerevisae, Torlp and Tor2p,
control a wide range of growth-related cellular
processes, including transcription, translation,
and reorganization of the actin cytoskeleton (5).
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mTOR is likely to have similarly pleiotropic
and essential roles in the regulation of mamma-
lian cellular functions (6). mTOR regulates
translation initiation (7); its best known down-
stream effectors include the ribosomal subunit
S6 kinase 1 (S6K1) and the eukaryotic initiation
factor 4E binding protein 1 (4E-BP1), two
regulators of mitogen-stimulated transla-
tion initiation (8, 9). Both activation of
S6K1 and phosphorylation of 4E-BP1 are
stimulated by mitogens, and mTOR is re-
quired for their responses (10, 11), possibly
because it senses amino acid sufficiency
and supplies a permissive signal (7, 9).
mTOR may also directly receive mitogenic
signals to activate downstream pathways
(12, 13), but the mechanism is unknown.
Phosphatidic acid (PA) is a lipid second
messenger that participates in various intracel-
lular signaling events and regulates a growing
list of signaling proteins, including several pro-
tein kinases and phosphatases (/4). PA has been
implicated as a mediator of the mitogenic action
of various growth factors and hormones in sev-
eral types of mammalian cells. The normal mo-
lar concentration of PA in cellular membranes is
low, less than 5% of that of phosphatidylcholine
(PC) (15), and mitogenic stimulation leads to an
increase in the amount of PA as a result of
phospholipase D (PLD) activation (/4). Exoge-
nous PA added to cell culture media incorpo-
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Fig. 1. Stimulation of mTOR signaling by PA.
HEK293 cells treated under various conditions
(30) were lysed. S6 kinase assays were per-
formed with immunoprecipitated endogenous
S6K1 as previously described (29). 4E-BP1 phos-
phorylation was assessed by mobility shift on
protein immunoblots with a 4E-BP1 antibody
(Zymed, San Francisco, California), with the
slowest migrating band representing the fully
phosphorylated state. (A) Serum-starved cells
were stimulated with 100 wM PA or 10% se-
rum for 30 min, with or without pretreatment
by 20 nM rapamycin (Rap) for 30 min. (B)
Serum-starved cells were deprived of amino
acids (AA) with or without 10% dialyzed serum,
followed by PA stimulation, as described above.
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rates rapidly into cellular membranes and sub-
sequently participates in cellular functions (/6,
17). We observed that extracellular concentra-
tions of 100 uM PA stimulated S6K1 activation
and 4E-BP1 phosphorylation in serum-starved
human embryonic kidney (HEK) 293 cells (Fig.
1A). This stimulation was abolished by rapamy-
cin, implicating the involvement of mTOR. In
addition, PA’s stimulatory effect was absent in
cells deprived of amino acids (Fig. 1B), suggest-
ing that the action of PA requires a permissive
signal from amino acids.

Stimulation of HEK293 cells with serum led
to an acute increase in the amount of cellular
PA within 5 min, which returned to its basal
level after 45 min (Fig. 2A). PA is the lipid
product of PLD. Alcohols compete with water
to be the hydroxyl donor in the hydrolysis of
phospholipids by PLD, resulting in the produc-
tion of phosphatidylalcohol at the expense of
PA (I8). Treatment of HEK293 cells with 0.3%
1-butanol abolished serum-stimulated PA pro-
duction, and 2-butanol also had an inhibitory
effect (Fig. 2A). This is consistent with obser-
vations reported in other mammalian cells (19).
1-Butanol almost completely blocked serum-
stimulated activation of S6K1, whereas 2-buta-
nol had a partial inhibitory effect (Fig. 2B).
Similarly, serum-stimulated 4E-BP1 phospho-
rylation was inhibited by 1-butanol, and to a
lesser degree by 2-butanol (Fig. 2B). Serum-
stimulated activation of the extracellular signal—
regulated kinases (ERK1 and ERK?2 ) and of the
protein kinase Akt was not affected by butanol
under identical conditions (Fig. 2B), confirming
the specificity of butanol’s effect on PA: pro-
duction and PA’s involvement in the rapamy-

cin-sensitive pathway. Thus, PA production
through PLD appears to be an early event re-
quired for mitogenic activation of mTOR’s
downstream effectors.

