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ABSTRACT

RasGRP1 is an intracellular signalling protein expressed in lymphocytes that is responsible
for activating Ras GTPases. Positive regulation of RasGRP 1 requires translocation to
cellular membranes where lipid-anchored Ras can be accessed. Plasma membrane
localization of RasGRP 1 in response to antigen receptors requires both the Cl domain and
the plasma-membrane targeting (PT) domain. The Cl domain binds to diacylglycerol
(DAG) at membranes. The PT domain binds its putative ligand at the plasma membrane and
is negatively regulated by an adjacent suppressor of PT (SuPT) domain. RasGRP1 also
contains a pair of EF-hands, with Ca
-binding capability, but with no known regulatory
2
role. In DT4O cells, RasGRP1 translocates to the plasma membrane and activates the Ras
ERK pathway in response to B cell receptor (BCR) signalling. By introducing point
mutations in the Ca
-binding loops of each of the EF-hands, I found that a potential Ca
2
2
interaction loop in the first EF-hand is required for RasGRP1 translocation and the
consequential activation of the Ras-ERK pathway in response to BCR signalling. However,
RasGRP1 translocation is not regulated by BCR-generated Ca
2 flux. EF-hands were not
required for Cl domain-mediated membrane localization, but were needed for PT-mediated
plasma membrane targeting. EF-hands enhanced PT-domain mediated plasma membrane
localization by repressing the SuPT domain. The REM and GEF domains, which co
ordinately bind to and catalyze guanine nucleotide exchange on Ras GTPases, needed to be
present and Ras-bound for this EF-hand mechanism to be effective. When not bound to Ras,
the REM-GEF domain complex suppressed both plasma membrane and endomembrane
targeting of RasGRP 1 by an EF-hand independent mechanism. Finally, membrane
localization and activation of a naturally occurring splice variant of RasGRP 1, found overexpressed in systemic lupus erythematosus (SEE) patients, was examined. This splice
variant lacks exon 11, which encodes the segment of RasGRP 1 between the GEF domain
and the first EF-hand. Removal of exon 11 resulted in a defect in plasma membrane
localization that was partially overridden by deletion of SuPT, while membrane localization
control via the REM-GEF complex was not affected. Therefore, exon 11 deletion via
alternative splicing appears to functionally disable the first EF-hand of RasGRP 1.
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1. INTRODUCTION
1.1.

Ras protein biochemistry and regulation
H-, K- and N-Ras proteins are members of the Ras subfamily, which are a branch of

a larger Ras superfamily of small guanosine triphosphatases (GTPases) (Repasky et al,
2004, Wennerberg et al, 2005). Small GTPases have molecular weights ranging from 2029KDa and are monomeric guanosine nucleotide-binding proteins (G proteins) (Wennerberg
et al, 2005). In addition to H-, K- and N-Ras (herein referred to as Ras proteins), the Ras
subfamily also includes Rap, R-Ras, Ral and Rheb proteins. Other branches of the Ras
superfamily include the Rho, Rab, Ran and Raf subfamilies. Small GTPases are the central
operators of a variety of critical cellular processes including cell growth, differentiation,
apoptosis, actin organization, intracellular trafficking and vesicular transport (Wennerberg et
al, 2005).
A functional mechanism common to all small GTPases is the ability to cycle
between an inactive GDP-bound and active GTP-bound form (Vetter & Wittinghofer, 2001).
Two groups of proteins regulate GDP/GTP cycling. The first group are the guanine
nucleotide exchange factors (GEF5) and they positively regulate Ras GTPases by promoting
formation of the active GTP-bound form. Specifically, GEFs accelerate the dissociation of
the nucleotide-Ras complex thereby allowing Ras to bind GTP, which is available at a
higher concentration in the cell than GDP (Lenzen et al, 1998). The second group of proteins
are the GTPase activating proteins (GAPs) and they promote the formation of inactive GDP
bound form by accelerating the intrinsic GTP-hydrolysis activity of Ras (Bernards &
Settleman, 2004). Conversion from GDP- to GTP-bound states causes a conformational
1

change in the switch I (aa 30-38) and switch II (aa 59-67) effector binding regions of Ras
leading to activation of effector proteins (Wittinghofer & Nassar, 1996).
One important feature of the Ras proteins, and other Ras subfamily members, is that
they are covalently bound to cellular membranes through a series of post-translational
modifications at their C-termini (Cox & Der, 2002, Fu & Casey, 1999). When localized to
the plasma membrane, they can transmit signals from cell surface receptors to various
cytoplasmic effector pathways (Fu & Casey, 1999). Receptor tyrosine kinases (RTK5) and
other cell surface receptors activate Ras proteins through the recruitment of specific GEFs to
the plasma membrane (Schiessinger, 2000). GEFs have unique mechanisms of localizing to
the plasma membrane in response to receptors and are described in section 1.4. Signaling
from Ras proteins does not exclusively originate from the plasma membrane though. Using
a fluorescent probe for activated Ras, Chiu et al. showed that Ras activation can also take
place at the endoplasmic reticulum (ER) and Golgi and that these compartments can initiate
differential signalling cascades (Chiu et a!, 2002).
1.2.

Ras effector pathways
Ras effectors are proteins that contain a core Ras binding domain (RBD) with strong

affinity for Ras-GTP. Ras effectors link activated Ras to numerous intracellular signalling
networks. Three well-known effectors for Ras proteins include Raf kinase (Raf), the Ral
specific GEF, Ra1GDS, and phosphatidylinositol 3-kinase (P13K) (Rajalingam et al, 2007)
(Fig. 1.1).

2
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Figure 1.1 Examples of effector targets of activated Ras GTPases.

GDP, guanine nucleotide diphosphate; GTP, guanine nucleotide triphosphate. Effector targets of Ras
include Raf, P13K and Ra1GDS. The components of the MAP kinase pathway are also shown to
illustrate that activated Ras can lead to activation of ERK. In this thesis, ERK is used to assay for
activated Ras.

Raf functions in the linear Ras-Raf-MEK-ERK mitogen-activated protein kinase
(MAPK) pathway. This pathway is the best characterized Ras signalling pathway due to its
role in oncogenesis as well as in normal cell functions such as cell-cycle progression,
proliferation, differentiation and apoptosis (Leicht et al, 2007). Specifically, Raf
phosphorylates MEK-1/2 which in turn phosphorylates and activates ERK-1/2
(Schiessinger, 2000). Activated ERK travels to the nucleus where it regulates gene
expression by phosphorylating and activating a variety of transcription factors, including the
Ets family of transcription factors (Turjanski et a!, 2007). P13K is the second best
3

characterized Ras effector and is crucial for cell growth, survival, proliferation,
differentiation and motility (Rajalingam et al, 2007). Many of these functions relate to the
ability of P13K to activate AKT (also refeffed to as protein kinase B) (Rajalingam et al,
2007). Here, P13K activation releases phosphatidylinositol (3,4,5) triphosphate (PIP
), which
3
recruits phosphatidyl inositol-dependent kinase 1 (PDK1) and AKT to the plasma
membrane. PDK1 phosphorylates and activates AKT. As with the Raf-MEK-ERK pathway,
the PI3KIAKT pathway has also been implicated in human cancers (Vivanco & Sawyers,
2002). Finally, members of the RaIGEF family are also effectors of Ras and they have their
own known substrates, Ra1A and Ra1B (GTPases). While the mechanisms regulating
Ra1GEFs are only beginning to be understood, specific isoforms of this protein have been
found to be critical for anchorage-independent growth and survival of already transformed
cells but not normal cells (Rajalingam et al, 2007). The Raf-MEK-ERK effector pathway
has been regarded as the principal pathway leading to oncogenesis (Leicht et al, 2007),
however, all three pathways are now emerging as contributors to oncogenic transformation
downstream of Ras activation in murine and human cells (Hamad et a!, 2002).
1.3.

Oncogenic Ras activation in cancer
Activating point mutations in the three ras genes, K-ras, H-ras and N-ras, are

frequently found in human cancers, with an average incidence of 30%. Mutations in codons
12, 13, or 61 generate chronically active Ras proteins, either by inactivating intrinsic
GTPase activity or by making Ras insensitive to GAPs (Bos, 1989). Mutations in different
ras genes are thought to preferentially give rise to distinct tumor types. For instance, K-ras
is predominantly mutated in carcinomas of the lung, pancreas and colon, whereas N-ras
4

mutations are more commonly found in myeloid leukemia (Bos, 1989). Many animal model
studies have been used to establish a causal link between deregulated Ras activity and
cancer progression (Malumbres & Barbacid, 2003). Amplification of Ras signalling
pathways by alternative mechanisms, such as constitutive activation of receptors, loss of
GAPs, overexpression or activation of GEFs, or deregulation of components of effector
pathways could also lead to oncogenesis (Repasky et al, 2004). As such, there is much
interest in understanding the factors that control Ras activation.
1.4.

