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Abstract

RasGRP comprises a family of guanine nucleotide exchange factors, regulating the dissociation of
GDP from Ras GTPases to enhance the formation of the active GTP-bound form. RasGRP1
possesses REM (Ras exchange), GEF (catalytic), EF-hand, C1, SUPT (suppressor of PT), and PT
(plasma membrane-targeting) domains, among which the C1 domain drives membrane localization
in response to diacylglycerol or phorbol ester and the PT domain recognizes phosphoinositides.
The homologous family member RasGRP3 shows less plasma membrane localization. The
objective of this study was to explore the role of the different domains of RasGRP3 in membrane
translocation in response to phorbol esters. The full-length RasGRP3 shows limited translocation
to the plasma membrane in response to PMA, even when the basic hydrophobic cluster in the PT
domain, reported to be critical for RasGRP1 translocation to endogenous activators, is mutated to
resemble that of RasGRP1. Moreover, exchange of the C-termini (SUPT-PT domain) of the two
proteins had little effect on their plasma membrane translocation. On the other hand, while the C1
domain of RasGRP3 alone showed partial plasma membrane translocation, truncated RasGRP3
constructs, which contain the PT domain and are missing the REM, showed stronger translocation,
indicating that the REM of RasGRP3 was a suppressor of its membrane interaction. The REM of
RasGRP1 failed to show comparable suppression of RasGRP3 translocation. The marked
differences between RasGRP3 and RasGRP1 in membrane interaction necessarily will contribute
to their different behavior in cells and are relevant to the design of selective ligands as potential
therapeutic agents.
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Introduction

Ras signaling pathways, which play a prominent role both in cancer and in cell physiology,
are regulated by guanine nucleotide exchange factors (RasGEFs) and GTPase activating
proteins (RasGAPSs). Ras cycles between an inactive GDP-bound and an active GTP-bound
form, with its regulators shifting the balance between these two states [1, 2, 3]. RasGEFs
cause release of GDP from the inactive RasGDP complex, allowing the binding of GTP to
form the active RasGTP complex; RasGAPs enhance hydrolysis of bound GTP, generating
the inactive RasGDP complex. The active RasGTP complex functions by associating with its
downstream effectors, causing their allosteric activation. Ras family members are
membrane-bound signal-transducing proteins and their attachment to specific cellular
membranes allows them to confine, concentrate, and organize networks of signal detectors
and transmitters [4].

There are three major families of Ras-specific nucleotide exchange factors in humans, the
SOS proteins, the Ras guanine nucleotide releasing proteins (RasGRP), and the Ras guanine
nucleotide releasing factors (RasGRF) [5]. Unlike SOS, the RasGRPs are not ubiquitously
expressed but display restricted and overlapping patterns of tissue localization. Additionally,
while sharing many structural domains, they differ somewhat in specificity for Ras family
members and mechanisms of activation [5]. In vertebrates, four RasGRP family members
have been described. RasGRP1, RasGRP3, and RasGRP4 can all activate Ras, while
RasGRP2 functions as a GEF for the small GTPase Rap. The prominent biological role of
RasGRP?2 is in platelet signaling [6, 7]; RasGRP4 is largely restricted to mast cells [8]. Most
attention has been focused on RasGRP1 and RasGRP3, which are critically involved in
signaling in T and B lymphocytes [9, 10, 11, 12, 13]. RasGRP1 has been associated with
human autoimmune disease [14, 15, 16] and cancer [17, 18], while RasGRP3 has been
shown to play a role in immune function [5], in human melanoma [19, 20] and in prostate
cancer [21, 22].

A feature distinguishing the RasGRP family of RasGEFs is the presence of a C1 domain. C1
domains represent the recognition domain for the lipophilic second messenger
diacylglycerol (DAG) [23, 24, 25] and are likewise the target for the phorbol esters, which
function as ultrapotent DAG analogs [26]. C1 domains are present in six other families of
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critical signaling proteins as well, including protein kinase C, the chimaerins, and myotonic
dystrophy-related Cdc42-binding kinase (MRCK) [27]. The diverse biological functions of
these proteins have led to great interest in the development of C1 domain directed
compounds as potential therapeutic agents, with ingenol 3-mebutate approved by the FDA
for actinic keratosis, bryostatin 1 in clinical trials for cancer and dementia, and prostratin of
interest for combination therapy in HIV-AIDs.

DAG / phorbol esters interact with C1 domains by inserting into a hydrophilic cleft
surrounded by a hydrophaobic rim [28]. The ligand completes the hydrophobic surface,
promoting its translocation and insertion into the membrane and, depending upon the
protein, promoting conformational change in the protein by breaking the intramolecular
contacts occupied by the unliganded C1 domain [see, for example, 29]. Importantly, the C1
domain - ligand — membrane interaction has highly complex pharmacology, both because
the lipid headgroups provide part of the pharmacophoric interactions with the ligand and
because the complex is influenced by the interactions of the C1 domain surface with the
lipid membrane. Using combinatorial chemistry, we have shown that DAG-lactones with
relatively minor structural differences can show great diversity of biological consequence
[30]. We likewise have generated DAG-lactones with moderate selectivity for RasGRP1/3
relative to PKC [31, 32].

C1 domains are important regulatory elements of RasGRP1 and RasGRP3. They were
shown to be essential for the transforming activity of RasGRP1 in rat cells [33] as well as for
the biological activity of RasGRP1 and RasGRP3 in immune cells [5]. As with protein
kinase Cs, they also confer membrane translocation of RasGRPs in response to phorbol ester
treatment [34]. Emerging evidence suggests, however, that the elements contributing to
membrane interaction of RasGRP are substantially more complicated.

