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Phosphoinositide 3-Kinase Regulates Plasma Membrane
Targeting of the Ras-specific Exchange Factor RasGRP 1™
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Receptor-induced targeting of exchange factors to specific
cellular membranes is the predominant mechanism for initiat-
ing and compartmentalizing signal transduction by Ras
GTPases. The exchange factor RasGRP1 has a C1 domain that
binds the lipid diacylglycerol and thus can potentially mediate
membrane localization in response to receptors that are coupled
to diacylglycerol-generating phospholipase Cs. However, the C1
domain is insufficient for targeting RasGRP1 to the plasma
membrane. We found that a basic/hydrophobic cluster of
amino acids within the plasma membrane-targeting domain of
RasGRP1 is instead responsible for plasma membrane targeting.
This basic/hydrophobic cluster binds directly to phospholipid
vesicles containing phosphoinositides via electrostatic interac-
tions with polyanionic phosphoinositide headgroups and inser-
tion of a tryptophan into the lipid bilayer. B cell antigen receptor
ligation and other stimuli induce plasma membrane targeting of
RasGRP1 by activating the phosphoinositide 3-kinase signaling
pathway, which generates phosphoinositides within the plasma
membrane. Direct detection of phosphoinositides by the basic/
hydrophobic cluster of RasGRP1 provides a novel mechanism
for coupling and co-compartmentalizing phosphoinositide
3-kinase and Ras signaling and, in coordination with diacylglyc-
erol detection by the C1 domain, gives RasGRP1 the potential to
serve as an integrator of converging signals from the phospho-
inositide 3-kinase and phospholipase C pathways.

Ras GTPases are membrane-bound signal-transducing pro-
teins that control a wide range of cellular responses to external
stimuli. Their attachment to specific cellular membranes allows
Ras GTPases to confine, concentrate, and organize networks of
signal detectors and transmitters (1). Guanine nucleotide
exchange factors directly activate Ras GTPases by promoting
their conversion to the active GTP-bound state (2). Addition-
ally, exchange factors regulate Ras activation by detecting and
integrating inputs from signal transducers coupled to cell-sur-
face receptors. Conversion of receptor-initiated signals into Ras
activation is often achieved by spatial regulation of an exchange
factor (2, 3). In the absence of signal detection, the exchange
factor is sequestered away from its Ras GTPase substrates,
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whereas the activating signal induces membrane binding of the
exchange factor and thus co-localizes it with Ras GTPase sub-
strates. RasGRP1 is a Ras-activating exchange factor that is
expressed in many cell types and can be activated by diverse
receptors (2, 4). In lymphocytes, initiation of Ras signaling
by RasGRP1 controls progression through developmental and
immunoselection checkpoints, whereas misregulation of
RasGRP1 can trigger autoimmunity or oncogenic transforma-
tion (5—10). Depending on the quality and intensity of signaling
from receptors, RasGRP1 can be specifically targeted to the
plasma membrane (11-15) or to endomembranes such as Golgi
or the endoplasmic reticulum (11, 13, 16-19). The site of
RasGRP1 localization can have important consequences for
how cells respond to the resulting activation of Ras GTPases.
Effective immunoselection of thymocytes requires RasGRP1
and is dictated by the strength of signaling from the T cell anti-
gen receptor; strong signaling induces plasma membrane tar-
geting of RasGRP1 and deletion of the self-reactive thymocyte,
although moderate signaling from the antigen receptor induces
targeting of RasGRP1 to endomembranes and leads to survival
and differentiation of the thymocyte (20). Localization of
RasGRP1 at the plasma membrane versus endomembranes can
also result in its co-localization with or evasion of negative reg-
ulators of Ras GTPases, such as the CAPRI GTPase-activating
protein (16), and thus can determine whether its activation of
Ras is effective or attenuated.

RasGRP1 is a complex protein with REM, GEF, EF-hand, C1,
SuPT, and PT domains (Fig. 14), and remarkably, each of these
can affect the cellular membranes to which RasGRP1 localizes
(11, 17, 19, 21-23). The C1 domain was the first membrane-
localizing domain identified in RasGRP1, making it the focus of
the initial models of membrane-selective targeting of RasGRP1.
The C1 domain binds to the lipid second messenger diacylglyc-
erol (DAG)? (24, 25) and thus has the potential to mediate
translocation of RasGRP1 to membranes when DAG-generat-
ing phospholipase Cs (PLC) or phosphatidic acid phosphatases
are activated (11, 13, 21, 26). By this mechanism, membrane-
selective targeting of RasGRP1 could be attained by generation

3 The abbreviations used are: DAG, diacylglycerol; BHC, basic/hydrophobic
cluster; BCR, B cell antigen receptor; PI(3,4)P,, phosphatidylinositol
3,4-bisphosphate;  PI(4,5)P,, phosphatidylinositol 4,5-bisphosphate;
PI(3,4,5)P5, phosphatidylinositol 3,4,5-trisphosphate; PC, phosphatidyl-
choline; PS, phosphatidylserine; PH, pleckstrin homology; SLV, sucrose-
loaded vesicle; Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine;
PLC, phospholipase C; PT, plasma membrane-targeting domain; GEF, gua-
nine nucleotide exchange factor; SuPT, suppressor of PT.
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or removal of DAG at specific membranes. As examples, selec-
tive removal of DAG from the plasma membrane by localized
DAG kinases could restrict RasGRP1 to endomembranes (14,
27), and the generation of DAG specifically at the plasma mem-
brane via receptor-induced PLCs or phosphatidic acid phos-
phatases could drive translocation of RasGRP1 to the plasma
membrane, as seen in T cells co-stimulated via antigen receptor
and LFA-1 (13). However, the expectation that membrane-se-
lective targeting of RasGRP1 is dictated by the C1-DAG inter-
action was confounded by a series of findings indicating that
antigen receptor-induced targeting of RasGRP1 to the plasma
membrane can occur by a Cl-independent mechanism.
Expressed on its own, the C1 domain typically accumulates at
endomembranes even under stimulatory conditions where
RasGRP1 is highly concentrated at the plasma membrane (11,
21, 24). When the C1 domain is deleted, or PLC signaling is
eliminated, antigen receptor-induced plasma membrane tar-
geting of RasGRP1 still occurs, although with reduced effi-
ciency (11). Thus, another domain must be primarily responsi-
ble for selectively targeting RasGRP1 to the plasma membrane,
with the C1 domain playing a quantitatively important but sub-
sidiary role in this process.

The catalytic GEF domain and the REM domain that regu-
lates the GEF domain are both required for membrane localiza-
tion, probably through their direct interactions with mem-
brane-anchored Ras GTPases (23, 28). Each of these domains
affects both endomembrane and plasma membrane targeting of
RasGRP1I, reflecting the ubiquitous distribution of Ras GTPases
at these membranes. In contrast, the EF-hands and the SuPT
domain only affect plasma membrane targeting of RasGRP1
(11, 23). However, neither of these two domains directly medi-
ate plasma membrane targeting. Instead, they act through the
PT domain, which was found to be both sufficient and essential
for antigen receptor-induced plasma membrane targeting of
RasGRP1 in several B and T cell lines (11). Although the C1,
EF-hand, SuPT, REM, and GEF domains all provide quantita-
tive inputs, it is the PT domain that is directly responsible for
specifying the plasma membrane as the site of RasGRP1
targeting.