Guanine nucleotide exchange factors (GEFs) for Ras GTPases
As mentioned previously, GEFs are responsible for linking cell surface receptors to

Ras protein activation. The first protein identified to have GEF function was CDC25 in
yeast, S. cerevisiae (Broek et a!, 1987, Jones et al, 1991). Sequence similarity to the minimal
250 residue functional catalytic region for CDC25, referred to as the GEF domain, was
then used to identifi numerous GEF proteins in other eukaryotic organisms (Quilliam et a!,
2002). Three main families of GEFs for Ras proteins have been identified: Son of Sevenless
(SOS) proteins (SOS 1 and SOS2), Ras guanine nucleotide releasing factors (Ra5GRF1 and
2), and Ras guanine nucleotide releasing protein (Ra5GRP) (RasGRP1 to 4).
1.4.1

Ras activation via SOS proteins

SOS was first identified in D. melanogaster and shortly after, homologs SOS1 and
SOS2 were discovered in mammals (Bonfini et al, 1992, Simon et al, 1991). The crystal
structure of the catalytic domain of SOS complexed with nucleotide-free Ras was resolved
and showed that SOS causes a structural distortion in the Switch 1 and Switch 2 regions of
Ras, favouring nucleotide release (Boriack-Sjodin et al, 1998). Subsequent mutational
5

-

studies further showed that SOS interaction with the Switch 2 region anchors Ras to SOS,
whereas SOS interaction with Switch 1 disrupts the nucleotide-binding site and promotes
GDP-dissociation (Hall et al, 2001). In the GEF CDC25, a minimal 250 residue catalytic
region was sufficient for GEF activity in vitro; however, a larger 450 residue region was
required for activity in vivo. This additional sequence, situated N-terminal to the catalytic
domain, harboured a -50 residue domain termed the Ras exchange motif (REM) (Lai et al,
1993). The REM domain is found present in most GEFs and, based on the crystal structure
of SOS, is required for stability as it binds to a hairpin helical ioop in the core catalytic
domain of Ras resulting in a more open GTP-binding pocket (Boriack-Sjodin et al, 1998).
Further analyses of the crystal structure of SOS revealed that the REM motif serves as a
separate allosteric Ras-binding site. That is, while the GEF domain binds a nucleotide-free
Ras, the REM domain binds GTP-bound Ras and this binding triggers a conformational
change that allosterically increases exchange activity by the GEF domain (Freedman et al,
2006, Margarit et al, 2003). Based on sequence conservation, the same mechanisms
identified in SOS could be shared by other GEFs that contain GEF and REM domains
(Quilliam et al, 2002).
While Ras GEFs share catalytic activity for Ras family members, their ability to be
differentially regulated is attributed to the presence of different flanking domains. For SOS,
additional domains include a Dbl homology (DH) domain, a pleckstrin homology (PH)
domain and a C-terminal proline-rich region (Quilliam et al, 2002). The mechanism of SOS
activation by engagement of RTKs is well characterized. Upon RTK activation, SOS
becomes recruited to the plasma membrane by forming a complex with the adaptor protein
Grb2. The SOS/Grb2 complex translocates to the plasma membrane via the interaction of
6

the Grb2 Src homology (SH)-2 domain with specific phosphorylated tyrosines on receptors
(Gale et al, 1993, Schiessinger, 2000). Recruitment of SOS via Grb2 to the plasma
membrane places this GEF in close proximity to Ras, thereby allowing for Ras activation.
SOS activation is primarily thought to be mediated by the proline-rich region, which binds
to the SH3 domain of the adaptor protein Grb2. However, the regulation of SOS is more
complex than the simple recruitment to the plasma membrane. Initial studies showed that
deletion of the N-terminal region of SOS, including the DH and PH domains, increased SOS
activity, suggesting that this region inhibited activity when present. By determining the
crystal structure of the N-terminus of SOS, it was shown that the DH/PH unit acts to inhibit
SOS by binding to the REM allosteric Ras-GTP binding site (Sondermann et al, 2004).
Recently, it was shown that the PH domain is also involved in translocation by binding to
) in
2
2 (PLD
phosphatidic acid (PA) that is generated at membranes by phospholipase D
response to growth factor receptors (Zhao et al, 2007). This binding is thought to overcome
inhibition imposed by the DH/PH complex, thereby allowing the REM domain to bind Ras
GTP (Quilliam, 2007). One further level of complexity is that SOS is also able to catalyses
GDP/GTP exchange on Rho GTPases via the catalytic DH domain (Mitin et al, 2005).
1.4.2

Ras activation via RasGRF proteins

Like SOS, RasGRF also contains GEF, REM, DH and PH domains and acts on both
Ras and Rho GTPases. However, RasGRF also contains an extra PH domain, a coiled-coil
motif and a calmodulin-binding ilimaquinone (IQ) motif (Mitin et al, 2005). RasGRF1 and
RasGRF2 are the two mammalian isoforms that have been identified and are activated by
dependent activation of
tCa
calcium influx (Fan et al, 1998, Farnsworth et al, 1995). 2
7

RasGRF 1 requires binding of calmodulin with the IQ-motif and this interaction co-operates
with other N-terminal domains such as the PH domain to facilitate activation (Buchsbaum et
al, 1996). RasGRF1 is constitutively localized at the plasma membrane through a
mechanism involving the N-terminal PH domain. Therefore, activation by Ca2+/calmodulin,
and not cellular-relocalization, seems to be a crucial step in activating this protein
(Buchsbaum et al, 1996). RasGRF2 also binds calmodulin through its IQ motif, but the
importance of this interaction and its dependence on Ca
2 have not been resolved (de Hoog
et al, 2000). In resting cells, RasGRF2 is cytosolic and translocates to the plasma membrane
in response to rises in intracellular Ca
2 (Fam et al, 1997). Furthermore, knock-out studies in
mice show that RasGRF 1 and RasGRF2 couple N-methyl-D-aspartate glutamine ligand
gated ion channel receptors to Ras and ERK signalling (Tian et al, 2004).
1.4.3

Ras activation via RasGRP proteins
RasGRP proteins have also been identified as positive regulators of Ras GTPases.

Four family members have been identified to date: RasGRP1, 2, 3 & 4 (Fig. 1.2). Expression
is distinct and overlapping, but overall RasGRPs are expressed in a range of tissues
including the brain, kidney and hematopoetic organs (Kawasaki et al, 1998, Reuther et al,
2002, Yamashita et al, 2000). Like SOS, the REM and GEF domains of RasGRPs contain
conserved residues required to promote GTP-loading and activation of Ras family proteins
(Quilliam et al, 2002). RasGRP1 and 4 activate Ras, RasGRP2 activates Rap (Ras-related
GTPase) and RasGRP3 activates both Ras and Rap (Clyde-Smith et al, 2000, Ebinu et al,
1998, Kawasaki et al, 1998, Reuther et al, 2002). A predicted alternative splice form of
human RasGRP2 was cloned and shown to be N-myristoylated and palmitoylated and
8

activated Ras when expressed ectopically (Clyde-Smith et al, 2000). However, it has yet to
be determined if this longer form of RasGRP2 is naturally occurring.
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Figure 1.2 Domain structures of RasGRPs.
REM, Ras exchange motif; GEF, guanine nucleotide exchange factor catalytic domain; EF, EF
hands; Cl, Cl-domain; SuPT, suppressor of PT; PT, plasma membrane targeter.