All exchange factors for Ras-GTPases contain a conserved GEF domain which directly
catalyzes displacement of GDP from Ras, thus enabling its replacement by GTP [35]. In the
catalytic module (REM; Ras exchange motif and GEF; catalytic domain; Figure 1) [36, 37,
38, 39, 40], the REM domain was shown to provide positive feedback regulation by binding
Ras-GTP and then allosterically enhancing the activity of the GEF domain in SOS proteins
[41, 42]. In RasGRP1, the catalytic module is followed by an EF domain with a predicted
pair of EF hands (EF1 and EF2 modules) [43, 44, 45], the C1 domain, and C-terminal SuPT
(suppressor of PT) and PT (plasma membrane-targeting) domains (Figure 1). The EF hands
control plasma membrane targeting by counteracting the SUPT domain which negatively
regulates the PT domain [46]. The plasma membrane targeting domain is directly
responsible for targeting RasGRP1 to the plasma membrane in some cell types [47]. In the
PT domain, a small segment enriched in basic and hydrophobic residues, the BHC motif has
been identified [48]. A similar motif has been found in other proteins that bind directly to
plasma membranes enriched in anionic phospholipids, particularly phosphoinositides [49,
50, 51, 52].

For plasma membrane targeting of RasGRP1, the activation of PI13K is important because it
generates P1(3,4)P, or PI(3,4,5)P3. In the absence of PI3K activation, there is insufficient
negative charge at the plasma membrane to support stable electrostatic binding of RasGRP1
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via its BHC. The PI(3,4)P, or PI(3,4,5)P3 provides the additional clustered negative charges
that drive electrostatic binding of the BHC to the membrane, enabling insertion of aromatic
side chains into the bilayer. Binding of the BHC to phosphoinositides generated by PI3K can
synergize with binding of the C1 domain to DAG generated by PLC-y to maximize plasma
membrane targeting of RasGRP1 (48). Since mutations leading to constitutive activation of
PI13K, generating PI1(3,4,5)P3, or inactivation of PTEN, a phosphatase which degrades
P1(3,4,5)P3, are both commonly seen in cancer [53, 54], an expectation is that cancers
expressing these mutations would lead to enhanced stimulation of RasGRP1, if present, with
downstream activation of Ras.

RasGRP3 has the broadest substrate selectivity of all the RasGRP family members, being
able to activate H-Ras, R-Ras, and Rap-1 [55, 56]. An important aspect of RasGRP3
regulation is its binding to the second messenger diacylglycerol. This binding is usually
accompanied by subcellular redistribution of RasGRP3, which is believed to contribute to
co-localization with its substrates [57]. In fact, subcellular redistribution in response to
diacylglycerol and its ultrapotent analogs, the phorbol esters, is one of the hallmarks of
activation. The process of translocation is orchestrated by a combination of factors, among
them the nature and lipophilicity of the ligand [58] and the affinity for phospholipids.

In the present paper, we have examined the role of different domains, including the basic/
hydrophobic cluster in the PT domain of RasGRP3, in phosphoinositide recognition and
membrane translocation in response to phorbol esters. We show that the difference between
the phosphoinositide binding (PT) domain of RasGRP3 and that of RasGRP1 cannot
account for the failure of RasGRP3 to be targeted to the plasma membrane by phorbol ester.
Our results clearly show that the N-terminus (REM domain) of RasGRPs is a critical
element contributing to the difference between RasGRP1 and RasGRP3 in their ability to
translocate to the plasma membrane. This difference in membrane translocation between
RasGRP1 and RasGRP3 further emphasizes the substantial divergence in the regulation of
these homologous proteins and potentially in their selectivity in living cells for lipophilic
ligands.

Experimental Procedures

Materials

Phorbol 12-myristate 13-acetate (PMA) was purchased from LC Laboratories (Woburn,
MA\). Dimethyl sulfoxide (DMSO) was purchased from Sigma — Aldrich (St. Louis, MO).
LNCaP human prostate cancer cells, HEK 293 human embryonic kidney cells, fetal bovine
serum (FBS), RPMI 1640 medium, L-glutamine, and Eagle’s Minimum Essential (EMEM)
medium were from American Type Culture Collection (Manassas, VVA). Reagents used for
culturing bacteria (LB Broth, LB agar plates with different selection of antibiotics, etc.) were
from K-D Medical, Inc. (Columbia, MD). The oligonucleotide primers used for polymerase
chain reaction (PCR), and site-directed mutagenesis were obtained from Invitrogen
(Carlsbad, CA) and Integrated DNA technologies, Inc. (Coralville, IA). Ras activation
assays were performed by using the Ras Activation Assay Kit from Cell Biolabs, Inc. (San
Diego, CA). 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-
oleoyl-srglycero-3-phospho-L-serine (POPS), 1,2-dioleoyl-sr-glycero-3-
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[phosphoinositol-3,4,5-triphosphate] (P1P3) were purchased from Avanti Polar Lipids
(Alabaster, AL). Reagents for expression and purification of glutathione S-transferase (GST)
fusion proteins and maltose binding protein (MBP) were obtained from Thermo Fisher
Scientific (Waltham, MA) and New England Biolabs (Ipswich, MA), respectively. For
Surface Plasmon Resonance (SPR), all experiments were performed with a Biacore 3000
with optical biosensor at 25°C. CM-5, L1 sensor chips, EDC (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide), NHS (N-hydroxysuccinimide), and P20 surfactant,
buffers, NBS-EP and NBS-N, and the GST-capture kit were obtained from GE Healthcare
(Piscataway, MJ).

Construction of GFP-tagged full-length RasGRP1/3 and RasGRP3 truncated constructs

The full-length RasGRP1 (NCBI Accession # NM_005739.3) and RasGRP3 (NCBI
Accession # NM_001139488.1) cDNAs were amplified by PCR using specific primers
(forward primer: 5'-AATaagctt GGCACCCTGGGCAAGGCGAGA-3" and reverse primer:
3’-AATggatccCTAAGAACAGTCACCCTGCTCCA-5"; Hindlll and BamHI sites; forward
primer: 5'-CATctcgagGGATCAAGTGGCCTTGGGAAAG-3" and reverse primer: 3’-
AATccgcgg TCAGCCATCCTCACCATCCTGT-5"; Xhol and Sacll sites, respectively
indicated by lower case letters, were incorporated to facilitate cloning) and subcloned into
the pEGFP-C3 plasmid (BD Biosciences Clontech, Palo Alto, CA) generating pEGFP-C3-
RasGRP1/3 with an N-terminal GFP tag. The full-length cDNA clone of RasGRP3 served as
a template to generate the recombinant truncated constructs. The truncated versions of
RasGRP3 were subcloned into the pEGP-C3 vector using the Hindlll and BamHI sites. The
DNA fragments of the PCR were purified with the QlAquick PCR purification kit (Qiagene,
Inc., Valencia, CA) and afterwards digested. After an additional step of purification, the
fragments were finally ligated into the GFP-containing pEGFP-C3 plasmid using the
restriction sites. The integrity of the inserts was verified by DNA sequencing, which was
performed by the Genomics Core (Center for Cancer Research, NCI).