Our previous studies (20) suggested the ex-
istence of a putative regulator interacting with
the FK506-binding protein (FKBP12)-rapamy-
cin-binding (FRB) domain in mTOR (21). The
helical bundle structure of FRB (22) is reminis-
cent of the amphipathic helices in the lipid-
binding domains of exchangeable apolipopro-
teins (23). Indeed, a purified FRB fragment
bound small unilamellar vesicles (SUVs) (24)
containing PA (Fig. 3A). A PA concentration as
low as 10% in PC-based vesicles was sufficient
to bind FRB (25). This binding was specific,
because none of the other phospholipids tested
bound FRB, including PC, phosphatidylserine,
phosphatidylethanolamine, and phosphatidyl-
inositol (PI) (Fig. 3A), as well as PI3P, PI3 4P,
and PI34,5P; (25). Incubation with the
FKBP12-rapamcyin complex effectively elimi-
nated PA binding to FRB, whereas a rapamy-
cin-resistant FRB mutant protein (S2035I) (27)
displayed PA binding that was insensitive to
rapamycin (Fig. 3B). These observations sup-
port the hypothesis that PA may regulate
mTOR function by directly interacting with the
FRB domain.

High ionic strength (500 mM NaCl) dimin-
ished FRB’s affinity for PA (Fig. 3C), suggest-
ing an electrostatic interaction between FRB
and the head group of PA, consistent with
observations in other PA-binding proteins (15).
A group of positively charged residues
(Arg?°42 Lys?%%, and Arg?'%) located at the
opening of the hydrophobic rapamycin-binding

Fig. 2. Requirement of cellular PA

production for mitogenic activa-
tion of mTOR signaling. (A)
HEK293 cells serum-starved and
metabolically labeled with 32P-or-
thophosphate (26) were stimulat-
ed with 10% serum for various
times (left). Cells were treated
with 0.3% 1- or 2-butanol for 30
min before serum stimulation for
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5 min (right). Cellular lipids were
extracted and separated by thin-
layer chromatography (26). PA
was identified by co-spotting of
standards and quantified by phos-
phorimaging. (B) Serum-starved
cells were pretreated with 0.3%
1- or 2-butanol for 30 min before
serum stimulation for 5 min.
(Left) S6K1 activity was assayed
ERK12(pTy) @S previously ~described (30).
(Right) 4E-BP1 phosphorylation
was examined by mobility shift
on protein immunoblots with a
4E-BP1 antibody ( Zymed). ERK1/
ERK2 and Akt phosphorylation
were determined by immunoblot-
ting  with  phospho-p44/42
(T202Y204) (pTY) and phospho-

4E-BP1

Akt (pS)

Akt (S473) (pS) antibodies (Cell Signaling, Beverly, Massachusetts), respectively.
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Fig. 3. Selective binding of PA to FRB; correla-
tion between FRB-PA interaction and mTOR
signaling. (A) SUVs were generated with vari-
ous phospholipids (24), and lipid-binding assays
using SUVs and the purified FRB protein (20)
were done (26). The protein/vesicle mixtures
were fractionated on a Sephacryl S-300 col-
umn, and the column fractions were analyzed
on 13% SDS gels by silverstaining. Free FRB
eluted between fractions 28 and 33, whereas
vesicles eluted in the void volume (fractions 19
through 22). PC, phosphatidylcholine; PE, phos-
phatidylethanolamine; and PS, phosphatidylser-
ine. (B) Wild-type or Ser2°35|le (2035I) mutant
FRB was preincubated with rapamycin (Rap)
and GST-FKBP12 (GFK) at a 1:1:1 molar ratio,
followed by PA binding assays. The GFK protein
solution used in the experiments contained
some free GST, as revealed by the band imme-
diately below GFK. (C) PA binding assays were
done with the wild-type and various mutant
FRB proteins under normal conditions. The as-
say was also done with wild-type FRB in the
presence of 500 mM NacCl (high salt). (D) Var-
ious FLAG-mTOR cDNAs were coexpressed
with Myc-S6K1 in HEK293 cells (29, 37). The
transfected cells were treated with 100 nM rapa-
mycin for 30 min before lysis. In vitro S6 kinase
assays were performed with anti-Myc (9E10.2)-
immunoprecipitated Myc-S6K1 (30). Expression
of the recombinant proteins was monitored by
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Fig. 4. PA signaling specifically through mTOR
and not PI3K. (A) HEK293 cells were transiently
transfected with Myc-tagged wild-type or
AN, AC,,, S6K1 (37), followed by serum star-
vation and stimulation by 10% serum for 15
min; 1- or 2-butanol was added 30 min before
stimulation. Upon cell lysis, the recombinant
proteins were immunoprecipitated with 9E10.2
antibody to Myc and S$6 kinase assays were
performed (30). Black bars, wild-type S6K1; gray
bars, AN, AC,,, S6K1. Expression of the re-
combinant proteins was monitored by immuno-