Two structures that are present C-terminal to the REM and GEF domains that distinguish
RasGRP family members from other RasGEFs include an EF-hand domain followed by a
Cl domain. EF-hand domains typically come in pairs and are in many cases regulated by
-binding (Yap et al, 1999). RasGRP1, 2 and 3 each contain a pair of EF-hands, whereas
2
Ca
RasGRP4 contains a single EF-hand domain with significant sequence divergence from a
typical EF-hand sequence (EF-hands are discussed in detail in section 1.8). The Cl domain

(‘-50 residues) is a cysteine-rich domain, first identified in protein kinase C (PKC), that can
9

bind the lipid second messenger diacylglycerol (DAG) when a conserved pattern of
sequences is present (discussed in section 1.6.2) (Colon-Gonzalez & Kazanietz, 2006,
Newton, 1995). DAG is generated at the membrane by a variety of receptors; therefore,
binding of the Cl domain to DAG can serve as a mechanism for localizing RasGRPs to their
substrates in response to receptor activation. RasGRP 1 and 3 contain Cl domains with
affinity for DAG, whereas the Cl domain of RasGRP2 has no detectable affinity for DAG
(Johnson et al, 2007). RasGRP4 has at least 2 splice variants, RasGRP4a and RasGRP4b,
which are identical except for an extra five amino acids present in the Cl domain of
RasGRP4b (Li et al, 2003, Yang et al, 2002). Of the two splice forms, only the Cl domain
of RasGRP4a has affinity for DAG (Johnson et al, 2007). RasGRP1 contains two additional
domains located at the C-terminus, SuPT and PT, which are important for regulation of
RasGRP1 and will be discussed in section 1.6.4 (Beaulieu et al, 2007). An additional level
of regulation is provided by PKC serine/threonine kinases, which phosphorylate Thrl 84 on
RasGRP1 and Thr133 on RasGRP3 resulting in activation of these proteins (Zheng et a!,
2005).
1.5.

Physiological relevance of RasGRP1
RasGRP 1, the first member of the RasGRP family to be discovered, was isolated

from two independent screens for cDNAs (from rat brain and murine T cell-hybridoma
cDNA libraries), that were capable of transforming fibroblasts (Ebinu et al, 1998, Tognon et
al, 1998). RasGRP 1 was found to localize to membranes and activate Ras family members,
including H-, K- and N-Ras. Expression analysis revealed that RasGRP1 was present in the
brain, bone marrow as well as lymphoid tissues, including the thymus and spleen, and also
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in T and B cell lines (Ebinu et al, 1998, Ebinu et al, 2000, Tognon et al, 1998). These studies
provided the first clues of the importance of RasGRP 1 in the function of lymphocytes.
1.5.1

Function of RasGRP1 in T cells

Ras signalling is crucial in the development of T cells. Pre-T cells, or thymocytes,
undergo developmental maturation and immunological selection in the thymus prior to
entering the periphery (Starr et a!, 2003). T cell development is crucial as it ensures the
generation of mature T cells that express a diverse T-cell receptor (TCR) repertoire capable
of reacting with a vast array of foreign peptides in the context of self-MHC. Thymocytes
undergo several stages of differentiation marked by the expression of distinct cell surface
markers including CD4 and CD8 (Starr et al, 2003) (Fig. 1.3). The earliest progenitors are
called double negative (DN) as they lack expression of CD4 and CD8. a/fl-lineage T cells
progress from DN to CD4CD8 double positive (DP) thymocytes following productive
rearrangement of the TCR /3 loci. This requires complexing of TCR /3 with pre-TCRa and
CD3 to form the pre-TCR. Assembly of the pre-TCR and passage to the DP stage is a
critical developmental checkpoint and is termed fl-selection (Starr et a!, 2003, von Boehmer
& Fehling, 1997). TCRa chain rearrangement takes place at the DP stage where cells
express a functional afl-TCR at the cell surface and can be subjected to positive or negative
selection. At the DP stage, interaction of the TCR with ligands on specialized thymic and
bone marrow derived cells in the thymus determine the fate of the cell and are essential for
maintaining self-tolerance. Self -tolerance is the ability of the cell to recognize and respond
to foreign antigens and not to self-antigens. Signalling intensity through the TCR, which is
the basis for the strength of signal hypothesis dictates the fate of the cell, with no signal
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leading to death by neglect, a strong signal resulting in negative selection (deletion) or
positive selection leading to maturation and differentiation to either MHC class I restricted
CD4CD8 or MHC class II restricted CD4CD8 single positive (SP) T cells (Hogquist,
2001).

Double negative (DN)

I

Double positive (DP)

I

I

Single positive (SP)

II

•®
Lymphoid
progenitor
Pre-TCR driven
3-selection
TCR gene
rearrangement

TCR driven positive and
negative selection
TCRo gene
rearrangement

RAG’ Mice

Figure 1.3 T cell development overview.

DN, double-negative; DP, double positive; SP, single positive; RAG, recombination-activating gene;
TCR, T-cell receptor.

It was shown that the Ras-Raf-MEK-ERK pathway is important for positive
selection of MHC restricted T cells in the thymus as mice transgenic for dominant-negative
forms of Ras, Raf-1 and MEK-1 have a block in positive selection at the DP stage, but
normal negative selection (Alberola-Ila et al, 1995, O’Shea et a!, 1996, Swan et al, 1995).
Originally, Sos was identified as the principal GEF responsible for activating Ras in
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lymphocytes in response to TCR, which is a RTK. However, this did not explain why Ras
activation was also stimulated by phospholipase C (PLC) (Nel et al, 1995). PLC enzymes
are activated in response to TCR signalling, leading to activation of the Ras-ERK pathway
(Noh et al, 1995). Upon TCR signalling, PLC is recruited to the plasma membrane and
) to generate inositol- 1,4,52
hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP
triphosphate (1P
) and DAG. DAG is released at the plasma membrane and recruits Cl3
domain containing proteins. Originally, PKC family members, containing Cl domains were
thought to be primarily responsible for activation of Ras via PLC through a mechanism
involving the down-regulation of Ras GAPs (Downward et al, 1990). RasGRP 1 became an
attractive candidate linking PLC to Ras activation when it was found that RasGRP 1 became
activated in response to TCR signalling in a PLC- and DAG-dependent fashion in the Jurkat
T cell line (Ebinu et al, 2000).
To determine if RasGRP 1 was important for the development of lymphocytes, a
RasGRP1 knock-out mouse was generated (Dower et al, 2000). DP thymocytes were present
in these mice indicating that 13-selection could occur. However, most thymocytes from these
mice failed to undergo positive selection, as evidenced by the reduced CD4 and CD8 SP
thymocyte populations, and were unable to efficiently activate Ras and ERK following TCR
or DAG activation (Dower et a!, 2000, Priatel et a!, 2002). By contrast, mice engineered to
over-express RasGRP1 had elevated numbers of CD8 T cells (Norment et al, 2003).
Therefore, RasGRP 1 is important for TCR a/3-driven selection and maturation of
thymocytes.
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Ras-ERK signalling positively regulates fl-selection. The DN to DP transition is
enhanced by expression of activated Ras and Raf and ERK activity is associated with pre
TCR signalling (Crompton eta!, 1996, Iritani et al, 1999, Swat et al, 1996). RasGRP1
expression in DN thymocytes is up-regulated following pre-TCR ligation (Norment et al,
2003). Recombination-activating genes (RAG] and RAG2) are both important for initiating
V(D)J recombination and thymocytes that lack either of these genes are arrested at the DN
stage as they fail to generate the TCR-

f3 component of the pre-TCR (Nagaoka et al, 2000).

Trans genie over-expression of RasGRP 1 in RAG-deficient thymocytes was sufficient to
drive f3-selection in the absence of pre-TCR signalling (Norment et al, 2003). Therefore,
RasGRP 1 may contribute to the differentiation signal provided by pre-TCR signalling
during 13-selection. Furthermore, deregulated over-expression of RasGRP 1 at the DN stage
induces thymocyte transformation leading to pre-T-cell acute lymphoblastic leukemias
(Klinger et al, 2005). This probably is due to continual Ras signalling overriding the

13-

selection checkpoint in pre-T cell development.
Another study showed that older RasGRP 1-deficient mice developed an autoimmune
disorder with symptoms such as elevated autoantibodies, similar to the human disease
systemic lupus erythematosus (SLE) and a more recent study showed that T cells from
patients with SLE, have an increased prevalence of defective isoforms of RasGRP 1 (Layer
et al, 2003, Yasuda et al, 2007). Taken together these results suggest that RasGRP1 may be
required for preventing SLE-type autoimmune disorders.
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1.5.2

Function of RasGRP1 in B cells

B cell development takes place in the bone marrow and parallels T cell development
in that it involves an ordered series of steps characterized by the rearrangement of
immunoglobulin (Ig) heavy and light chain loci and expression of cell surface receptors
(Fig. 1.4). Early pro-B cell progenitors undergo V-D-J rearrangements of their heavy chain
genes resulting in expression of a
stage by pairing the

t

t

heavy chain. The pro-B cell progresses to the pre-B cell

heavy chain with Igu and 1g13 chains and a surrogate light chain to

form a pre-B cell receptor (pre-BCR). Signalling through the pre-BCR drives V-J
rearrangement and expression of the light chain genes which replaces the surrogate light
chain forming a complete BCR. These immature B cells then move to peripheral lymphoid
tissues where they undergo further development to form mature B cells (Iritani et a!, 1997,
Zhang et a!, 2004).