Site-directed mutagenesis of the plasma membrane targeting (PT) domain of the full-
length RasGRP3

Point mutations of the amino acid residues were introduced using the GeneTailorR and
GeneArtR site-directed mutagenesis system (Invitrogen) according to the manufacturer’s
instructions. To generate the mutants of RasGRP3, the above mentioned wild type full-
length construct in pEGFP-C3 was used. Single (A651V) and double (D647K/K648R)
mutations were introduced in one step, and triple (D647K/K648R/A651V) mutations were
generated in a stepwise fashion using the single mutant as template. The presence of
mutations was verified by DNA sequencing (Genomics Core, Center for Cancer Research,
NCI).

Construction of GFP-tagged RasGRP1 and RasGRP3 chimeras by overlap extension PCR

To generate REM domain or C-terminal RasGRP1-RasGRP3 chimeras the full-length
RasGRP1 and RasGRP3 served as templates. The necessary fragments were amplified
separately by extension PCR using specific primers. The DNA fragments of the PCR were
purified with the QIAquick PCR purification kit (Qiagene, Inc.) and afterwards 15 PCR
cycles were run without primers in the overlap PCR reaction; then, the end primers were
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added to the overlap PCR reaction in the purification PCR section. Fragments with the
correct size were purified again with the QIAquick PCR purification kit and, with use of
BamHI and HindllI restriction enzymes, subcloned into the pEGFP-C3 plasmid (BD
Biosciences Clontech) to generate pEGFP-C3-RasGRP1/3 chimeras with an N-terminal GFP
tag. The integrity of the inserts was verified by DNA sequencing, which was performed by
the Genomics Core (Center for Cancer Research, NCI).

Construction of the GST-tagged C1 domain and the REM domain of RasGRP1/3

To generate a recombinant RasGRP1/3 C1 domain and REM domain fused to glutathione S-
transferase (GST), PCR amplification of the appropriate sequence was performed. The full-
length cDNA clone of RasGRP1/3 served as a template. The DNA fragments of the PCR
were purified with the QIAquick PCR purification kit (Qiagene, Inc.) and ligated into the
GST-containing pGEX-2T. In the case of the RasGRP1 REM domain the BamHI and Xhol
restriction enzymes were used to subclone into the pGEX-5X1 plasmid (GE Healthcare,
Pittsburgh, PA).

Expression in BL21 cells and purification of the GST-tagged C1 and REM domains of

RasGRP1/3

The C1 domain and REM motif of RasGRP1/3 in the pGEX-2T and pGEX-5X1 plasmids
were transformed into BL21 (DE3) One Shot chemically competent £. coli (Invitrogen).
Transformants were grown in LB broth medium (K-D Medical) at 37°C until the optical
density of the bacterial suspension reached 0.6-0.8. Expression of the GST fusion proteins
was induced with 0.3 mM isopropyl O-D-thiogalactopyranoside (Thermo Fisher Scientific)
for 4 h at 37°C or 6 h at room temperature (C1 domains and REM motifs, respectively).
Bacterial cells were subjected to B-PER bacterial protein extraction reagent (Thermo Fisher
Scientific) or lysis buffer (150 mM NacCl, 50 mM Tris buffer, pH 7.4). The expressed GST-
tagged C1 and REM proteins were purified using a GST Spin Purification Kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Purification efficiency was
evaluated by SDS-PAGE analysis. Purified proteins were stored in 20% glycerol at —80°C.

Construction of MBP-tagged full-length wild type RasGRP1/3 and REM chimeras of

RasGRP1/3

The full-length RasGRP1/3 and REM chimeras of RasGRP1/3 cDNAs were amplified by
PCR using specific primers and, with the restriction enzymes Ndel, BamHI, they were
subcloned into a pMAL-c5x plasmid (New England Biolabs) generating pMAL-c5x-
RasGRP1/3 and REM chimeras of RasGRP1/3 with an N-terminal MBP tag.

Expression in BL21 cells and purification of the MBP-tagged full-length RasGRP1/3 and
REM chimeras of RasGRP1/3

The full-length RasGRP1/3 and the REM chimeras in the pMAL-c5x plasmid were
transformed into BL21 (DE3) One Shot chemically competent £. coli (Invitrogen).
Transformants were grown in LB broth medium (K-D Medical) at 37°C until the optical
density of the bacterial suspension reached 0.5-0.6. Expression of the MBP fusion protein
was induced with 0.3 mM isopropyl O-D-thiogalactopyranoside (Thermo Fisher Scientific)
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for 6 h at room temperature. The expressed MBP-tagged proteins were purified using the
pMAL™ Protein Fusion and Purification System according to the manufacturer’s
instructions. Purification efficiency was evaluated by SDS-PAGE analysis. Purified proteins
were stored in 20% glycerol at —80°C.

Confocal analysis of GFP-labeled RasGRP1/3 proteins

LNCaP cells were plated at a density of 100,000 cells/plate on Ibidi p-dishes (Ibidi, LLC,
Verona, WI) and subcultured at 37°C in RPMI 1640 medium supplemented with 10% FBS
and 2 mM L-glutamine. After 48 h in culture, cells were transfected with GFP-tagged
recombinant constructs using Lipofectamine Plus reagent (Invitrogen) according to the
manufacturer’s recommendations. After 24 hours, the cells were treated with 1000 nM of
PMA in confocal medium (Dulbecco’s Modified Eagle Medium without phenol red
supplemented with 1% FBS), and time-lapse images were collected every 30 s using the
Zeiss AIM software. Imaging was performed with a Zeiss LSM 510 confocal microscopy
system (Carl Zeiss, Inc.) with an Axiovert 100 M inverted microscope operating with a 25
mW argon laser tuned to 488 nm. A 63x1.4 NA Zeiss Plan-Apochromat oil-immersion
objective was used together with varying zooms (1.4 to 2x). Imaging was performed in the
Center for Cancer Research Confocal Microscopy Core facility.