The objective of this study was to identify the mechanism by
which the PT domain mediates receptor-induced plasma mem-
brane targeting of RasGRP1. We mapped the plasma mem-
brane targeting function of the PT domain to a small segment
enriched in basic and hydrophobic residues, the BHC. Similar
motifs have been found in other proteins that bind directly to
membranes enriched in anionic phospholipids, particularly
phosphoinositides (29-34). We showed that plasma mem-
brane targeting of RasGRP1 correlates with generation at the
plasma membrane of phosphoinositide 3-kinase (PI3K) prod-
ucts, phosphatidylinositol 3,4-bisphosphate (PI(3,4)P,), or
phosphatidylinositol 3,4,5-trisphosphate  (PI(3,4,5)P;). PT
domain-mediated plasma membrane targeting of RasGRP1 was
induced by a variety of activators of PI3K and in each case was
impeded by inhibition of PI3K. Purified PT domain bound
directly to phospholipid vesicles containing phosphoinositides.
Mutation of basic or hydrophobic residues in the BHC of the PT
domain blocked this phosphoinositide-dependent vesicle bind-
ing and also prevented PI3K-dependent plasma membrane tar-
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geting of RasGRP1. Thus, direct detection of phosphoinositides
by the BHC within the PT domain provides the mechanism by
which PI3K regulates RasGRP1 localization. This reveals a
novel organizational link between two major signal transduc-
tion pathways, with input from the PI3K pathway specifying if
and where Ras signaling occurs.

EXPERIMENTAL PROCEDURES

Cells and Reagents—The origin, culture, and retroviral trans-
duction of DT40, NIH 3T3, and WEHI-231 cells were described
previously (11), except that DT40 cells were cultured in media
supplemented with 2% chicken serum (Invitrogen).

RasGRPI and PH Domain Constructs—The N-terminally
GFP-tagged form of full-length murine RasGRP1 (RG1) was
described previously (11), with the green fluorescent protein
(GFP) coding sequences from pEGFP-C1 (Clontech) fused to
amino acid 2 of RasGRP1 (NCBI reference sequence NP
035376). The cDNAs encoding mutants and other derivatives
of RasGRP1 were constructed by PCR-directed mutagenesis.
The sequences of the encoded proteins are shown in supple-
mental Methods. The N-terminally GFP-tagged TAPP1 PH
domain and the C-terminally GFP-tagged Btk PH domain were
provided by Aaron Marshall (35).

The ¢cDNAs were inserted into CTV retroviral vectors (36),
which were packaged by transient transfection of BOSC 23 cells
and stably transduced into cells by infection (37). Transduced
cells were selected by drug resistance conferred by the vector
and then selected for GFP expression by flow cytometry.

Fluorescence Microscopy—DT40 B cells were plated on glass
coverslips coated with poly-L-lysine, rinsed with PBS, and
serum-starved for 4 h in RPMI 1640 medium. Stimulation with
5 pg/ml anti-chicken IgM (Bethyl Laboratories) or 1 mm H,O,
in Hanks’ buffer was for 10 min at 20 °C. WEHI-231 cells were
plated on coverslips coated with poly-p-lysine, rinsed once with
PBS, and serum-starved for 6—8 h in RPMI 1640 medium.
Stimulation with 10 pg/ml anti-mouse IgM (Jackson Immu-
noResearch) was for 10 min at 20 °C. NIH 3T3 cells were seeded
on glass coverslips and allowed to attach for 3—6 h. Cells were
then serum-starved in DMEM for 24 h. Stimulation with 50
ng/ml human recombinant PDGF-BB (Invitrogen) was for 5
min at 20 °C. Starvation times were determined as the minimal
time required to remove or decrease the serum-dependent
plasma membrane localization of RG1 and/or the TAPP1 PH
domain. For experiments using inhibitors, cells were pretreated
with vehicle, control compound, or inhibitor for 15 min (30 min
for WEHI-231) at 37 °C, and subsequent stimulation was as
described above, in the presence of vehicle, control compound,
or inhibitor. Concentrations of drugs used were as follows: 50
M LY303511 and LY294002 (Calbiochem); 100 nm wortman-
nin (Calbiochem); 3 um PI3Ke inhibitor 2 (Cayman); 100 nm
rapamycin (Invitrogen); and 100 um m-3M3FBS (Sigma). For
neomycin experiments, DT40 cells were cultured in the pres-
ence of 2 mM neomycin (Sigma) for 2 days, then serum-starved
in the presence of 2 mMm neomycin for 4 h, and then treated with
2 mM neomycin plus LY303511, LY294002, wortmannin, or
DMSO (vehicle for wortmannin) for 15 min at 37 °C.

Prior to microscopy, cells were fixed for 1 h with 4% formal-
dehyde in PBS at 20 °C. DT40 and WEHI-231 B cells (100X
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objective) and NIH 3T3 cells (63X objective) were imaged
using a DeltaVision imaging station, and images were captured
and deconvolved using the default settings of the SoftWorks
deconvolution software (Applied Precision). Image brightness
and contrast were adjusted by Photoshop to make all features in
each cell optimally visible. The individual cells displayed in the
figures were chosen to be representative of the majority of the
population of cells, unless otherwise noted in the figure legends.

The percentages of cells with detectable signal at the plasma
membrane were determined by counting fields of cells from at
least two independent experiments. Averages of these values
are shown in Tables 1 and 2 and in the supplemental tables.
Ratios of GFP fluorescence intensities at the plasma membrane
versus cytoplasm were determined as follows. For each of 7-13
cells representative of those with detectable concentration of
GFP signal at the plasma membrane (pm™ cells), fluorescence
intensities were measured for 10 2 X 2 pixel squares within the
plasma membrane, within the cytoplasm, and from outside the
cell (background). Mean background intensities were sub-
tracted from mean plasma membrane or mean cytoplasm
intensities, and the background-subtracted means were used to
calculate plasma membrane/cytoplasm ratios for the pm™ cells.
The plasma membrane/cytoplasm ratio for the entire popula-
tion of cells was then calculated using the formula ((plasma
membrane/cytoplasm of pm™ cells — 1) X pm™ cells/total
cells) + 1.