Bone Marrow

Periphery
Pre
BCR

BCR

BCR

.-K-4O O
Lymphoid
progenitor

Pro-B

Pre-B

Immature B

Mature B

T

RAG Mice

Figure 1.4 B cell development overview.

BCR, B cell receptor; HC, heavy chain; LC, light chain; VDJ, variable diversity and joining
immunoglobulin gene regions
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As seen for T cells, RAG-deficient mice also do not generate mature B cells as they
are unable to undergo recombination of antigen receptor genes. During B cell development,
introduction of a constitutive active form of Ras into a RAG-null background causes
progression of pro—B cells to pre—B cells, despite absence of a pre-BCR. Also, a second
study demonstrated that expression of a dominant negative form of Ras in B lymphocyte
progenitors resulted in a block in B cell development at the pro-B cell stage that was
overcome by expression of an activated form of Raf (Iritani et al, 1997, Shaw et al, 1999).
Taken together, these studies suggest that the Ras pathway is important for pre-BCR
signalling leading to pre-B cell maturation.
As with T cells, PLC and SOS also become activated in B cells in response to BCR
and phorbol ester stimulation leading to Ras activation (DeFranco, 1997). With Grb2-SOS
being activated independently of PLC, any PLC-mediated Ras activation was thought to be
attributable to the activity of PKC’ s. However, treatment with PKC inhibitors did not
substantially impact BCR-induced Ras activation, suggesting that an alternative signalling
molecule could link PLC to Ras (DeFranco, 1997, Harwood & Cambier, 1993). RasGRP1,
also found to be expressed in B cells, was speculated to be the missing link between PLC
and Ras. Therefore, it was a surprise when RasGRP 1 knockout mice exhibited normal B cell
development (Dower et al, 2000). This indicated that another exchange factor could be
responsible for Ras activation during B cell development, such as SOS or another member
of the RasGRP family.
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With RasGRP3 also found to be expressed in B cells, another group investigated the
extent at which SOS, RasGRP1 and RasGRP3 contribute to Ras activation in the DT4O B
cell line by generating knockout cell lines and examining Ras activation in response to BCR
ligation (Oh-hora et al, 2003). Note that RasGRP2 and 4 are not expressed in DT4O cells,
which is why these two proteins were not examined. SOS 1/SOS2 double deficient DT4O B
cells had normal Ras activation in response to BCR, but had defective Ras activation in
response to epidermal growth factor receptor (EGFR) stimulation. RasGRP3 was found to
be expressed at a much higher level than RasGRP 1 in DT4O cells, therefore, the authors
decided to knockout RasGRP3 with the presumption that a RasGRP3 knockout would have
a stronger phenotype than a RasGRP1 knockout. RasGRP3 deficient DT4O cells had a
marked reduction in BCR-induced Ras activation and further knockout of RasGRP 1 in these
cells resulted in elimination of BCR induced Ras activation. EGFR-induced Ras activation
was relatively normal in RasGRP3 or RasGRP3/RasGRP 1- deficient DT4O cells (Oh-hora et
al, 2003). Therefore, the authors concluded that in DT4O cells, RasGRP3 is the principal Ras
activator in response to BCR simulation, whereas SOS is the main Ras activator in response
to EGFR stimulation. Could normal Ras activation seen in RasGRP1 knockout mice be
attributable to redundancy by RasGRP3? Surprisingly, RasGRP3 single- and RasGRP1/3
double- knockout mice were generated and found to also have normal B cell development
(Coughlin et al, 2005). Since Ras activation is important for B cell development, it could be
that SOS and PKC proteins are compensating for the lack of RasGRP proteins in mutant
mice or that they are the principal Ras activators in immature B cells. In contrast to
immature B cells, splenic B cells from RasGRP3/RasGRP1 double deficient mice did have a
phenotype in that they were unable to activate Ras-ERK in response to the phorbol ester
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PMA (DAG analog). Single RasGRP3 or RasGRP1 deficient mutants had normal Ras-ERK
activation. In addition, both RasGRP1 and RasGRP3 were found to be required for normal B
cell proliferation responses induced by B cell ligation with and without IL-4. Therefore, in B
cells, RasGRP1 and RasGRP3 appear to work in conjunction to activate Ras downstream of
BCR in some circumstances, while in other circumstances Ras activation downstream of
BCR may be mediated by different GEFs (Coughlin et al, 2005). RasGRP4 may be a
potential candidate for contributing to Ras activation in B lymphocytes as expression of this
protein has been reported in peripheral blood leukocytes (Reuther et al, 2002). RasGRP2 is a
Rap activator and is therefore not predicted to affect the Ras activation directly (Kawasaki et
al, 1998).
1.6.

Regulation by controlled membrane localization

Deregulated RasGRP 1 expression has been associated with the initiation of leukemia
and lymphomas and expression of mutated or aberrantly spliced RasGRP1 proteins has been
linked to the autoimmune disease SLE in mice and humans (Klinger et al, 2005, Layer et al,
2003, Li et al, 1999, Yasuda et al, 2007). With aberrant expression being correlated with
disease, it is no surprise that much research has focused on understanding the complexity of
RasGRP1 regulation. Positive regulation or activation ofRasGRPl is dependent on
translocation to membranes where activation of membrane-bound Ras can take place (Ebinu
et al, 2000, Tognon et al, 1998). Therefore, understanding the components involved in
determining the localization status of RasGRP 1 is crucial to understanding RasGRP 1
regulation.
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1.6.1

RasGRP1 localization in resting versus stimulated cells

In resting cells, RasGRP1 can be found localized in the cytosol, endoplasmic
reticulum (ER) and Golgi. In NIH 3T3 fibroblasts, RasGRP1 was found localized at internal
membranes, primarily the ER and Golgi (Tognon et al, 1998). A more elaborate study using
co-staining markers confirmed that in resting COS 1 cells, RasGRP 1 was localized at internal
membranes and that localization correlated with markers for ER and Golgi (Caloca et a!,
2003a). In the same cells, it was shown, using a photobleaching technique, that RasGRP1
proteins are freely diffusing in internal membranes rather than being stably bound,
signifying that the RasGRP 1 -membrane interaction is readily reversible (Caloca et al,
2003a). In murine T cells and in the Jurkat T cell line, RasGRP1 is localized predominantly
in the cytosol and may be partly concentrated in internal membranes (Bivona et a!, 2003,
Mor et al, 2007, Perez de Castro et al, 2004, Sanjuan et al, 2003). In DT4O B cells,
RasGRP 1 was also found localized in the cytosol and internal membranes and co-stains with
ER and Golgi markers (Beaulieu et al, 2007, Caloca et a!, 2003b).
Upon stimulation with appropriate receptors, RasGRP 1 relocalizes from the
cytoplasm to distinct membrane compartments and this step is required for substrate
activation. As previously mentioned, RasGRP 1 contains a DAG responsive Cl domain. In
NIH-3T3 cells, treatment with the phorbol-ester PMA (DAG analog) causes redistribution of
RasGRP 1 from the internal membrane compartment to the plasma membrane (Tognon et al,
1998). Translocation is essential and sufficient for RasGRP1 activation (Ebinu et al, 1998,
Tognon et a!, 1998). In murine T cells and the Jurkat T cell line, TCR stimulation causes
RasGRP 1 to increase its association with membranes, as determined by cell fractionation