Quantification of Confocal Images

Two regions of 4 pm? each were selected in each cell as follows: one in the cytoplasm, and
one in the cell membrane. Mean intensities in the selected regions were calculated using the
Zeiss AIM software at the different time points; the ratio of the intensities for membrane/
cytoplasm was then calculated and normalized to the time O values. The increase in the
membrane/cytoplasm ratio indicates translocation.

Pan-Ras Activation Assay

For assays of Ras activation, cells (non-transfected HEK 293 cells used as control or
HEK?293 cells expressing RasGRP1, RasGRP3, the different chimeras or the indicated
truncated mutants) were lysed in a 1X assay buffer (Pan-Ras Activation Assay Kit, Cell
Biolabs, Inc.). Lysates were centrifugated at 14,000 x g for 10 min at 4°C. The resulting
supernatants were incubated for 60 min at 4°C with 40 uL Raf-1 RBD Agarose beads. After
incubation, beads were collected and washed three times with 1X assay buffer. Proteins were
then eluted from the beads with Laemmli sample buffer, separated by electrophoresis and
analyzed by immunoblotting using anti-Pan-Ras antibody (Pan-Ras activation assay kit, Cell
Biolabs, Inc.). The signal was developed by enhanced chemiluminescence (Amersham) and
imaged on Amersham Hyperfilm™ ECL.

Homology modeling and amino acid sequence alignment

The homology modeling of RasGRP1 and RasGRP3 was carried out using the automated
homology model generation module in ExPaSy SWISS-MODEL, a web-based protein
model builder (http://swissmodel.expasy.org/workspace/ [59, 60, 61]. The crystal structure
of RasGRP1 (Protein Databank code 4L9M) [45] showed 60.78% sequence identity
homology with RasGRP3 and was used as the template. The homology modeling of the
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REM and C-terminal domains were performed separately on the selected structures. The
amino acid sequence alignment was performed using the NCBI/ BLAST program.

SPR analysis

Liposome preparation—Large unilamellar vesicles with a diameter of 100 nm
(liposomes) were prepared for SPR measurements. The control vesicles contained 1-
palmitoyl-2-oleoyl-sr+glycero-3-phosphocholine (POPC; 80 mole %) and 1-palmitoyl-2-
oleoyl-srn-glycero-3-phospho-L-serine (POPS; 20 mole %) or POPS; 100 mole %. The
PMA-liposomes contained 4 mole % of PMA and the PIP3-liposomes were made by the
addition of 10 mole % of PIP3 to the control liposomes. Aliquots of lipids (POPC (48 uL, 10
mg/mL) and POPS (12 pL, 10 mg/mL) for control liposomes, plus PMA (3 pL of 10 mM)
for PMA liposomes, plus PIP3 (6 puL, 1 mg/mL) for PIP3 liposomes were mixed and dried
under a stream of nitrogen, then were resuspended in HBS-N buffer (600 uL) to give a final
concentration of 1 mg/mL. The samples were vortexed for 30 s, were subjected to four
freeze-thaw cycles by placing them alternately in a 42°C water bath and in dry ice, and then
were extruded 46 times through two-stacked 0.1 um pore polycarbonate filters using a
LipoFast microextruder (Sigma-Aldrich) to form liposomes. The liposomes were diluted
tenfold when applied to the Biacore.

Biacore experiments using the CM-5 chip—Anti-GST antibody (4700-5200
resonance units) was covalently bound to the surface of each of four flow cells of the chip,
according to the manufacturer’s protocol, in HBS-EP buffer. Later, HBS-EP buffer was used
as running buffer at a flow rate of 20 uL/min. The GST-tagged PKC8 C1b domain and the
GST-tagged C1 domains of RasGRP1/3 (150 pL) were injected over the surface of flow cells
1, 2 and 4, respectively. The captured proteins gave signals between 60 and 150 RU. Flow
cell 3, coated with anti-GST antibody, served as a reference surface and flow cell 1
containing GST-6C1b PKC domain was used as a positive control surface in each
experiment. A tenfold-diluted liposome mixture (240 uL; final lipid concentration of 100
ug/mL) was injected over all four flow cells. Kinetics of liposome association to and
dissociation from the GST-6C1b PKC domain and the RasGRP1/3 C1 domains were
acquired for 10 min. After each round of injection, bound liposomes and captured proteins
were completely removed by consecutive passage of glycine (10 mM, pH 2) and NaOH (10
mM) for 1 min each. All experiments were repeated three times.

Biacore experiments using the L1 chip—Control liposomes and PMA- and PIP3-
liposomes of the same concentration were immobilized on flow cell 2, flow cell 3 and flow
cell 4, respectively, of an L1 chip using HBS-N buffer as running buffer. Before the injection
of liposomes, the flow cells were washed with 20 mM CHAPS for 1 min at a flow rate of 20
pL/min. The lipid surface was prepared by the injection of 100 pg/mL liposomes at a flow
rate of 5 uL/min, followed by a 1 min injection of 10 mM NaOH and a 1 min injection of 40
mM n-octyl B-D-glucopyranoside (OG) at a flow rate 20 uL/min to remove the non-bound
liposomes. 240 pL of purified RasGRP1/3 C1 domains, REM motifs and the full-length
RasGRP1/3 and chimera proteins were injected over the surfaces at a flow rate of 20 pL/
min. The dissociation was monitored for 10 min. The lipid surface was regenerated with 20
mM CHAPS and 40 mM OG at a flow rate 20 pL/min for 1 min each. The sensorgram of the
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control (flow cell 1) was subtracted from the sensorgram of the samples and the difference in
resonance units was plotted against the time.