Analysis of ERK2 Phosphorylation—DT40 cells were grown
to 2—2.5 X 10° cells/ml and then serum-starved in RPMI 1640
medium for 4 h at a concentration of 2—-2.5 X 10° cells/ml. The
cells were transferred to activation buffer (11) for 15 min at
37 °C and then treated with or without anti-IgM for 10 min at
20 °C to mimic microscopy conditions. When used, PI3K inhib-
itors or their controls were present during pre-stimulation and
stimulation. Cells were then lysed with ice-cold lysis buffer (11).
Western blot analysis of RasGRP1 activation was performed as
described previously (11) with the exception that 12 ug of lysate
protein were loaded. Anti-ERK1/2 anti-phospho-specific ERK1/2
antibodies were from Cell Signaling Technology; anti-GFP was
from Roche Applied Science; anti-y-tubulin antibody was from
Sigma. Horseradish peroxidase-conjugated secondary antibodies
were from Jackson ImmunoResearch. Phospho-ERK2 band inten-
sities were quantified using Quantity One Imaging software (Bio-
Rad). The effect of PI3K inhibitors on RasGRP1 (RG1)-medi-
ated ERK2 phosphorylation relative to controls was calculated
as RGlaIgM + inhibitor __ GFPaIgM +inhibitor/RG1aIgM+ control __
GFpleMteontrol y5ing data from P-ERK2 Western blots as
illustrated in Fig. 2C.

Expression and Purification of Proteins for Vesicle Binding
Assays—GST-tagged PT and PT mutant recombinant proteins
were expressed in E. coli BL21 Gold (DE3) (Stratagene) from
the pGEX6P-1 vector (GE Healthcare) and purified using glu-
tathione-conjugated agarose (Sigma) beads. Bound protein was
cleaved from the GST tag with PreScission protease (GE
Healthcare) according to the supplier’s instructions, ali-
quoted, and stored at —80 °C in the cleavage buffer (50 mm
Tris-HCI, 150 mm NaCl, 1 mm EDTA, 1 mwm dithiothreitol,
pH 7.0). Proteins were centrifuged at 40,000 X g at 4 °C to
remove aggregates immediately before use in the binding
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assay. Protein concentration was measured using the BCA
assay kit (Pierce) after centrifugation.

Preparation of Phospholipid Vesicles—All lipids were pur-
chased from Avanti Polar Lipids (Alabaster, AL). Egg PC and
1-palmitoyl, 2-oleoylphosphatidyl-L-serine were stored in
CHCI,;. Tetra-ammonium salts of 1,2-dioleoyl-sn-glycero-3-
(phosphoinositol-3,4- or 4,5-bisphosphate or 3,4,5-trisphos-
phate) were reconstituted and stored in CHCIl,/MeOH/H,O
(20:9:1). All lipid stocks were stored at —20 °C under nitrogen
gas, and their concentrations were determined by quantifying
phosphorus (38). The integrity of phosphoinositides was
assessed by thin layer chromatography in a solvent system com-
posed of chloroform, methanol, 4 m NH,OH (9:7:2). Small
unilamellar vesicles were prepared by rotary evaporation of the
solvent from lipid mixtures, hydration of dried lipids in buffer
(10 mm Tris, 100 mm NaCl, pH 7.0), followed by probe sonica-
tion on ice under a stream of nitrogen for 10 -12 min. Titanium
debris was removed by centrifugation at 10,000 X g for 3 min.
Vesicles were then used immediately for binding assays. The
integrity of PI(3,4,5)P; in the vesicles, before and after the son-
ication step, was confirmed by electrospray mass spectrometry
in negative ion mode where the mass ratios of PC/PIP, varied
by only 7%.

Binding of the PT Domain to Sucrose-loaded Vesicles—Meth-
ods were adapted from those described previously (24, 39),
except that sonicated rather than extruded sucrose-loaded ves-
icles (SLVs) were used to match the conditions used for the
tryptophan fluorescence analysis of protein-lipid interactions.
Lipids were mixed with 0.5 uCi of [*H]dipalmitoyl-PC, and
films prepared as described (24). The films were hydrated in 20
mM Tris, pH 7.2, 170 mM sucrose to a concentration of 2 mm
and were sonicated under argon at 4 °C for 6 —10 min. Vesicles
were diluted 5-fold in 20 mm Tris, pH 7.2,0.12 M NaCl and were
collected by centrifugation for 3 hat 125,000 X gat 20 °C. SLVs,
which are very loosely pelleted, were resuspended in the bottom
0.2 volume of a spun lipid sample. The recovery of lipid (75—
80%) was determined by liquid scintillation counting of aliquots
before and after each step, and the final concentration was
determined based on this recovery. Purified PT domain was
pre-spun at 4 °C for 45 min at 125,000 X g. The supernatant,
containing >90% of the original protein concentration, was
immediately diluted to 2.5 uM into SLV buffer containing
0-0.6 mm SLV, 20 mm Tris, pH 7.2, 0.1 m NaCl, 20 mm sucrose,
and 8 mM DTT in a total volume of 60 ul. The samples were
centrifuged for 45 min at 20 °C and 125,000 X g. The upper 40
wl was separated from the lower 20 ul, and aliquots were trans-
ferred for assessment of lipid recovery by scintillation counting
(>95% in lower fraction) and protein content by gel electropho-
resis on 16% Tricine gels, Coomassie staining, and densitome-
try of scanned gels using ImageQuant 5.2. The fraction of PT
domain bound to SLVs was calculated after corrections for the
fraction of PT that sedimented in the absence of lipid (0.29 =
0.07; n = 7) and for the contamination of the pellet fraction with
supernatant.

Fluorescence Detection of Tryptophan Insertion into Phospho-
lipid Vesicles—Recombinant proteins (3 um final concentra-
tion) and vesicles were mixed and incubated at 20 °C for 5 min
and then tryptophan fluorescence spectra were acquired on an
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SLM 4800C spectrophotometer (SLM Instruments, Urbana,
IL) with an excitation wavelength of 290 nm to minimize con-
tributions from tyrosine. Excitation and emission slits were 8
nm. The spectra were obtained at 1-nm intervals, smoothened,
and corrected for buffer and/or lipid vesicle fluorescence by
spectral subtraction. The peak fluorescence (A,,,) was deter-
mined to 0.25 nm by interpolation.

The partition coefficient for binding of the PT domain to 75%
PC, 20% PS, and 5% PI(3,4,5)P; vesicles equals the reciprocal of
the concentration of accessible lipid giving half-maximal bind-
ing (39). Accessible lipid concentration = 0.6 X total lipid con-
centration. Maximum binding was obtained from the end pla-
teau value.

max

RESULTS

Basic/Hydrophobic Cluster in the PT Domain Mediates
Plasma Membrane Targeting of RasGRPI—As shown previ-
ously (11, 12), RasGRP1 is cytoplasmic in unstimulated DT40
cells but translocates to the plasma membrane when the BCR is
ligated with anti-IgM antibody (Fig. 1B). Deletion of the PT
domain from RasGRP1 completely prevents BCR-induced
plasma membrane targeting (Fig. 1B and Table 1). How does
the PT domain specifically recognize the plasma membrane as
its site of localization, and what BCR-initiated signal drives this
process? As a first step toward addressing these questions, we
expressed GFP fusions of RasGRP1 and various derivatives in
DT40 B cells and used them to identify the components of the
PT domain that are responsible for BCR-induced plasma mem-
brane targeting.