19

experiments, and this correlates with activation of the Ras-ERK pathway (Ebinu et al, 2000,
Sanjuan et al, 2003). In Jurkat cells, the reports are conflicting as to which membrane
compartment RasGRP 1 translocates to upon TCR stimulation. Some studies report that
RasGRP 1 translocates to the plasma membrane compartment whereas others report
translocation to the Golgi (Bivona et al, 2003, Caloca et al, 2003 a, Carrasco & Merida,
2004, Mor et al, 2007, Perez de Castro et al, 2004, Sanjuan et al, 2003, Zugaza et al, 2004).
In a recent study, RasGRP1 was reported to localize to both the plasma membrane and Golgi
compartments in Jurkat cells with TCR stimulation, with plasma-membrane targeting being
dependent on co-stimulation with lymphocyte function-associated antigen-i (LFA- 1) (Mor
et al, 2007). It has also been found that RasGRP1 localization can be dictated by the state of
the cell. Ligation of the ICR in the absence of CD28 induces primary I cells to become
anergic and un-responsive to subsequent activation by TCR plus CD28 (Schwartz, 2003). In
primary T cells, RasGRP1 translocates to the plasma membrane when conjugated with
antigen-presenting cells (APC5), which provide TCR and CD28 ligation (Zha et al, 2006).
When the same primary I cells are induced into a state of anergy, RasGRP 1 no longer
translocates to the plasma membrane and remains at endomembranes (Zha et al, 2006). In
DT4O and WEHI 231 B cells, BCR stimulation results in RasGRP 1 translocation to the
plasma membrane and this is correlated with activation of the Ras-ERK pathway (Beaulieu
et al, 2007, Caloca et al, 2003b, Guilbault & Kay, 2004). The ability to translocate to
different membrane compartments is significant in that it potentially diversifies the
signalling output from RasGRP1, possibly leading to differential cell fate decisions. In fact,
RasGRP1 was found at the plasma membrane in thymocytes undergoing negative selection
and at the Golgi in thymocytes undergoing positive selection (Daniels et al, 2006). In the
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WEHI 231 B cell line, overexpressed RasGRP 1, which is found to translocate to the plasma
membrane with BCR stimulation, increases BCR-induced cell apoptosis (Beaulieu et al,
2007, Guilbault & Kay, 2004). Although not investigated, it would be interesting if
RasGRP 1 localization to internal membranes in B cells would confer alternative signals to
those generated from the plasma membrane.
1.6.2

The role of the Cl domain in promoting membrane localization

The Cl domain was first isolated in PKC family members and found to be required
for phorbol esters and DAG binding (Burns & Bell, 1991, Ono et al, 1989, Quest et al,
1994). The Cl domain is a 50 amino acid sequence motif that has a conserved pattern of
cysteine and histidine residues (HX
26
CX
1112
CX
C
I
H
4
C
2
H
X
7
X
I
, where H is
histidine, C is cysteine, and X is any other amino acid), which form a coordination site for
two Zn
2 ions, each supporting the formation of a hydrophobic core allowing binding to
phorbol ester/DAG and insertion into membranes (Hubbard et a!, 1991, Zhang et al, 1995).
Cl domains that follow the conserved sequence pattern are termed ‘typical’ and are
predicted to be regulated by DAG, whereas ‘atypical’ Cl domains diverge from the
conserved pattern and are predicted not to bind or be regulated by DAG (Hurley et at, 1997).
RasGRP1 contains a typical Cl domain with the conserved sequence pattern (Ebinu
et a!, 1998, Tognon et al, 1998). Original studies on RasGRP1 established the requirement
of the Cl domain in membrane translocation and subsequent activation of the Ras-ERK
pathway (Ebinu et a!, 1998, Tognon et al, 1998). Treatment with PMA caused RasGRP1 to
associate with membranes and result in elevated Ras-GTP levels in cells expressing
RasGRP1 but only when the Cl domain was present (Ebinu et al, 1998, Tognon et al, 1998).
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Furthermore, PMA-induced transformation of NIH 3T3 fibroblasts was dependent on the
presence of the Cl domain (Tognon et al, 1998). In COS1 cells, deletion of the Cl domain
abolished localization of RasGRP1 in the ER and Golgi (Caloca et al, 2003a).

Receptor

PA

Figure 1.5 Model for RasGRP1 regulation mediated solely by a Ci-DAG interaction.
, phosphatidylinositol-4,5-bisphosphate; DAG, diacyiglycerol; GEF,
2
PLC, phospholipase C; PIP

guanine nucleotide exchange factor catalytic domain; Cl, Cl-domain; PA, phosphatidic acid; DGK,
diacyiglycerol kinase

Upon stimulation by receptors, PLC is recruited to the plasma membrane and
hydrolyses PIP
2 to generate second messengers 1P
3 and membrane-bound DAG (Berridge &
Irvine, 1984). DAG is released at membranes and recruits Cl domain-containing proteins.
TCR and BCR activation is known to generate DAG by coupling to PLC enzymes, thus
providing a mechanism for activation of RasGRP1 (Fig. 1.5). In Jurkat T cells, RasGRP1
activation downstream of the TCR was eliminated by treatment with a PLC-y1 inhibitor and
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was dependent on the presence of the Cl domain (Ebinu et al, 2000, Roose et al, 2005). In
both Jurkat T cells and DT4O B cells, Vav proteins, which are GEFs for the Rho/Rae family,
have been implicated in regulating the Ras-ERK pathways by playing a role in PLC-y
activation (Caloca et al, 2003b, Zugaza et al, 2004). In vav3 DT4O cells, RasGRP1 is
unable to translocate to the plasma membrane in response to BCR, but translocation was
possible upon co-expression with constitutively active Vav or Rae or treatment with PMA
(Caloca et al, 2003b). Also, treatment with a PLC inhibitor in these cells eliminated Ras
ERK signalling. Constitutively active Vav and Rae proteins also promote translocation of
RasGRP 1 to the plasma membrane in Jurkats and positively regulate RasGRP 1-mediated
Ras activation (Zugaza et a!, 2004). Furthermore, in WEHI 231 B cells, BCR-induced
apoptosis in cells over-expressing RasGRP1 was dependent on the presence of the Cl
domain (Guilbault & Kay, 2004).
Finally, studies with diacylglycerol kinase

(DGKç), which metabolizes DAG to

convert it to phosphatidic acid, have shown that the availability of DAG at membranes is
important for RasGRP1 activation. When RasGRP1 was co-expressed with DGK in
HEK293 cells, RasGRP 1-mediated Ras-GTP loading was downregulated. In Jurkats cells
overexpression of a dominant negative form of DGK resulted in more prolonged Ras-GTP
signalling, likely due to more sustained signalling by RasGRP1 (Jones et al, 2002, Topham
& Prescott, 2001, Zha et a!, 2006, Zhong et al, 2002).
1.6.3

Evidence that the Cl domain is not sufficient for membrane localization

The results described so far refer to membrane localization of full-length RasGRP 1.
In agreement with results for the full-length protein, the isolated Cl domain of RasGRP 1
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was found to bind phorbol esters with high affinity in vitro, and in Jurkat I cells, stimulation
with PMA caused the isolated Cl domain to associate with the plasma membrane (Carrasco
& Merida, 2004, Lorenzo et a!, 2000). However, whereas the full-length protein is capable
of translocating to the plasma membrane in Jurkat T cells in response to TCR stimulation,
under the same conditions, the isolated Cl domain does not translocate (Carrasco & Merida,
2004). This suggests that while the Cl domain is required, it is not sufficient to target the
full-length protein to membranes in response to receptors and that additional signals may be
required. Another consideration is that treatment with DAG and phorbol esters do not
necessarily mimic signalling by receptors and results should be evaluated accordingly. For
instance, like RasGRP 1, RasGRP4cL contains a typical Cl domain that has been shown to
bind to DAG and translocate to membranes when treated with DAG and PMA, leading to
activation of the Ras-ERK pathway (Johnson et a!, 2007, Katsoulotos et al, 2007). However,
unlike RasGRP 1, RasGRP4cL is not responsive to TCR signals and to date has not been
reported to be activated downstream of any other PLC-coupled receptor (Perez de Castro et
al, 2004). This further suggests that RasGRP 1 must contain additional distinct elements that
enable it to respond to receptors. The next section outlines recent results showing that in
addition to the Cl domain, additional elements at the C-terminus of RasGRP 1 are found to
be required for receptor-mediated translocation of RasGRP 1.
1.6.4