RESULTS

The phosphoinositide binding (plasma membrane targeting, PT) domain alone is not
responsible for lack of targeting of RasGRP3 to the plasma membrane

Depending on the quality and intensity of signaling from receptors, RasGRP1 can be
specifically targeted to the plasma membrane or to the endomembranes such as Golgi or the
endoplasmic reticulum. The plasma membrane targeting domain makes a critical
contribution to targeting RasGRP1 to the plasma membrane in some cell types. We
compared the translocation pattern of RasGRP3 with that of RasGRP1 in live cells using
confocal microscopy. We prepared fusion constructs between GFP and wild type
RasGRP1/3. The constructs were transfected into the LNCaP human prostate cancer cell
line. This cell line was chosen because it has a loss-of-function mutated PTEN, which
results in markedly elevated phosphoinositide levels. The translocation of the overexpressed
full-length wild type GFP-RasGRP1/3 was visualized by confocal microscopy after the
addition of PMA. Images were taken every 30 s. Time points at 0, 5, 10 min after PMA
addition are illustrated (Figure 2A). Data at these time points as well as at 2 min were
quantitated (Figure 2B). In the presence of 1 uM PMA, RasGRP1 started to translocate to
the plasma membrane after 2 min (Figure 2B), with further enhancement after 5 min (Figure
2A row 1). In our experiments RasGRP3 translocated to the endomembranes in the presence
of PMA, with quite limited association with the plasma membrane (Figure 2A row 2).

In the plasma membrane targeting (PT) domain of RasGRP1, a small segment enriched in
basic hydrophobic residues, termed the BHC motif, has been identified that binds directly to
the plasma membrane enriched in anionic phospholipids [48]. This unstructured basic/
hydrophobic cluster can mediate membrane binding by presenting positive charges that
electrostatically interact with the strongly negatively charged phosphoinositide headgroups;
additionally, it has aromatic and long aliphatic side chains that insert into the lipid bilayer
[49, 50, 51, 52]. There is a conserved cluster of residues (three arginines or lysines) at
positions 719-721 in the PT domain of RasGRP1, missing from RasGRP3. In the
corresponding sequence of RasGRP3 this conserved cluster is disrupted by an acidic residue
(aspartic acid). Substituting the amino acids (Asp®7, Lys®48 and Alab51) of RasGRP3 with
the corresponding residues (Lys’20, Arg7?! and Val’24) of RasGRP1 in the PT domain of
full-length RasGRP3 had little effect on its weak plasma membrane translocation in
response to PMA (Figure 2C and 2A row 3).

In contrast, truncation of the RasGRP3 construct resulted in significant enhancement of the
plasma membrane translocation in response to PMA. Removal of the REM domain allowed
RasGRP3 to translocate to the plasma membrane in response to 1 uM PMA (Figure 3A row
1 and Figure 3B). Further truncations in the RasGRP3 construct, deleting the GEF and EF
hands but leaving the PT domain and the lipid second messenger DAG binding C1 domain,
resulted in even stronger translocation (Figure 3A row 2, 3 and 3B). Interestingly, the
isolated GFP-tagged C1 domain of RasGRP3 showed only partial plasma membrane
translocation in response to PMA (Figure 3A row 4 and 3B), along with translocation to the
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nuclear and endomembranes. After translocation, there was some tendency for the constructs
to transfer back from the plasma membrane to the interior of the cells. The live cell imaging
confirmed that differences in the PT (plasma membrane targeting) domain alone are not the
major factor explaining the difference in localization to the plasma membrane of RasGRP1
compared to RasGRP3 in response to phorbol esters. Unexpectedly, removal of the N-
terminus (REM domain) of RasGRP3 markedly enhanced its plasma membrane association
in response to phorbol ester.

Comparison of the N- and C-termini of RasGRPs by Swiss-Model homology modelling and
amino acid sequence alignment showed differences in the structure of the REM and SuPT-

PT domains

To develop further insights into the different translocation patterns of RasGRP1 and
RasGRP3 we used amino acid sequence alignment to compare each domain in RasGRP3
with that of RasGRP1. Comprehensive sequence alignment of the RasGRP3 GEF, C1
domain and EF hands with those of RasGRP1 showed a high percentage of identities, which
was corroborated by Swiss-Model homology/comparative modelling in which RasGRP1
served as the “template” and RasGRP3 as a “target”. In contrast, comparison of the REM
domains of RasGRP3 and RasGRP1 showed substantial differences in their amino acid
sequence and structure, with only 41-44 percent identities (Figure 4A). Comparison of the
C-termini of RasGRP3 and RasGRP1 showed even greater differences (32 percent amino
acid identity) and no identity using Swiss-Model comparative modelling (Figure 4B). The
latter difference may be of particular structural importance, because the C-terminus of
RasGRP1 forms a parallel coiled coil structure promoting dimerization [45]; this structure is
unique to the RasGRP1 member of the RasGRP family in vertebrates.

Exchange of the REM domain to that of RasGRP1 enhanced, and exchange of the SUPT-PT
domain to that of RasGRP1 did not change, the translocation of RasGRP3 to the plasma

membrane

To assess the contribution of the N- and C-termini of RasGRP3 to its pattern of translocation
in response to PMA, we designed chimeric constructs of RasGRP3 and RasGRP1. We
replaced the REM domain of RasGRP3 with the corresponding REM domain of RasGRP1.
Similarly, we replaced the SUPT-PT domain of RasGRP3 with the corresponding SUPT-PT
domain of RasGRP1. For comparison, we made the reciprocal chimeras with RasGRP1. The
four constructs, GFP-RasGRP1(REM)-RasGRP3; GFP-RasGRP3(REM)-RasGRP1; GFP-
RasGRP3-RasGRP1(SuPT-PT) and GFP-RasGRP1-RasGRP3(SuPT-PT) were transfected
into the LNCaP human prostate cancer cell line and their translocation was visualized by
confocal microscopy after the addition of 1 pM PMA. Substituting the REM domain of
RasGRP3 with that of RasGRP1 markedly enhanced the translocation of RasGRP3 to the
plasma membrane (Figure 5A row 1 and 5C). Strikingly, the strong plasma membrane
translocation of RasGRP1 was not blocked by the reciprocal exchange, where its REM
domain was replaced with that of RasGRP3 (Figure 5A row 2 and 5C). The SuPT-PT
chimeras confirmed our previous results that the SUPT-PT domain alone is not primarily
responsible for the lack of membrane targeting of RasGRP3 to the plasma membrane. The
RasGRP3 chimera with the SUPT-PT domain from RasGRP1 did not translocate to the
plasma membrane. The RasGRP1 chimera with the SUPT-PT domain from RasGRP3 did so
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(Figure 5B and C). Our results clearly show that the N-terminus (REM domain) of RasGRP3
is a critical element contributing to the difference between RasGRP3 and RasGRP1 in its
ability to translocate to the plasma membrane in response to PMA.