The C-terminal portion of the PT domain contains a pre-
dicted leucine zipper (Fig. 14) (11), which has the potential to
mediate plasma membrane targeting either by heterodimeriz-
ing with a compatible leucine zipper on a plasma membrane-
localized protein (40) or by direct interaction with the mem-
brane (41). However, when the leucine zipper was deleted from
RasGRP1, BCR-induced plasma membrane targeting still
occurred, although with moderately reduced effectiveness (Fig.
1B and Table 1). When the C-terminal portion of the PT
domain containing the leucine zipper was expressed on its own,
it did not translocate to the plasma membrane in response to
BCR ligation (P7-C in Fig. 1B and Table 1). In contrast, the
N-terminal portion of the PT domain by itself was capable of
BCR-induced plasma membrane targeting (PT-N in Fig. 1B),
and deletion of this segment from RasGRP1 completely elimi-
nated BCR-induced translocation to the plasma membrane,
despite retention of the leucine zipper (Fig. 1B).

The N-terminal portion of the PT domain does not have
significant sequence similarity to other proteins but is enriched
in basic and hydrophobic residues (Fig. 1C). Unstructured
basic/hydrophobic clusters can mediate membrane binding by
presenting positive charges that electrostatically interact with
anionic phospholipid headgroups and aromatic or long ali-
phatic side chains that insert into the lipid bilayer (29 -34, 42).
To test whether this mechanism was operative, we surveyed
candidate basic and hydrophobic residues in the N-terminal
portion of the PT domain for their contributions to plasma
membrane targeting. The Leu”**~Ile”® pair of aliphatic resi-
dues was not required for plasma membrane targeting of the PT
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domain nor was the LHLRLR segment of alternating aliphatic/
basic residues (supplemental Fig. 1). The N terminus of the PT
domain contains two aromatic residues, a tryptophan (Trp”>°),
which is conserved among vertebrate RasGRP1s (Fig. 1C), and a
nearby phenylalanine (Phe”3, a tyrosine in birds or amphibi-
ans). Induction of plasma membrane targeting by BCR ligation
was very inefficient when Trp”>® was mutated to alanine
(RGI-Wu in Fig. 1A), such that RasGRP1 was undetectable at
the plasma membrane in most cells and in the other cells only a
minor portion of the RasGRP1 relocalized to the plasma mem-
brane (Fig. 1D and Table 1). Mutation of Phe”** had no notice-
able effect on its own (RGI-Fu in Fig. 1, A and D) but further
reduced the residual plasma membrane targeting that occurred
when the Trp”?® was mutated (Table 1). Thus, Trp”?® in the
N-terminal portion of the PT domain is a critical determinant
of plasma membrane targeting, although Phe”** makes a minor
contribution.

Bilayer penetration of aromatic side chains is often coupled
with electrostatic interactions between neighboring basic side
chains and phospholipid headgroups (34). There is a conserved
cluster of basic residues in the N-terminal portion of the PT
domain as follows: three arginines or lysines at positions 719 —
721 and a lysine at 725, adjacent to the tryptophan (Fig. 1, A and
C). Mutation of these four basic residues to neutral hydrophilic
residues (RGI-RKR/Kp. in Fig. 1A) reduced plasma membrane
targeting of RasGRP1, equivalently to mutation of Trp”>® (Fig.
1D and Table 1). The tryptophan and the basic amino acids
were also required for plasma membrane targeting of the iso-
lated PT domain (supplemental Fig. 1). A 17-amino acid seg-
ment containing the arginines, lysines, tryptophan, and phenyl-
alanine, which we refer to as the BHC (Fig. 14), was sufficient
for BCR-induced plasma membrane targeting (Fig. 1B and
Table 1). Thus, the BHC is the core component of the PT
domain that detects BCR-initiated signaling and directly medi-
ates plasma membrane targeting. The essential roles of the
tryptophan and basic residues indicate that membrane localiza-
tion of the BHC could be occurring by the combination of elec-
trostatic and hydrophobic interactions, which characterizes
other membrane-binding basic/hydrophobic clusters (29 —34).

Phosphoinositide 3-Kinase Positively Regulates BCR-induced
Plasma Membrane Targeting of RasGRP1—What is the BCR-
induced signal to which the BHC in the PT domain is respond-
ing? Phosphoinositides are particularly effective at mediating
membrane binding of proteins with basic/hydrophobic clus-
ters, because they present a high negative charge density on the
membrane surface that concentrates around the positively
charged adsorbed peptide (43). Following BCR ligation, PI3K is
activated at the plasma membrane, and the predominant phos-
phoinositide that is generated in response is PI(3,4)P, (35, 44,
45), and so we examined the possible roles of PI3K and PI(3,4)P,,
in BCR-induced plasma membrane targeting of RasGRPI.
Using the C-terminal PH domain of TAPP1 as a fluorescent
probe specific for P1(3,4)P, (46, 47), we found that treatment of
BCR-stimulated DT40 cells with the PI3K inhibitor LY294002
reduced PI(3,4)P, generation at the plasma membrane and also
reduced plasma membrane targeting of RasGRP1 (Fig. 24 and
Table 2). LY303511, an inactive analog of LY294002, did not
affect either PI(3,4)P, generation or RasGRP1 targeting to the

JOURNAL OF BIOLOGICAL CHEMISTRY 12715


http://www.jbc.org/cgi/content/full/M110.189605/DC1
http://www.jbc.org/cgi/content/full/M110.189605/DC1

Regulation of RasGRP1 by PI3K

A REM GEF EF C1 SuPT PT
CHEES—()>-@— @ =i o)
PT-C
PT-N
BHC L.Z
720 740 760 780
* * * * * * * *
PT ALVRKRAFVKWENKESLIKPKPELHLRLRTYQELEQEINTLKADNDALKIQLKYAQKKIESLQLGKSNHVLAQMDHGDSA
RG1-RKR/Kp TNS Q
RG1-Wp A
RG1-Fpn A
B RG1APT-N RG1ALZ

o-IgM

Cc PT-N
BHC
RKRAFVIKWENKDSIL--|IKISKEELRHLRLPTY|QH
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FIGURE 1. BCR-induced plasma membrane targeting of RasGRP1 is mediated by its BHC. A, domain structure of RasGRP1, the sequence of the PT domain
and the boundaries of the PT-N and PT-C segments, and the BHC and leucine zipper (LZ). Numbering corresponds to the sequence of full-length murine
RasGRP1. The sequence changes for mutants are shown below the PT sequence. B and D, DT40 cells expressing GFP-tagged RasGRP1 (RG1) or the indicated
derivatives were untreated (nil) or treated with a-lgM for 10 min and then imaged, as described under “Experimental Procedures.” The single cells shown in this
and subsequent figures are representative of the majority of cells in the population, with the exception of those expressing PT-C that were chosen to represent
the subset of cells with detectable plasma membrane localization of PT-C (19% of the cell population for nil, and 20% for a-IlgM-treated). Quantifications of
signal at plasma membrane versus cytoplasm are in Table 1. Cells shown have diameters of 12 = 1 um unless otherwise indicated by the presence of a scale bar.
Scale bars, 5 um. C, sequence comparison of the PT-N segment of vertebrate RasGRP1s. Conserved amino acids are boxed (R = Kand D = E for conservation).
Basic amino acids are blue, and large hydrophobic amino acids are green.

plasma membrane in response to BCR ligation (Fig. 24 and
Table 2). Wortmannin and PI3K« inhibitor 2, two other inhib-
itors of PI3K, also reduced both PI(3,4)P, generation and
plasma membrane targeting of RasGRP1 (Fig. 24 and supple-
mental Fig. 2). PI3K inhibitors can also inhibit the TORC sig-
naling complexes, but rapamycin, an inhibitor of one of the
TORC complexes, TORCI, had no effect on plasma membrane
targeting of RasGRP1 (supplemental Fig. 2). Thus, PI3K
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appears to be responsible for the relocalization of RasGRP1
from the cytoplasm to the plasma membrane that occurs fol-
lowing BCR ligation.