RasGRP1 regulation via the SuPT/PT domain

Until very recently, the Cl domain was regarded as the principal vehicle driving
RasGRP 1 to membranes. Recognizing that the Cl -DAG interaction could not entirely
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account for RasGRP1 localization and activation in response to receptors, our group sought
to challenge this prevailing view (Beaulieu et al, 2007).
Historically, the DT4O chicken B cell line has been used to study gene function by
targeted gene disruption because homologous recombination occurs at very high frequencies
in these cells (Buerstedde & Takeda, 1991). As a result, this cell line is extremely useful
since much is already known about the signaling components downstream of the BCR and
many mutant cell lines are available for studying cell signaling pathways. In DT4O cells,
BCR ligation induces the robust re-localization of GFP-tagged RasGRP 1 from the ER and
Golgi to the plasma membrane (Beaulieu et al, 2007, Caloca et al, 2003b). Plasma
membrane localization of RasGRP1 correlates with activation of H-, K- and N-Ras and
phosphorylation of ERK2 (Beaulieu et al, 2007). The plasma membrane is also the site at
which Ras activation takes place, as determined by an intracellular fluorescent probe for
activated Ras, comprised of GFP fused to the Ras-GTP binding domain of Raf- 1, which is
shown to translocate to the plasma membrane with BCR stimulation (Beaulieu et al, 2007).
GFP-tagged RasGRP 1 was found to translocate in 100% of DT4O cells following
ligation of BCR with anti-IgM. The same construct expressed in a PLC-y2 DT4O cell line
was still found to translocate in 37% of cells (Beaulieu et al, 2007). This result constrasted
data from the Vav knockout study showing RasGRP1 incapable of translocating to BCR
(reviewed in section 1.6.2), and indicated that Vav and PLC deficiencies are not equivalent.
Also, the isolated Cl domain did not translocate to the plasma membrane in response to
BCR but did in response to PMA. The biggest surprise came when a Cl domain deleted
RasGRP1 construct (RG1AC1) was found to translocate in 24% of cells in response to BCR
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(Beaulieu et al, 2007). Taken together, these experiments demonstrate that while the Cl
domain is required, it is not the only mechanism for BCR-induced plasma membrane
localization and that a separate BCR-coupled PLC’y2-independent mechanism exists for
plasma membrane targeting of RasGRP 1.
By expressing progressive truncation mutants, our group found that when the region
C-terminal to the Cl domain was deleted, B CR-induced membrane translocation was
eliminated (Beaulieu et al, 2007). Analysis of the C-terminal region revealed two
independent domains. A Plasma membrane Targeter (PT) domain was identified at the very
C-terminus of RasGRP 1, which when expressed in isolation was present at the plasma
membrane in 91% of resting cells and in 99% of BCR stimulated cells. Plasma membrane
localization was not significantly perturbed when the PT domain was expressed in PLCy2
cells. Therefore, the PT domain binds to a putative ligand at the plasma membrane that is
elevated in response to BCR, and likely independent of the PLC pathway. Our group is
currently determining the identity of the PT ligand. The PT domain was also found to be
important for RasGRP 1 translocation in WEHI 231 B cells and DO 11.10 T cells. When a
region N-terminal to the PT domain, denoted Suppressor of PT (SuPT), was attached to the
PT, membrane translocation is dampened down, suggesting that SuPT counteracts PT
membrane targeting. In support of this finding, deletion of SuPT in the full-length protein
enhanced membrane localization in resting and BCR stimulated cells (Beaulieu et al, 2007).
Of note is that when the PT domain is deleted, Ras-ERK signalling is still possible in
response to BCR, even though this mutant is present diffusely in internal membranes.
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1.7.

Model for BCR-induced membrane translocation of RasGRP1

Based on our experiments with DT4O cells, we propose the following model for
RasGRP1 activation in response to BCR ligation (Beaulieu et al, 2007) (Fig. 1.6). In resting
cells, RasGRP 1 is mostly present in the ER and Golgi through the interaction of its Cl
domain with DAG in these compartments. A putative ligand (such as a lipid target) for the
PT domain is present at the plasma membrane but levels are low and the Cl -DAG
interaction along with the suppressive effects of the SuPT cause RasGRP 1 to favour internal
membranes. BCR ligation causes an elevation in PT ligand and PLC-y2-generated DAG at
the plasma membrane. PT binds to the high PT ligand pooi, effectively overriding
suppression by the SuPT domain. Once localized to the plasma membrane via the PT
domain, RasGRP 1-binding is further stabilized by the interaction of the Cl domain with
DAG generated by PLC-y2. In this model, the PT domain is what specifies the plasma
membrane as the preferred site of localization of RasGRP 1.
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Unstimulated B cell:
RasGRP1 drawn to internal membranes

B cell stimulated via BCR:
RasGRP1 drawn to plasma membrane
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Figure 1.6 Mechanism for BCR-induced translocation of RasGRP1 to the plasma membrane.

BCR B cell receptor signalling complex including BCR, Igct, 1gJ3 and BLNK; Ag, antigen; PT,
plasma membrane targeter; SuPT, suppressor of PT; GEF, guanine nucleotide exchange factor
catalytic domain; Cl, Cl domain; PLOy2, phospholipase C gamma 2; DAG, diacyiglycerol.
Unmodified figure from Beaulieu et al., 2007. Mol Biol Cell 18: 3156-3168

1.8.

The EF-hand domain in RasGRP1

RasGRP 1 also contains a pair of EF-hands. Because EF-hands typically bind Ca
,
2
this suggested that RasGRP 1 could be regulated by Ca
. Surprisingly however, there is very
2
little known regarding the role of EF-hands and Ca
2 in regulating RasGRP 1. I will first
provide a review of EF-hands and how they are thought to function, and then discuss the
current knowledge regarding regulation of RasGRP1 via EF-hands.
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1.8.1

2 and the EF-hand domain
Ca

2 is a universal intracellular signaling ion that is involved in an array of functions
Ca
including cell-division, differentiation and apoptosis (Berridge et al, 2003, Gifford et al,
2 in the cytoplasm increases as
2007). In response to various stimuli, the concentration of Ca
2 from internal stores (ER/sarcoplasmic reticulum) and/or from an
a result of release of Ca
influx from extracellular space via Ca
2 channels in the plasma membrane (Berridge et al,
-mobi1izing signal that is generated from
2
2000, Berridge et al, 2003). One common Ca
stimulation of receptors (G-protein coupled receptors, receptor tyrosine kinases, B and T cell
), which is produced by
3
receptors) is the second messenger inositol-1,4,5-triphosphate (1P
) by PLC enzymes(Berridge et al,
2
hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP
3 diffuses into the cell and engages 1P
3 receptors on the ER leading to release of
2000). 1P
2 in internal stores causes activation of plasma membrane
2 into the cell. Depletion of Ca
Ca
2 channels (SOCC), in a process called capacitative
2 channels, called store-operated Ca
Ca
calcium entry (CCE), which leads to Ca
2 entry from the extracellular space into the cell
(Fig. 1.7) (Cullen & Lockyer, 2002). Ca
2 supplied by internal and external sources then
becomes bound to a variety of calcium-binding proteins, including members of the EF-hand
protein family.
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Figure 1.7 Receptor regulation of calcium release from the ER and calcium entry across the
plasma membrane.

PLC, phospholipase C; PIP
, phosphatidylinositol-4,5-bisphosphate; DAG, diacyiglycerol; 1P
2
,
3
inositol- I ,4,5-triphosphate; IP
R. inositol- 1 ,4,5-triphosphate receptor; ER, endoplasmic reticulum;
3
SOCC, store-operated channel.

The name EF-hand was first coined by Kretsinger and Nockolds over 30 years ago to
describe a helix-loop-helix motif discovered in the structure of paravalbumin, a small Ca
2
binding protein isolated from carp muscle (Kretsinger & Nockolds, 1973). EF-hands were
then identified in many other 2
Ca
binding proteins, including troponin C, calmodulin, and
myosin light chains. In fact, this structural motif has been found to be quite widespread and
present in a large number of protein families (Grabarek, 2006).
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The EF-hand domain typically contains about 30 residues and is composed of a
tbinding loop
2
helix-loop-helix structure where two u-helices are linked by a flexible Ca
(Gifford et a!, 2007) (Fig. 1.8 A). The EF-hand domain and in particular the Ca2+ -binding
loop typically contain negatively charged amino acids such as glutamic acid and aspartic
2 ion
acid that provide the ionic forces required for binding to the positively charged Ca
(Gifford et al, 2007). The preferred Ca
-binding geometry is seven ligands arranged in a
2
t
2
pentagonal bipyramidal orientation. In canonical (most common) EF-hands, the Ca
binding loop is typically 12 residues, of which three or four have negatively charged side
chain carboxylic groups and one has a carbonyl group which together provide five
coordinating ligands for Ca
. The other two ligands are supplied by a bidentate carboxylate
2
ligand (supplies two oxygen atoms) of an acidic amino acid located in exiting helix (Gifford
et a!, 2007). Non-canonical EF-hand loops deviate from the 12 residue conformity, but still
achieve the pentagonal bipyramidal coordination by using a different set of ligands.
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Figure has been removed due to
copyright restrictions.