PIP3 recognition by the REM domain might influence the binding of RasGRPs to different
membranes

The patterns of membrane translocation /7 vivo will naturally be influenced by many factors.
To explore differences in the lipid sensitivity of RasGRP1/3 proteins we performed surface
plasmon resonance (SPR) experiments. We measured the binding of the C1 domain, the
REM domain, and full-length RasGRP1/3 and RasGRP1/3 chimeras to phospholipids in the
absence and presence of PMA and PIP3 Two approaches were used. First, the C1 domains
of RasGRP1/3 and PKC8 were immobilized to generate the stationary phase, and liposomes
containing either 20-80 % POPS-POPC or 20-80 % POPS-POPC together with PMA (4
mole %) or PIP3 (10 mole %) were injected over the surface (data not shown). Second, a
reciprocal approach was used when liposomes were immobilized to the surface of the L1
chip to generate the stationary phase, and the C1 domains of RasGRP1/3 and PKCS8 were
injected over the surface (Figure 6A-B). All three C1 domains bound best to the PMA
containing liposomes. For the C1 domains of RasGRP1 and RasGRP3, the PIP3 containing
liposomes also supported enhanced binding, although not to the level of the PMA containing
liposomes. Next, we tested the interaction of the RasGRP1/3 REM domains with lipids. The
100:0 % POPS-POPC liposomes with no ligand, with PMA and with PIP3 were immobilized
as the stationary phase and the purified RasGRP1/3 REM domain proteins were injected
over the surface. Appreciable lipid binding was found in the presence of PIP3 for either the
RasGRP1 or RasGRP3 REM domain (Figure 6C). Comparing the binding of wild type full-
length RasGRP1/3 with the REM chimeras to the phospholipids with no ligand, with PMA
and with PIP3 we got a suprising result. None of the proteins bound to the PMA containing
liposomes better than to control liposomes although we measured high affinity binding of
radioactive PDBuU /17 vitro (data not shown). One possible explanation for these results could
be that PMA was lost from the surface bound liposomes into the mobile phase. Consistent
with the in vivo translocation, the chimera with the REM domain of RasGRP1 replacing the
REM domain of RasGRP3 showed enhanced binding compared to RasGRP3 (p=0.03);
likewise, the chimera with the REM domain of RasGRP3 replacing the REM domain of
RasGRP1 showed enhanced binding compared to RasGRP1 (p=0.02, Figure 6D). Inclusion
of PIP3 enhanced the lipid binding significantly for the full-length RasGRP3 (p = 0.002) and
for the RasGRP1 chimera with the RasGRP3 REM domain (p = 0.05). Binding also
appeared to be increased for the RasGRP3 chimera with the RasGRP1 REM domain, but
this did not reach statistical significance, similar to the limited PIP3 induced increase in
binding for wild type RasGRP1.

Exchange of REM domain impaired the Ras activation in the presence of PMA

RasGRP1/3 is a guanyl nucleotide exchange factor for Ras. A Ras-GTPase pulldown assay
was performed to compare guanine nucleotide exchange activity of wild-type RasGRP1/3,
their REM and SuPT-PT chimeras, and the truncated RasGRP3 constructs in HEK293 cells
in the presence of 1 uM PMA. The cells were transfected with these GFP-tagged constructs.
At 24 h posttransfection the cells were treated with PMA for 30 min. A representative blot is
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illustrated in Figure 7A; quantitation of the replicated experiments is presented in Figure 7B.
In the presence of PMA, cells transfected with wild-type RasGRP1/3 yielded 15-fold higher
levels of activated Ras compared to control nontransfected HEK293 cells. Truncated
RasGRP3 constructs missing the Ras exchange domain or the whole catalytic module
caused substantially reduced guanyl exchange compared to that of the wild-type RasGRP3
(p<0.02 and p<0.003, respectively), as expected since they should only have non-specific
effects. Exchange of the REM domain in RasGRP3 with that of RasGRP1 resulted in a
significant decrease in Ras activation (p<0.05). A lesser decrease occurred with the REM
domain of RasGRP3 replacing that of RasGRP1, although that did not reach statistical
significance (p=0.07). Exchange of the SUPT-PT domains in RasGRP1/3 did not affect the
activation of Ras (Figure 7A-B). These results support the model that the REM domain
plays an important role in the membrane interactions of RasGRP3, potentially by
maintaining it in a closed conformation with decreased membrane affinity as well as by
providing some level of membrane interactions itself.

DISCUSSION

The mechanistic role of RasGRP family members as upstream regulators of Ras, coupled
with the demonstrated functional role in the immune system and in cancer, makes them
potential therapeutic targets. Efforts to understand their regulation have highlighted the
prominent role of membrane lipids. Indirectly, the lipophilic second messenger DAG
stimulates the phosphorylation of RasGRP1 at threonine 184 (T184) and of RasGRP3 at
threonine 133 (T133) through its activation of the novel PKC isoforms, while the
combination of DAG and elevated intracellular calcium drives phosphorylation of these sites
by the classic PKC isoforms [5]. These phosphorylations markedly enhance Ras activation
by the RasGRPs but are not absolutely required. Directly, DAG interacts with the C1
domains of RasGRP1/3, promoting their membrane localization to bring them into
proximity with their substrate, Ras. Additionally, calcium binding to the EF hands
contributes to enhancing the accessibility of the C1 domains, at least in RasGRP1, further
promoting translocation [45]. PIP3 represents a second critical regulatory lipid. It is elevated
in many cancers either through constitutively active phosphatidylinositol 3-kinase or through
inactivation of its degradative pathway as a result of PTEN mutation. The report that
RasGRP1 bound PIP3 through its PT domain [48], which is divergent from that of
RasGRP3, suggested that RasGRP3 might show markedly different behavior depending on
the membrane environment.