Membrane localization positively regulates the activity of
RasGRP1, by bringing it into contact with its membrane-bound
Ras substrates. Elimination of plasma membrane targeting by
deletion of the PT domain reduces BCR-induced RasGRP1 acti-
vation, as detected by phosphorylation of ERK2, a downstream
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TABLE 1

BHC within the PT domain mediates BCR-induced plasma membrane
targeting of RasGRP1

% of cells with

detectable signal Signal intensity,
at pm“ pm/cytoplasm®
Nil +algM +algM

RG1 0 100 7.7 £27°
RGIAPT 0 0 1.0 =0.1
RG1ALZ 0 95 3.3*09
PT-C 19 20 1.1x0.1
BHC 0 90 24 *+05
RGI-Wpun 0 35 14 £0.3
RG1-FuWp 0 10 1.1+0.1
RG1-RKR/Ku 0 30 1.2+0.2

%200+ DT4O0 cells were scored for detectable concentration of GFP signal at the
plasma membrane.

? Signal intensities at plasma membrane and cytoplasm were determined as de-
scribed under “Experimental Procedures.”

¢ Values are the mean * S.D.

component of the Ras signaling pathway (11). Preventing
plasma membrane targeting by inhibiting PI3K also reduced
activation of RasGRP1 by BCR ligation (Fig. 2, B and C). Thus,
PI3K-induced plasma membrane targeting of RasGRP1 via its
PT domain is required for optimal activation of signaling
through the Ras pathway.

PI3K Is Required for BHC-mediated Plasma Membrane
Targeting of RasGRPI in Response to Hydrogen Peroxide and
PDGF—Hydrogen peroxide activates PI3K in DT40 cells (48),
resulting in the generation of PI(3,4)P, at the plasma membrane
(Fig. 3A). This provides an alternative system for testing the
roles of PI3K and phosphoinositides in plasma membrane tar-
geting of RasGRP1. As predicted, hydrogen peroxide induced
translocation of RasGRP1 to the plasma membrane (Fig. 3A4),
and this was impeded when PI3K was inhibited by either
LY294002 or wortmannin (Fig. 34 and supplemental Table 1).

In the NIH 3T3 fibroblast line, PDGF-induced PI3K activa-
tion results in the generation of both PI(3,4)P, and PI(3,4,5)P,
at the plasma membrane (Fig. 3B), the former being detected by
the PH domain of TAPP1 and the latter being detected by the
PH domain of Btk (47, 49). PDGF stimulation of NIH 3T3 cells
also induces partial translocation of RasGRP1 to the plasma
membrane (Fig. 3B). The PI3K inhibitors LY294002 and wort-
mannin blocked PDGF-induced generation of PI(3,4)P, and
PI(3,4,5)P, at the plasma membrane of the NIH 3T3 cells, and it
also blocked plasma membrane targeting of RasGRP1 in
response to PDGF (Fig. 3B and supplemental Table 2). This
provides a third example of induced plasma membrane target-
ing of RasGRP1 being dependent on induced activation of PI3K.

Constitutive Activation of PI3K Decouples Plasma Membrane
Targeting of RasGRPI from BCR Ligation—PI3K is active in
WEHI-231 B cells in the absence of BCR ligation, and the phos-
phoinositide 3-phosphatase PTEN is not expressed in these
cells, resulting in constitutive activation of the PI3K pathway
(50, 51). A substantial portion of RasGRP1 is at the plasma
membrane in WEHI-231 cells even in the absence of BCR liga-
tion (Fig. 4A4) (11). This BCR-independent plasma membrane
targeting of RasGRP1, which occurs independently of the C1
domain (11), required both the tryptophan and the basic cluster
within the BHC (Fig. 44) and was reduced by inhibition of PI3K
(Fig. 4B and supplemental Table 3). This demonstrates that the
BHC and PI3K can drive plasma membrane targeting of
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RasGRP1 in the absence of other BCR-induced signals, and it
illustrates how plasma membrane targeting of RasGRP1 can be
deregulated by constitutive activation of PI3K.

Both PI3K-generated Phosphoinositides and PI(4,5)P, Con-
tribute to Constitutive Plasma Membrane Localization of the
PT Domain—In contrast to RasGRP1, the isolated PT domain is
partially at the plasma membrane in unstimulated DT40 B cells,
although there is additional targeting of the PT domain to the
plasma membrane following BCR ligation (supplemental Fig.
1). This constitutive plasma membrane localization of the PT
domain is reduced but not eliminated by PI3K inhibition (Fig. 5
and supplemental Table 4), indicating that PI3K-generated
phosphoinositides contribute to but are not solely responsible
for its targeting to the plasma membrane. The phosphoinosi-
tide PI(4,5)P, is constitutively generated at the plasma mem-
brane independently of PI3K, and thus could be responsible for
the plasma membrane targeting of the PT domain that occurs
even when PI3K is inhibited. We tested this by reducing
PI(4,5)P, levels at the plasma membrane using m-3M3FBS, an
activator of the PI(4,5)P,-hydrolyzing enzyme phospholipase C
(52). Treatment of DT40 cells with m-3M3FBS lowered
PI(4,5)P, at the plasma membrane, as detected by the PH
domain of PLC8 (47, 53), and reduced the intensity of the PT
domain localization at the plasma membrane (Fig. 5). Co-treat-
ment with m-3M3FBS and the PI3K inhibitor L'Y294002 (Fig. 5
and supplemental Table 4) or wortmannin (supplemental Table
4) completely removed the PT domain from the plasma mem-
brane. Co-treatment of DT40 cells with PI3K inhibitor plus
neomycin, which binds to PI(4,5)P, (54), also eliminated con-
stitutive localization of the PT domain at the plasma membrane
(supplemental Table 4). These experiments indicate that
plasma membrane targeting of the PT domain can be driven by
a combination of PI3K-generated phosphoinositides and
PI(4,5)P,, with this combination of phosphoinositides being
sufficient for partial plasma membrane targeting of the PT
domain even in the absence of receptor ligation. The insuffi-
ciency of PI(4,5)P, to localize full-length RasGRP1 to the
plasma membrane in the absence of BCR ligation (Fig. 1B) is
presumably due to the presence of the SuPT and GEF domains,
both of which serve as attenuators of PT domain-mediated
plasma membrane targeting (11, 23).