Figure 1.8 A single EF-hand (A) and a pair of EF-hands (B).
A) A single EF-hand consists of a helix-loop-helix structure with Ca
2 coordinated by residues in the
(shown
loop. B) A J3-sheet is often formed between a pair of EF-hands
by the anti-parallel arrows).
Figure from Gifford et al., Biochem J405: 199-22 1

EF-hands typically occur in pairs or multiple pairs (Fig. 1.8 B). This pairing is
thought to stabilize the structure through the formation of an anti-parallel J3-sheet between
tCa
binding loops (Grabarek, 2006). Pairing is seen even when only one of the EF
the two 2
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hands is functional or even when the anti-parallel f3-sheet between the two EF-hands is not
present. EF-hands can occur in odd numbers and in paravalbumin, of the three EF-hands
present, two bind Ca2+ and the third, unpaired EF-hand stabilizes the other two EF-hands
(Gifford et a!, 2007). Paired EF-hands also allow cooperative ligand binding, such that Ca
2
binding to the first site enhances the binding affinity of the second site.
Most regulatory EF-hands are thought to change their conformation upon Ca
2
binding thereby allowing interaction with target proteins (Grabarek, 2006). One established
model proposes that Ca2+ -binding causes a transition from a closed to an open conformation,
exposing hydrophobic residues that bind to target proteins (Grabarek, 2006). EF-hand
proteins that do not change their conformation upon Ca
-binding are thought to work as
2
-binding has also been proposed and suggests that in some
2
-buffers. A new role for Ca
2
Ca
cases, Ca
2 bound to EF-hands is solely important for the structural stability of the protein
(Gifford et al, 2007). However, there is still little evidence for strictly structural (rather than
regulatory) roles for the EF-hands.
1.8.2

Role of EF-hands in regulating RasGRP1

RasGRP1 contains a pair of EF-hands that reside between the N-terminal GEF
domain and the C-terminal Cl domain. Both EF-hands contain the required residues for
coordinating Ca
. Several studies on RasGRP 1 have attempted to determine whether Ca
2
2
signalling via the EF-hands regulated RasGRP1 but results are conflicting and inconclusive.
The first paper that was published on RasGRP 1 tested the calcium-binding affinity of
the EF-hands (Ebinu et al, 1998). Recombinant, GST-RasGRP 1 fusion proteins were
expressed in bacteria, transferred to a nitrocellulose filter and probed with 45
Ca. Wild-type
33

EF-hands were detected to bind Ca
, as did EF-hands with point mutations in the first EF
2
hand. However, EF-hands with point mutations in the second EF-hand or both EF-hands
. Therefore, the second EF-hand is proposed to bind Ca
2
were not detected to bind Ca
2
whereas the first EF-hand does not. A subsequent study by our group determined that the
presence of EF-hands in RasGRP 1 was not important for RasGRP 1-promoted
transformation of NIH 3T3 fibroblasts. RasGRP1 with a deletion in the EF-hand region was
able to transform NIH 3T3 cells in the presence of serum or PMA as effectively as wild-type
RasGRP1 (Tognon et al, 1998). In line with these findings, another study showed that Ca
2
binding to the EF-hands did not influence the ability of the Cl-domain to bind phorbol
esters. Specifically, phorbol ester binding affinity of the Ci-EF-hand region was
unperturbed in the presence of increasing doses of free Ca
2 (Lorenzo et a!, 2000). As
previously mentioned, 1P
3 is a product of PLC activity. 1P
3 is released in the cytosol and
3 receptors causing release of intracellular Ca
binds to 1P
2 stores. With RasGRP 1 found to
be responsive to TCR signaling in T cells through PLC-dependent mechanisms, the
involvement of Ca
2 and the EF-hands in regulating RasGRP 1 downstream of the TCR also
came into question (Ebinu et a!, 2000). However, treatment with intracellular and
extracellular calcium chelating agents reportedly (data not shown) did not affect the ability
of RasGRP1 to activate Ras in Jurkat T cells. This result further ruled out a role for Ca
2 and
EF-hands in regulating RasGRP 1.
In addition to the group showing that Ca
2 binds to the second EF-hand, several other
studies have also supported a role for the EF-hands (Ebinu et a!, 1998). Ca
2 ionophores
facilitate the transport of Ca
2 across the plasma membrane. Ras activation in 293T cells
expressing RasGRP1 was reported to be elevated with Ca
2 ionophore treatment, however,
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the increase appears marginal and statistics are not provided (Kawasaki et al, 1998). In the
Jurkat T cell line, RasGRP1 was reported to enhance the synergistic induction of
interleukin-2 (IL-2) expression by calcium ionophore in combination with phorbol-ester
(Ebinu et al, 2000). It must be noted that the requirement for Ca
2 ionophore in this case
could reflect Ca
2 acting on the IL-2 gene via the calcineurin!NFAT pathway, with phorbol
ester mediated activation of Ras via RasGRP 1 synergizing with the calcineurin/NFAT
pathway (Feske, 2007). The most direct evidence to date suggesting a role for the EF-hands
in regulating RasGRP 1 was by our group showing that deletion of the EF-hands eliminated
BCR- or PMA-induced apoptosis of WEHI 231 13 cells over-expressing RasGRP1
(Guilbault & Kay, 2004). In summary, EF-hands have been found to bind Ca
, but the
2
physiological significance of the interaction has not been uncovered.
1.8.3

Role of EF-hands in regulating other RasGRPs

The other members of the RasGRP family are similar to RasGRP 1 in their
possession of EF-hands. RasGRP2 and 3 each contain a pair of EF-hands with predicted
2 binding capabilities, whereas RasGRP4 contains only one EF-hand and based on
Ca
sequence inspection is not predicted to bind Ca
. Evidence for the role of Ca
2
2 in regulating
these proteins is limited and in some cases vague. Rap 1 A activation by two alternatively
spliced isoforms of RasGRP2 was elevated with Ca
2 ionophore treatment in both 293T cells
and COS cells, whereas Ras activation by both of these isoforms of RasGRP2 was inhibited
by the same treatment in COS cells (Clyde-Smith et al, 2000, Kawasaki et al, 1998).
RasGRP3-dependent activation of Ras was reportedly not augmented by Ca
2 ionophore
treatment in rat2 cells (Lorenzo et al, 2001). Another group concluded that RasGRP335

dependent activation of Rap2B in HEK 293 cells stimulated with EGF receptor is mediated
by Ca
, but this conclusion was based only on the observation that Rap2B activation
2
requires Ca
2 in these cell, without showing that this involves RasGRP3 (Stope et al, 2004).
Finally, RasGRP4-dependent Ras-GTP loading was reported to be inhibited in the presence
2 is not physiological, and can
of 1mM Ca
2 (Yang et a!, 2002). However, millimolar Ca
induce changes in membrane structure that could artifactually inhibit exchange activity. In
conclusion, much work still needs to be done to decisively determine the role of the EF
hands and Ca
2 ‘n regulating RasGRPs.
1.9.

Research objectives and approach
RasGRP 1 activation downstream of antigen receptors is a tightly regulated process

and involves co-operation between multiple domains and signals generated by the cell. With
sparse and conflicting knowledge available regarding the role of the EF-hands, we became
interested in determining whether the EF-hands had any role in regulating RasGRP1. My
overall thesis goal was to test the hypothesis that the EF-hands had a role in activating
RasGRP 1 downstream of antigen receptors. The system I used for my studies was the DT4O
B cell line (reviewed in 1.7). This cell line was an attractive model for my studies as other
aspects of RasGRP1 regulation downstream of the BCR had been extensively studied in this
cell line by our group, including the role of the Cl, SuPT and PT domains. My specific
objectives were: 1) to determine whether Ca
2 signals generated by BCR activation were
important for RasGRP 1 translocation and activation of Ras-ERK, 2) to determine if Ca
2
binding to the EF-hands was required for RasGRP1 activity and 3) to determine the
mechanism with which EF-hands regulate RasGRP 1. Having addressed these initial research
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objectives and encountering unexpected results, I also became interested in how the catalytic
region of RasGRP 1, encompassing the REM and GEF domains, was involved in both EF
hand dependent and EF-hand-independent mechanisms of RasGRP 1 regulation.
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2 MATERIALS AND METHODS

2.1.