In the present work, one focus was on the importance of the PT domain in phosphoinositide
recognition and membrane translocation of RasGRP3. RasGRP3 translocates to
endomembranes and to the nuclear envelope [62]. In our confocal experiments, we likewise
observed this same translocation pattern in response to PMA, which contrasted with the
plasma membrane translocation of RasGRP1 in the same cells under the same conditions. In
RasGRP1, the basic/hydrophobic cluster of amino acids within the PT domain is responsible
for binding phosphoinasitides through electrostatic interaction with polyanionic
phosphoinositide headgroups as well as through insertion of a tryptophan into the lipid
bilayer. This basic/hydrophobic cluster in RasGRP3 is disrupted by replacement with an
acidic amino acid (aspartic acid), which suggested that this residue might be responsible for
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the different translocation pattern between RasGRP1 and RasGRP3. In our experiments,
mutation of this residue did not have any substantial effect on the plasma membrane
translocation in response to PMA. Surprisingly, removal of Ras exchange motif (REM) from
RasGRP3 allowed RasGRP3 to translocate to the plasma membrane, and further truncations
in the RasGRP3 construct promoted even stronger translocation to the plasma membrane in
live cells. Our data show that the REM domain of RasGRP3 negatively impacts plasma
membrane translocation of RasGRP3. In its absence, RasGRP3 plasma membrane
translocation is enhanced. Despite the differences between RasGRP3 and RasGRP1 in the
PT basic/hydrophobic cluster, the RasGRP3 PT domain still contributes to the plasma
membrane translocation of RasGRP3, indicated by the enhanced localization of the C1-
SUPT-PT construct of RasGRP3 as compared to the RasGRP3 C1 domain alone. A critical
role was played by the C1 domain in the translocation, since in all cases the translocation
was driven by the addition of phorbol ester.

To further clarify the role of the RasGRP3 REM domain in inhibiting plasma membrane
translocation, we used surface plasmon resonance experiments to measure lipid binding
directly. First, we confirmed that phorbol ester caused enhanced association of the isolated
RasGRP3 and RasGRP1 C1 domains and that the inclusion of PIP3 in control membranes
had a modest effect, reflecting the greater negative charge of the surface. Exchange of the
REM domains between RasGRP3 and RasGRP1 enhanced their interaction with membrane
surfaces compared to the wild type proteins, suggesting that the substituted REM domains
were not able to fully replace the function of the endogenous domain in limiting lipid
binding. By themselves, the REM domains of both RasGRP3 and RasGRP1 could bind to a
lipid surface and this binding was enhanced in membranes with the elevated surface charge
provided by inclusion of PIP3 in the membranes. Taken together, these results do not provide
support for a unique role of the RasGRP1 REM domain in directly conferring plasma
membrane activity. Rather, it fits better with the model that the REM domains are
constraining membrane association and that the swapped REM domains cannot efficiently
provide the intramolecular interactions that maintain this constraint.

The measurements of functional guanyl exchange activity further support this interpretation.
Both chimeras with swapped REM domains were less effective in stimulating Ras activation,
even though the RasGRP3 chimera containing the RasGRP1 REM domain translocated to
the plasma membrane. Since the plasma membrane is where Ras localizes, this translocation
would have been expected to enhance activity were the chimera fully functional [63].
Finally, neither of the chimeras with the swapped SuPT-PT domain showed reduced activity,
indicating that at least under these conditions functional activity was maintained, consistent
with the lack of change in localization that we observed with these chimeras. Of course,
modest changes might have been missed depending on experimental conditions.

In our studies, it should be emphasized that we characterized membrane translocation in
response to PMA. Elegant studies by Newton and coworkers [64] have shown that the
binding of DAG and phorbol ester to the C1 domain of protein kinase C isoforms as well as
protein kinase C translocation in response to this binding is differently dependent on
structural features of the C1 domain. In particular, the presence of Tyr versus Trp at position
22 of the C1 domain reduces DAG binding affinity and response but has much less effect in
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the case of phorbol ester. It is also the case that different phorbol esters may cause different
patterns of translocation depending on the specific derivative [65]. Such differences both
highlight the potential opportunities for drug design and, conversely, provide a note of
caution on over-generalization from the behavior of a specific ligand.

We conclude that the N-terminus (REM domain) of RasGRP3 is a critical element
contributing to the difference between RasGRP1 and RasGRP3 in their ability to translocate
to the plasma membrane. This difference in membrane translocation between RasGRP1 and
RasGRP3, in turn, should imply important differences in their regulation and, potentially, in
their ligand and/or substrate selectivity.
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Highlights
1. The N-terminus of RasGRP1/3 is a critical element in plasma membrane
translocation.
2. The RAS exchange (REM) domain is a suppressor of membrane translocation
for RasGRP3.
3. Differences in membrane interaction of RasGRP1/3 will contribute to

different behavior in cells.
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Figure 1. Domain structure of RasGRPs
RasGRPs are complex proteins with REM (Ras exchange motif), GEF (catalytic domain),

EF-hand (Ca2* binding domain), C1 (binding domain for the lipid second messenger DAG,
mediates membrane translocation of RasGRP1), SuPT (suppressor of PT), and PT (plasma
membrane-targeting) domains. The catalytic module of RasGRPs includes the REM and
GEF domains, followed by the regulatory module containing the EF domain, C1 domain and
the C-terminal segment. The REM, GEF and C1 domains are important for targeting
RasGRP1 to the endomembrane and plasma membrane. The EF hand and SuPT domain
only affect plasma membrane targeting of RasGRP1. The PT domain is sufficient and
essential for antigen receptor-induced plasma membrane targeting. The constructs used in
the study are shown.
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Figure 2. Translocation in response to PMA of the GFP-tagged wild type RasGRP1/3 as well as
RasGRP3 with a mutated PT domain in living LNCaP cells

Cells expressing GFP-tagged wild type RasGRP1/3 and RasGRP3 in which the basic
hydrophobic cluster was mutated to resemble that of RasGRP1 were treated with 1 uM PMA
and the living cells were imaged by confocal microscopy as a function of time. A) Images
shown are representative of three to five independent experiments. B) The ratios of the
intensities for membrane/cytoplasm were calculated and normalized to the time 0 values.
The increase in the membrane/cytoplasm ratio indicates translocation. Values represent the
mean of the independent experiments. Bars + SEM. *P<0.05, **P<0.005 by student’s t-test.
C) Amino acid residues in the basic-hydrophaobic cluster in the PT domain of RasGRP3 that
were mutated to resemble those in RasGRP1 are color coded (green).
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Figure 3. Translocation in response to PMA of the GFP-tagged truncated clones of RasGRP3 in
living LNCaP cells