blotting with the antibody to Myc. (B) A model for mitogenic activation of S6K1/4E-BP1 is

proposed.

pocket was identified after the crystal structure
of FRB was examined (22). Mutating all three
residues (designated 3A), or Arg?!%° alone, to
alanine diminished FRB’s affinity for PA (Fig.
3C). Mutations at Arg?®*? and Lys?°®° alone
had little effect on PA binding (25). Thus,
Arg?1%? appears to be a major contributor to the
electrostatic interaction between FRB and PA.
Because hydrophobic interactions also often
contribute to this type of protein-lipid interac-
tion (15), it is unlikely that PA binding could be
completely eliminated without massive alter-

ation of the protein structure.

The 289-kD mTOR protein is difficult to
purify and forms a large complex of ~2 MD
(25), precluding the assessment of lipid bind-
ing for the full-length protein. To probe the
physiological relevance of FRB-PA interac-
tion, we investigated the in vivo functional
consequence of diminished PA binding by
introducing Arg2°4?Ala, Arg?'°°Ala, and the
3A mutations into full-length mTOR protein
expressed in HEK293 cells. The catalytic
activity of mTOR was not affected by muta-

tions disrupting PA binding (26), which was
consistent with observations that neither PA
nor butanol had any effect on mTOR kinase
activity in vitro or in vivo (25). The signaling
capacity of these mTOR mutants was as-
sessed in the presence of a rapamycin-resis-
tant mutation (Ser?°3>Thr) (10, 11) and rapa-
mycin. Arg?!%Ala, as well as 3A, prevented
full activation of S6K1 in response to serum
stimulation (Fig. 3D). These mutant mTORs
displayed signaling activity at ~60% that of
wild-type mTOR, in close correlation with
the extent to which Arg?!%°Ala disrupted PA
binding (Fig. 3C). Arg?°4?Ala mTOR be-
haved similarly to the wild-type protein. The
ability of these mutants to activate phospho-
rylation of 4E-BP1 upon serum stimulation
also correlated with S6K1 activation, mean-
ing that Arg?!°°Ala diminished 4E-BP1 phos-
phorylation whereas Arg?°4?Ala had no ef-
fect (25). The correlation between FRB bind-
ing to PA and mTOR signaling indicates that
PA binding to the FRB domain may be re-
quired to allow mTOR to activate down-
stream pathways. The incomplete disruption
of signaling by Arg?!°°Ala may result from
its partial disruption of FRB-PA binding.
However, it is also possible that PA repre-
sents one of several mitogenic pathways that
lead to S6K1 and 4E-BP1 activation.
Mitogenic activation of S6K1 and 4E-BP1
requires both the mTOR pathway and the PI3
kinase (P13K) pathway (7, 9). PA had no effect
on the activity of PI3K (26), suggesting that PA
signaling is unlikely to affect the PI3K path-
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way. To confirm PA’s specific involvement in
the mTOR pathway, we used an S6K1 mutant
(AN,,AC, ), the activity of which is resistant
to rapamycin and sensitive to wortmannin (27).
When transiently expressed in HEK293 cells,
the rapamycin-resistant AN,;AC,,, mutant
S6K1 activity was insensitive to butanol,
whereas the recombinant wild-type S6K1 activ-
ity was inhibited by 1- and 2-butanol (Fig. 4A)
to a similar extent as was the endogenous ki-
nase (Fig. 2B). These observations support the
hypothesis that PA signaling to S6K1 specifi-
cally goes through mTOR and not through
PI3K . However, the specific PI3K inhibitor
wortmannin abolished PA-stimulated S6K 1 ac-
tivation and 4E-BP1 phosphorylation (26), im-
plying that PI3K is indispensable for the down-
stream response to PA. Based on the collective
evidence, we propose a mechanism by which
amino acid sufficiency sensed by the mTOR
pathway, mitogenic stimulation of the mTOR
pathway mediated by PA, and mitogenic stim-
ulation of the PI3K pathway independent of PA
are all required for full activation of S6K1 and
4E-BP1 (Fig. 4B). The observed PA stimulato-
ry effect on these downstream effectors is likely
dependent on the basal activity of PI3K in the
absence of serum, which may also explain the
fact that PA had a less potent stimulatory effect
than did serum (Fig. 1).