Phosphoinositides Are Direct Ligands for the PT Domain—
The mutational analysis of the PT domain suggests that the
mechanism of plasma membrane targeting could involve direct
interaction of the BHC with membranes enriched in anionic
phospholipids, and the requirement for PI3K in BHC-mediated
plasma membrane targeting implies that PI3K-generated phos-
phoinositides would be the critical anionic phospholipids if this
mechanism was operative.

We tested the ability of the PT domain to bind to membranes
by examining its co-sedimentation with unilamellar vesicles
containing the neutral phospholipid PC supplemented with
20% of the anionic phospholipid PS to approximate the negative
charge density of the inner leaflet of the plasma membrane in
unstimulated cells (55). Even at the highest lipid concentration
tested, only a minor fraction of the PT domain bound to the
PC/PS vesicles (Fig. 6). However, addition of 5% PI(3,4,5)P; to
the vesicles resulted in complete binding of the PT domain at
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FIGURE 2. BCR-induced plasma membrane targeting and activation of RasGRP1 is dependent on PI3K. A, DT40 cells expressing GFP-tagged TAPP1 PH
domain or RG1 were either untreated (nil) or pretreated for 15 min with LY303511 (LY30, used as a control) or the PI3Kinhibitors LY294002 (LY29) or wortmannin
(Wm) and then stimulated with a-IgM for 10 min in the presence of LY303511, LY294002, or wortmannin. Cells shown have diameters of 12 = 1 um unless
otherwise indicated by the presence of a scale bar. Scale bars, 5 um. B, effect of PI3K inhibitors on BCR-induced RasGRP1 activation in DT40 cells. ERK2
phosphorylation was used to indirectly measure RasGRP1 activity in the presence of the PI3K inhibitors LY294002 or wortmannin or their respective controls
LY303511 or DMSO. Data are mean =* S.E. from three (LY294002) or five (wortmannin) independent experiments. The calculation is described under “Experi-
mental Procedures.” C, one of the Western blots from which the data in B was derived. DT40 cells expressing GFP alone (as a control) or GFP-tagged RG1 were
untreated (nil) or pretreated for 15 min with LY303511, LY294002, wortmannin, or DMSO and then stimulated with a-IgM for 10 min in the presence of
LY303511,LY294002, wortmannin, or DMSO as indicated. Whole cell lysates were then analyzed for phosphorylated ERK2 levels by Western blot. The numbers
below the P-ERK2 blot are relative quantities of each band. Total ERK2, RG1, and y-tubulin (as a loading control) were determined by probing strips from the
same blot (RG1 and y-tubulin) or a second blot (ERK) with appropriate antibodies as described under “Experimental Procedures.”

high lipid concentration (Fig. 6). By varying the lipid concen-

:gIB(LE 2d' BCRuinduced . ¢ RasGRP1 he ol tration, the partition coefficient of the PT domain for PC/PS
m emI;‘:aen éates -induced targeting of Ras to the plasma  yosicles containing 5% PI(3,4,5)P, was calculated to be 2.5 X 10*
—1 . . . . . . o
% of cells with detectable _ Signal intensity, plasma M, an affinity that could provide physiologically significant
Signzl at p‘}asin;/[ membrane/lcyﬁplasm” + membrane binding in cells (56, 57).
membrane e e In most basic/hydrophobic clusters that mediate membrane
LY303511  LY294002  LY303511  LY294002 e ) . . o
binding, insertion of hydrophobic, particularly aromatic, side
RG1 100 50 67+25  19%06 . N . g
chains into the lipid bilayer makes a major contribution to
TAPPIPH 90 28 1.7 £ 02 11=00

“200+ DT4O0 cells were scored for detectable concentration of GFP signal at the membrane blndlng (29 —34, 42)' The tryptophan in the BHC of

plasma membrane. RasGRP1, which is essential for effective plasma membrane tar-
bgi i iti i . . 1 . . . .
Slgl?al 1nten51t1§s at plgsma membrane am’:’l cytoplasm were determined as de- geting, could dlrectly facilitate membrane bmdmg by inserting
scribed under “Experimental Procedures. < o . ]
¢ Values are the mean % S.D. into the lipid bilayer (58). Transfer of the indole group of tryp-
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FIGURE 3. PI3K is required for plasma membrane targeting of RasGRP1
in response to hydrogen peroxide or PDGF. A, DT40 cells expressing
GFP-tagged TAPP1 PH domain or RG1 were either untreated (nil) or pre-
treated for 15 min with LY303511 (LY30), LY294002 (LY29), or wortmannin
(Wm) and then stimulated with H,0, in the presence of LY303511,
LY294002, or wortmannin for 10 min. Scale bar, 5 um. B, NIH 3T3 cells
expressing GFP-tagged PH domains of TAPP1, Btk, or RG1 were untreated
(nil) or pretreated for 15 min with LY303511, LY294002, or wortmannin
prior to stimulation with PDGF-BB in the presence of LY303511,LY294002,
or wortmannin for 5 min. Scale bar, 10 um.

tophan from the aqueous phase into the reduced polarity envi-
ronment of a lipid bilayer results in a blue shift in its fluores-
cence emission spectrum, accompanied by an increase in
emission intensity (59), and this spectral shift can be used to
detect binding of tryptophan-containing proteins to model
membranes (60 — 64). When excited at 290 nm in the absence of
vesicles, the PT domain had an emission peak at 348 nm,
because of its single tryptophan Trp”>® (supplemental Fig. 34,

pCEEYS
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RG1-RKR/Kun

RG1-Wp B

FIGURE 4. Constitutive plasma membrane localization of RasGRP1 in
WEHI-231 B cells is mediated by PI3K and the BHC. A, unstimulated WEHI
231 cells expressing GFP-tagged RG1 or the indicated mutants. Scale bar, 5
um. B, unstimulated WEHI 231 cells expressing GFP-tagged RG1 were treated
with LY294002 (LY29) to inhibit PI3K or with LY303511 (LY30) as a control for
30 min. Scale bar, 5 um.

PLCSPH PT

LY29
+

m-3M3FBS

FIGURE 5. Constitutive plasma membrane targeting of the PT domain is
mediated by PI(4,5)P, as well as PI3K-generated phosphoinositides.
Unstimulated DT40 cells expressing GFP-tagged PLCS PH domain or PT
domain were treated for 15 min with LY303511 (LY30), LY294002 (LY29),
and/or m-3M3FBS. Scale bar, 5 pm.