Cells expressing GFP-tagged truncated RasGRP3 constructs were treated with 1 uyM PMA
and the living cells were imaged by confocal microscopy as a function of time. A) Images
shown are representative of three to five independent experiments. B) The ratio of the
intensities for membrane/cytoplasm was calculated and normalized to the time 0 values. The
increase in the membrane/cytoplasm ratio indicates translocation. Values represent the mean
of the independent experiments. Bars + SEM. *P<0.05, **P<0.005, ***P=0.0002,
****pP<0.0001 by student’s t-test relative to the 0 time controls. The graphic portrays the
expressed domains in the various RasGRP3 truncated constructs.
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Figure 4. Comparison of N- (A) and C-termini (B) of RasGRPs by Swiss-Model homology
modelling and amino acid sequence alignment
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RasGRP1 served as a “template” and RasGRP3 as a “target” in homology/comparative
modelling methods (Swiss-Model) and in amino acid sequence alignment studies by NCBI/
BLAST. A) Comparison of the N-terminus (REM domain) of RasGRP3 and RasGRP1. B)
Comparison of the C-terminus (SUPT-PT domains) of RasGRP3 and RasGRP1.
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Figure 5. Translocation in response to PMA of the GFP-tagged REM domain (A) and SUPT-PT

domain (B) chimeras of RasGRP1/3 in living LNCaP cells

Cells expressing GFP-tagged chimeras of RasGRP3 and RasGRP1 were treated with 1 uM
PMA and the living cells were imaged by confocal microscopy as a function of time. Images
shown are representative of three to five independent experiments. C) The ratios of the
intensities for membrane/cytoplasm were calculated and normalized to the time 0 values.
The increase in the membrane/cytoplasm ratio indicates translocation. Values represent the
mean of the independent experiments. Bars + SEM. *P<0.05, **P<0.005, ****P<0.0001 by
student’s t-test relative to the 0 time controls. In the chimeric constructs, the domains from

RasGRP3 are in grey; those from RasGRP1 are in blue.
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Figure 6. SPR analysis of the binding of RasGRP1/3 C1 and REM domains and the full-length
wild-type and chimeric proteins to liposomes

(A) A SPR sensorgram showing binding of the RasGRP1 C1 domain to 20 % POPS/80 %
POPC liposomes immobilized to the surface of the L1 chip in the presence of no ligand,
PMA, or PIP3. The graph represents the average of three independently performed
experiments. The maximum binding of the RasGRP1/3 C1 (B) and REM domains (C) and
the full-length (D) proteins to liposomes containing, as indicated, PS-PC (20 % POPS/80 %
POPC) or PS (100 % POPS/0 % POPC) in the presence of no ligand, PMA (4 mol %), or
PIP3 (10 %) was measured. The bar graph displays the mean + SEM from three independent
experiments. *P<0.05, **P<0.005, ***P<0.0005 by student’s t-test relative to PS or PS-PC
alone. #P<0.05, #P<0.005 by student’s t-test for chimera relative to wild-type under the same
lipid conditions. RasGRP1 and its domains are shown in blue, RasGRP3 and its domains are
shown in grey. RU: resonance units.

Biochim Biophys Acta. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Czikora et al.

Page 27

1 yM PMA for 30 min

A.
RasGTP
B.
25000 1
=)
< 20000
w)
2
= 15000 4
0
—
o
= 100004
-
‘u
o 5000
=
LE

R e 24k0a

NS

1L
T

Figure 7. Activation of Ras by RasGRP3 constructs after PMA treatment in HEK 293 cells
HEK 293 cells were transfected with wild type RasGRP1, RasGRP3, or different mutants of

RasGRP1/3. After 24 h, cells were treated with 1 uM PMA (30 min). Untransfected
HEK?293 cells served as a negative control. The cells were then lysed, and the levels of
activation of the endogenous Ras protein were evaluated by pull-down of the activated Ras-
GTP and detection by immunoblotting with anti-pan RAS antibody. A) A representative

immunoblot is illustrated.

(B) Band intensities were quantitated for each of 3 independent

experiments. Values represent the mean £ SEM. *P< 0.05 by student’s t-test.

Biochim Biophys Acta. Author manuscript; available in PMC 2018 December 01.



	Abstract
	Graphical abstract
	Introduction
	Experimental Procedures
	Materials
	Construction of GFP-tagged full-length RasGRP1/3 and RasGRP3 truncated constructs
	Site-directed mutagenesis of the plasma membrane targeting (PT) domain of the full-length RasGRP3
	Construction of GFP-tagged RasGRP1 and RasGRP3 chimeras by overlap extension PCR
	Construction of the GST-tagged C1 domain and the REM domain of RasGRP1/3
	Expression in BL21 cells and purification of the GST-tagged C1 and REM domains of RasGRP1/3
	Construction of MBP-tagged full-length wild type RasGRP1/3 and REM chimeras of RasGRP1/3
	Expression in BL21 cells and purification of the MBP-tagged full-length RasGRP1/3 and REM chimeras of RasGRP1/3
	Confocal analysis of GFP-labeled RasGRP1/3 proteins
	Quantification of Confocal Images
	Pan-Ras Activation Assay
	Homology modeling and amino acid sequence alignment
	SPR analysis
	Liposome preparation
	Biacore experiments using the CM-5 chip
	Biacore experiments using the L1 chip


	RESULTS
	The phosphoinositide binding (plasma membrane targeting, PT) domain alone is not responsible for lack of targeting of RasGRP3 to the plasma membrane
	Comparison of the N- and C-termini of RasGRPs by Swiss-Model homology modelling and amino acid sequence alignment showed differences in the structure of the REM and SuPT-PT domains
	Exchange of the REM domain to that of RasGRP1 enhanced, and exchange of the SuPT-PT domain to that of RasGRP1 did not change, the translocation of RasGRP3 to the plasma membrane
	PIP3 recognition by the REM domain might influence the binding of RasGRPs to different membranes
	Exchange of REM domain impaired the Ras activation in the presence of PMA

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