Our findings reveal a mitogenic path-
way upstream of S6K1 and 4E-BP1, which
involves PA and probably its direct inter-
action with mTOR. The data suggest that
rapamycin’s inhibitory effect may derive
from its competition with PA for binding to
the FRB domain, preventing mTOR from
activating downstream effectors but with-
out inhibiting mTOR’s catalytic activity.
Another PIKK family member, DNA-PK,
binds to inositol hexakisphosphate (IPy),
and its function in DNA double-strand
break repair is regulated by IP. (28). The
modulation of mTOR signaling by PA, to-
gether with DNA-PK stimulation by IP,
may reveal a common theme of lipidlike
molecules participating in regulation of
PIKK proteins.
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Regulation of Cell Survival by
Secreted Proneurotrophins

Ramee Lee, Pouneh Kermani, Kenneth K. Teng,
Barbara L. Hempstead*

Neurotrophins are growth factors that promote cell survival, differentiation,
and cell death. They are synthesized as proforms that can be cleaved intra-
cellularly to release mature, secreted ligands. Although proneurotrophins have
been considered inactive precursors, we show here that the proforms of nerve
growth factor (NGF) and the proforms of brain derived neurotrophic factor
(BDNF) are secreted and cleaved extracellularly by the serine protease plasmin
and by selective matrix metalloproteinases (MMPs). ProNGF is a high-affinity
ligand for p75N™® with high affinity and induced p75NTR-dependent apoptosis
in cultured neurons with minimal activation of TrkA-mediated differentiation
or survival. The biological action of neurotrophins is thus regulated by pro-
teolytic cleavage, with proforms preferentially activating p75N™® to mediate
apoptosis and mature forms activating Trk receptors to promote survival.

The neurotrophin family of growth factors,
including NGF, BDNF, and neurotrophins-3
and -4 (NT-3, NT-4) regulates neuronal sur-
vival and synaptic plasticity (/). They are
synthesized as precursors (proneurotrophins)
that are proteolytically cleaved to mature,
biologically active neurotrophins (2). Be-
cause neurotrophins are normally expressed
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at low levels, little is known about their pro-
cessing and secretion by neurons and non-
neuronal cells in vivo. However, when ex-
pressed in heterologous cells, proneurotro-
phins are secreted as well as cleaved intracel-
lularly by furin or proconvertases at a highly
conserved dibasic amino acid cleavage site
for secretion as stable, noncovalent dimers (3,
4). Mature neurotrophins selectively bind to
members of the Trk family of receptor ty-
rosine kinases, but they also interact with low
affinity to a structurally distinct receptor,
p75NTR, Although p75N™R can increase the
affinity and specificity of Trk-neurotrophin
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