comparing PT versus PT-Wu). Addition of PC/PS vesicles did
not cause a significant change in the tryptophan emission spec-
trum of the PT domain, but inclusion of 3 or 5% PI(3,4,5)P in
the PC/PS vesicles induced an emission blue shift of about 5
nm, as well as an increase in emission intensity (Fig. 7A and
supplemental Fig. 34). These fluorescence shifts indicate that
binding of the PT domain to phosphoinositide-containing ves-
icles involves insertion of Trp”?°. Binding of the PT domain to
PC, PS, 5% PI(3,4,5)P5 vesicles had the same partition coeffi-
cient (2.5 X 10* M ') when measured by tryptophan blue shift
versus vesicle sedimentation (Fig. 6 versus 7B). This demon-
strates that the tryptophan blue shift provides an effective assay
for detecting binding of the PT domain to vesicles, with the
advantage that this method, unlike vesicle sedimentation,
detects binding in real time without perturbing the binding
equilibrium and therefore is preferable for assessing a protein-
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FIGURE 6. PT domain co-sediments with phospholipid vesicles contain-
ing PI(3,4,5)P5. Purified PT domain (2.5 um) was incubated with sucrose-
loaded vesicles composed of the indicated lipids. Bound and free PT proteins
were separated by sedimentation, and the fraction bound was determined as
described under “Experimental Procedures.” The data, compiled from two
independent experiments with separately prepared SLVs, were fitted to a
nonlinear variable slope regression line using GraphPad Prism. The R? value
for the fits were 0.99 for binding to vesicles containing PI(3,4,5)P5, and 0.80 for
binding to the vesicles lacking PI(3,4,5)P,. Bars indicate ranges of two inde-
pendent experiments.

vesicle interaction (62, 65). We used the tryptophan blue shift
assay to further characterize how the PT domain interacts with
phospholipid vesicles.

The phenylalanine within the BHC, Phe”?3, also has the
potential to contribute to membrane binding, by insertion of its
aromatic side chain into the bilayer. In cells, Phe”*® was largely
redundant to Trp”°, in that mutation of Phe”*® had no detect-
able effect on plasma membrane localization of RasGRP1
unless Trp”*® was already mutated (Table 1). However, muta-
tion of Phe”?? did reduce PI(3,4,5)P,-induced vesicle binding of
the PT domain even when Trp”>® was intact (Fig. 7C). This
confirms that Phe”>” can contribute to the binding mechanism,
although the role of Phe”?? is predominant.

The basic amino acids adjacent to Phe”** and Trp”?® in the
BHC were essential for PI3K-dependent targeting of RasGRP1
to the plasma membrane (Fig. 1D). Mutation of the same basic
amino acids prevented insertion of Trp”2 into PI(3,4,5)P,-con-
taining vesicles (Fig. 7C). Insertion of Trp”?° was also prevented
when electrostatic forces were masked by elevated NaCl con-
centration (supplemental Fig. 3B). This confirms that the
mechanism of membrane binding involves electrostatic inter-
actions in conjunction with aromatic side chain insertion.

PI(3,4)P, or PI(4,5)P, also induced binding of the PT domain
to the PC/PS vesicles as detected by the blue shift assay, with
similar efficacy to P1(3,4,5)P, when present in the vesicles at 5%,
but with lower relative efficacy when the phosphoinositide con-
centration was reduced (Fig. 7A). The abilities of phosphoino-
sitide headgroups to facilitate membrane binding by the PT
domain could simply be a function of their additive contribu-
tions to the net negative charge at the surface of the vesicles.
The PT domain can bind to vesicles containing a high molar
ratio of PS (supplemental Fig. 3C), indicating that high anionic
charge density, rather than specific structural recognition of
phosphoinositides, is indeed responsible for PT domain bind-
ing. However, when we compared binding of the PT domain to
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PC vesicles containing PI(3,4)P, (net charge —4) or PI(3,4,5)P,
(net charge —5.5) (66) versus vesicles carrying the equivalent
negative charge provided by PS (net charge —1), the phospho-
inositides were more effective at inducing binding of the PT
domain to the vesicles (Fig. 7D). This presumably reflects the
exceptionally strong electrostatic force between the multiple
phosphates on the phosphoinositide headgroups and the clus-
tered basic charges on the BHC (43).

When the leucine zipper within the C-terminal portion of the
PT domain was removed, the remaining BHC still bound to
PI(3,4,5)P,-containing vesicles (Fig. 7B), demonstrating that
the BHC is sufficient for phosphoinositide recognition and
membrane binding. But in comparison with the intact PT
domain, the BHC had lower affinity for the vesicles, as indicated
by the shift toward higher lipid concentration required for an
equivalent level of binding (Fig. 7B). This result substantiates
what we inferred from the roles of the PT domain components
in plasma membrane targeting; it is the BHC that directly
detects phosphoinositides in membranes, whereas the leucine
zipper within the C-terminal portion of the PT domain plays a
secondary role by enhancing the efficiency of BHC-mediated
membrane binding.

Considered in combination with the cell experiments show-
ing that plasma membrane targeting of RasGRP1 occurs via the
BHC, requires PI3K, involves major contributions from the
basic cluster and tryptophan and a subsidiary contribution
from the phenylalanine, and is enhanced by the leucine zipper,
the experiments with phospholipid vesicles establish a molec-
ular mechanism explaining how the BHC detects phospho-
inositides and thereby mediates plasma membrane targeting of
RasGRP1 in response to ligation of cell-surface receptors that
are coupled to PI3K (Fig. 8).

DISCUSSION

Like other exchange factors, RasGRP1 is primarily regulated
by controlling its access to membrane-bound substrates. Previ-
ous investigations have focused on the C1 domain of RasGRP1,
which detects signaling from phospholipase Cs and mediates
membrane localization by binding the lipid second messenger
DAG. We have now shown that plasma membrane localization
of RasGRP1 can also be regulated by PI3K, via a BHC within the
PT domain of RasGRP1 that directly detects phosphoinositide
generation at the plasma membrane by PI3K.

Binding of the BHC of RasGRP1 to membranes involves
insertion of a tryptophan into the membrane. The moderate
size of the fluorescence blue shift (~7 nm, Fig. 7B) when bind-
ing is saturated indicates that the indole side chain is probably
penetrating only as far as the interface between the highly
hydrated phosphoinositide headgroups and the hydrophobic
acyl chains (67). A phenylalanine within the BHC makes a
minor contribution to binding, and this may also involve inser-
tion of the aromatic side chain into the membrane bilayer.
Arginines and lysines within the BHC and anionic phospholipid
headgroups are additionally required for membrane binding.
This synergism of charged and hydrophobic components is
typical of the membrane binding mechanisms of other basic/
hydrophobic clusters (29, 31-34), with the electrostatic force
between the basic amino acid side chains and the anionic head-
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FIGURE 7. PT domain binds to phosphoinositide-containing vesicles via hydrophobic and electrostatic interactions. A, purified PT domain (3 um) was
incubated with PC vesicles containing 20 mol % PS and the indicated mol % of PI(3,4,5)Ps, PI(3,4)P,, or PI(4,5)P,. The phosphoinositide content was varied at the
expense of the PC. The molar ratio of lipid to protein was 100 in this and subsequent panels. Spectra were collected, and A, values were obtained and
subtracted from that of the PT domain without vesicles to determine tryptophan blue shift values. All data in this and subsequent panels are means = S.E. of
two independent experiments, each with two replicates, with the exception of the 3% phosphoinositides in A that are from three experiments, each with two
replicates. B, purified PT domain or BHC was incubated with increasing concentrations of vesicles containing 75% PC, 20% PS, and 5% PI(3,4,5)P5. Spectra were
collected, and A, values were subtracted from that of PT without vesicles to determine blue shift values. The data were fit to a nonlinear variable slopes
regression line using GraphPad Prism version 5. The R? value for the fits were 0.94 (PT) and 0.85 (BHC). Purified proteins of the indicated constructs were
incubated with 75% PC, 20% PS, and 5% PI(3,4,5)P5. C and D, wild-type or mutant forms of the PT domain were incubated with vesicles of the indicated

composition.

groups enabling insertion of the aromatic side chains into the
bilayer (68). The particular effectiveness of phosphoinositides
as ligands for the BHC presumably reflects their high negative
charge densities, and perhaps also their abilities to sequester
around the cluster of basic charges on the BHC, thus maximiz-
ing the electrostatic forces that drive membrane binding (43,
68).

Fig. 84 shows our current model of how the BHC mediates
PI3K-induced plasma membrane targeting. In unstimulated
cells, the concentrations of accessible anionic phospholipids in
the plasma membrane (PI(4,5)P,, PS, PG etc.) are insufficient to
support stable binding of the BHC. When signaling from a
receptor such as BCR induces PI3K activation, the addition of
PI(3,4)P, and/or PI(3,4,5)P; to the plasma membrane raises the
concentration of anionic phospholipids above the threshold
required for stable BHC binding.

The BHC- and PI3K-generated phosphoinositides are cen-
tral to the mechanism of plasma membrane targeting of
RasGRP1, but they are not the only players in this process.
Another component of the PT domain, the leucine zipper,
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enhances the efficiency of BHC-mediated membrane binding
and thus lowers the threshold concentration of phosphoinositi-
des that triggers plasma membrane targeting. As a result, the
PT domain can weakly bind to the plasma membrane in the
absence of receptor ligation by detecting a set of constitutively
present phosphoinositides, composed of PI(4,5)P,, plus low lev-
els of PI(3,4)P, and PI(3,4,5)P,. Basic/hydrophobic clusters in
Rit, Rin, and PKCa« are similarly targeted to the plasma mem-
brane by PI(4,5)P, in combination with PI(3,4)P, and/or
PI(3,4,5)P; (30, 69). Given the large excess of PI(4,5)P, over
PI(3,4,5)P; plus (PI(3,4)P, in cells, it is surprising that P1(4,5)P,
does not completely dictate the localization of basic hydropho-
bic clusters due to their broad specificities for phosphoinositi-
des, but it is possible that the ratio of PI(4,5)P, to PI(3,4,5)P,
plus PI(3,4)P, available for BHC binding at the plasma mem-
brane is lower than whole cell quantities would suggest, per-
haps due to selective sequestration of PI(4,5)P, (70, 71).
Although addition of the leucine zipper to the BHC of
RasGRP1 hypersensitizes its detection of phosphoinositides
and thus causes constitutive plasma membrane targeting, two
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FIGURE 8. Proposed mechanism of plasma membrane targeting of Ras-
GRP1. A, in the absence of PI3K activation by receptors (top), there is insuffi-
cient negative charge at the inner surface of the plasma membrane (pm) to
support stable electrostatic binding of RasGRP1 via its BHC, despite the pres-
ence of PI(4,5)P, (triplet of negative charge in the diagram). When PI3K is
activated, the phosphoinositide that is generated (PI(3,4)P, as shown by the
second triplet of negative charge or alternatively PI(3,4,5)P5) provides addi-
tional clustered negative charges that drive electrostatic binding of the BHC
to the membrane, and this enables insertion of aromatic side chains into the
bilayer, which further stabilizes binding. B, potential for coincidence detec-
tion and signal amplification by RasGRP1. Binding of the BHC to phospho-
inositides generated by PI3K could synergize with binding of the C1 domain
to DAG generated by PLCy to maximize plasma membrane targeting of Ras-
GRP1. In addition to triggering downstream effector pathways such as Raf/
MEK/ERK, GTP loading of Ras by plasma membrane-localized RasGRP1 could
activate PI3K, thus setting up a positive feedback loop amplifying signaling
through both the PI3K and Ras pathways.

other domains within RasGRP1 counteract this and thus ensure
that plasma membrane targeting only occurs when the phos-
phoinositide content is elevated by receptor-coupled PI3K. The
SuPT domain directly down-modulates the efficiency of plasma
membrane targeting of the PT domain, reducing constitutive
localization and raising the threshold of receptor signaling
required for optimal plasma membrane targeting (11, 23).
When not bound to its catalytic product Ras-GTP, the GEF
domain of RasGRP1 also attenuates BHC-mediated plasma
membrane targeting, further suppressing constitutive targeting
while still permitting PI3K-induced targeting (23). Although
plasma membrane targeting of RasGRP1 is directly mediated by
phosphoinositide detection by the BHC, optimization and
stringent regulation of this process requires additional inputs
from the leucine zipper and the SuPT and GEF domains.

The efficiency of plasma membrane targeting of RasGRP1
can be amplified by cooperativity between its PT and C1
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domains. After RasGRP1 is drawn to the plasma membrane via
binding of the BHC to phosphoinositides, its interaction with
the membrane is further stabilized by the C1 domain binding to
the DAG that is generated at the plasma membrane by recep-
tor-coupled PLCy2 (11). Through its PT and C1 domains,
RasGRP1 can serve as a coincidence detector for PI3K and PLC
signaling, with high output of Ras signaling at the plasma mem-
brane occurring only when both PI3K and PLC signaling inputs
are received by RasGRP1 (Fig. 8B). If just PI3K signaling is
detected through the PT domain, plasma membrane targeting
of RasGRP1 and Ras activation at the plasma membrane is
suboptimal (11). Conversely, if just PLC signaling is detected
through the C1 domain, plasma membrane targeting of
RasGRP1 does not occur, and Ras activation is restricted to
endomembranes (11).

We have shown that RasGRP1 is a downstream effector
of PI3K. GTP-loaded Ras can directly activate PI3K (72), so
RasGRP1 could also be an upstream activator of PI3K. Once
PI3K signaling has triggered translocation of RasGRP1 to the
plasma membrane, the GTP-loaded Ras that is produced there
would contribute to the further activation of plasma mem-
brane-localized PI3K. This could set up a locally concentrated
positive feedback cycle between PI3K and Ras signaling that
would coordinately amplify signal output from these two path-
ways (Fig. 8B). By serving as the link that completes the positive
feedback loop, RasGRP1 could couple together two of the pre-
dominant signaling pathways involved in cancer. In cells
expressing RasGRP1, a mutation that chronically activates the
PI3K pathway would also deregulate Ras signaling, thus pro-
moting oncogenesis via the Ras pathway, whereas the feedback
from Ras to PI3K would concurrently exacerbate the other
oncogenic effects of PI3K signaling. By spatially restricting this
positive feedback between PI3K and Ras, the C1, GEF, SuPT,
and EF-hand domains of RasGRP1 that modulate membrane
targeting may be as important for avoiding oncogenesis as they
are for shaping the normal signaling patterns that flow through
RasGRP1.
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