Cells and reagents

Wild-type DT4O (avian leukosis transformed chicken B cell line) cells were obtained from
Mike Gold (University of British Columbia, Vancouver), and they were originally from T.
Kurosaki (RIKEN Research Center, Yokohama, Japan). All DT4O cells used in this study
were transfected with an expression plasmid expressing the ecotropic retroviral receptor, to
make them permissible for infection with murine retroviral vectors. DT4O cells were
cultured in RPMI 1640 medium (Stem Cell Technologies Inc., Vancouver, BC, Canada)
supplemented with 10% fetal bovine serum (PAA Laboratories, Etobicoke, ON, Canada),
2% chicken serum (Invitrogen, Carlsbad, CA), and 50 jiM 2-mercaptoethanol. NIH 3T3 cells
from American Type Culture Collection (Manassas, VA) were cultured in DMEM (Stem
Cell Technologies) containing 10% bovine calf serum (Fisher Scientific, Pittsburgh, PA).
Anti-chicken 1gM polyclonal antibody was from Bethyl Laboratories (Montgomery, TX).
Anti-extracellular signal-regulated kinase (ERK) 1/2 anti-phospho-specific ERK1 /2
antibodies were from Cell Signaling Technology (Danvers, MA), anti-pan Ras was from
EMD biosciences (San Diego, CA), anti-RasGRP1 (ml99) and anti-Rapl were from Santa
Cruz Biotechnology, (Santa Cruz, CA). Horseradish peroxidase-conjugated secondary
antibodies were from Jackson ImmunoResearch Laboratories. 1 ,2-Dioctanoyl-sn-glycerol
(DAG analog), EGTA and carbachol were obtained from Sigma-Aldrich (Oakville, ON,
Canada). BAPTA-AM and Fura-2/AM were obtained from Invitrogen (Molecular Probes).
The MEK1 inhibitor U0126 was from Promega, Madison, WI).
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2.2.

Constructs

All modifications to RasGRP1 sequence were made by PCR-directed site mutagenesis. The
N-terminally GFP-tagged form of full-length murine RasGRP1 (RG1) was derived from the
XFL construct described previously (Park et al, 1994) with the GFP coding sequences from
pEGFP-C1 (Clontech, Mountain View, CA) fused to amino acid 2 of RasGRP1 (GenBank
accession no. NP_035376). The sequence at the fusion site is
DELYKSGLRSSAQSEGTLGKAR, with the sequences that do not naturally occur in
enhanced (e)GFP or RasGRP 1 in italics. The following constructs are modifications of this
RasGRP1 construct with the indicated changes (sequences that do not naturally occur in
RasGRP 1 are italicized; C terminus indicated by star). RG 1 -iEF 1 contains mutations
affecting the first EF-hand. The encoded peptide sequence of this mutant is
VFKNYSLSQSGYISQE; the normal sequence is VFKNYDLDQDGYISQE. RG1-jiEF2
contains mutations affecting the second EF-hand. The encoded peptide sequence of this
mutant is SFCVMSKSRSGLISRD; the normal sequence is SFCVMDKDREGLISRD.
i1 is RG1 with a single R271E point mutation that disrupts binding to Ras GTPases
1
GEF
(Park et al, 1994, Tognon et al, 1998). GEF-p2 is RG1 with a double (1354A+L355A) point
mutation; the homologous mutation in SOS 1 destabilizes Ras binding in the catalytic pocket
(Margarit et al, 2003). REM-p. is RG1 with a double (L123A+K124E) point mutation; the
homologous mutation in SOS1 precludes Ras-GTP binding to the REM domain (Margarit et
a!, 2003). RG1-Prop. contains a mutation affecting the proline cluster (Tognon et al, 1998).
The encoded peptide sequence of this mutant is RNHRAQGLTGSKGGVVVDW; the
normal sequence is RNHRAPPLTPSKPPVVVDW. RG1AC1

=

deletion of amino acids

538—595; sequence around deletion = YSKLGKSPAIS. RG 1 ASuPT = deletion of amino
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acids 646—694; sequence around deletion = VDHSEESTPRKSAQ. RG1 Aexi 1

=

amino acids 44 1-476; sequence around deletion = NHRAPSVFKN. RG1AGEFC

deletion of
=

deletion

of amino acids 396-439; sequence around deletion = LNELVQTEAPPLTP. RG1/Pren and
GEF-j2/pren = replacement ofRasGRPl amino acids 441 to C terminus with an HA epitope
tag plus the prenylation signal of K-Ras; sequence from fusion to C terminus =
EPRNHRS TEA YPYDYASGSRKHKEKMSKDGKKKKKKSKTKC VIM*. The sequence

around the GFP fusion is DELYKSGLRSLKSTFPHNF for the Cl -SuPT-PT construct,
DELYKSGLRSLKSTEGPPLTP for the EF 1/2-Cl -SuPT-PT construct,
DELYKSGLRSLKSTPRKSAQ for the isolated PT domain construct, and
DELYKSGLRSLKSTEDRVSLGHL for the RGlANterm construct. The sequence around the
GFP fusion is DELYKSGLRSLKSTEDRVSLGHL for the isolated REM-GEF domain; the
sequence at the C-terminus is A YPYDYASG*. The sequence around the GFP fusion and at
the C-terminus for the tandem REM-GEF domains [(REM-GEF)x2] is the same as for the
single REM-GEF domain; the sequence adjoining the two REM-GEF domains is
YSKLGSTEAYPYDYASGSTAQSEGTLGKARE. The sequence for PKCc (Cla+Clb)
constructs is as described previously (Beaulieu et a!, 2007).
2.3.

Retroviral transduction of cell lines

Transfection of BOSC23 ecotropic packaging cells with retroviral vector plasmid DNA was
performed as described previously (Pear et al, 1993). Virus-containing medium was
supplemented with polybrene to 20 tg/ml and then added to an equal volume of DT4O (2 x
10
/ml) in appropriate medium. After 5—10 h of culture, 2—3 volumes ofmedium was added.
6
Transduced cells were selected by addition of puromycin or hygromycin 30—48 after
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infection. GFP-positive cells were then sorted by flow cytometry. Adherent NIH 3T3 cells
were transduced in the same way, except with complete changes ofmedium.
2.4.

Fluorescence microscopy

DT4O cells expressing different mutants of RasGRP 1 were plated on poly-L-lysine (Sigma
Aldrich)—coated glass coverslips. Before stimulation, DT4O cells were cultured in serumfree medium for 3—4 hours. DT4O cells were stimulated in Haiik’s buffer (Stem Cell
Technologies) with 5 ig/ml anti-chicken immunoglobulin (Ig)M or 100 iM DAG. For
BAPTA-AM experiments, cells were incubated in activation buffer (25 mM HEPES, pH 7.2,
, 1 mM 4
2
HPO 0.5 mM Mg50
2
Na
,
, 2 mM
4
125 mM NaC1, 5 mM KC1, 1 mM CaCl

L

glutamine, 1 mM sodium pyruvate, 0.1% glucose, 0.1% bovine serum albumin [BSA], and
50 iM 2-mercaptoethanol)(Saxton et al, 1994) with BAPTA-AM for 30 mm and then
subsequently stimulated in activation buffer with 5 tg/ml anti-chicken 1gM. DT4O cells
were then fixed with 4% formaldehyde in PBS. Fluorescence light microscopy was
performed with a Zeiss Axioplan 2 imaging universal microscope using a 63x (plan
APOCHROMAT) objective. Fluorescence light microscopy used a 450- to 485-nm
excitation filter and a 500- to 545-emission filter. Images were taken at 1360x 1036 pixels
with a Retiga EX camera (Q Imaging) and recorded with OpenLab (Improvision) imaging
software. Images were used to score between 50-150 DT4O cells for plasma membrane
localization of the GFP fusion proteins. Only DT4O cells showing fluorescence well above
autofluorescence levels were scored. Images of individual DT4O cells displayed in the
figures were chosen to be representative of the majority of the population of DT4O cells,
except where noted in the figure legends. DT4O cells ranged in size from 8.5 to 13.2 im in
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diameter. Images of DT4O cells were resized in Photoshop 5.0 (Adobe Systems) to have the
same cell diameter, in order to fit them to a line segment of common length for generating
fluorescence intensity histograms. Each histogram was generated by placing the line
segment from the centre of the cell of interest, through and beyond the plasma membrane, as
shown in the figures. Histograms of fluorescence intensities along the line segment were
drawn by the profile function of Scion Image software (version 4.0, Scion Corp. Frederick
MD USA).
After transfection with GFP-fusion constructs indicated in the figure legends, NIH 3T3 cells
were fixed in 4% formaldehyde in PBS and then visualized by fluorescence microscopy.
Images were taken at 1360x1036 pixels with a Retiga EX camera and images were captured
using OpenLab software.
2.5.

Stimulation and lysis of cells for detection of P-ERK2 or Ras-GTP

DT4O cells (2.5 x 10) were incubated in activation buffer for 10 mm at 37°C before
stimulation with anti-chicken 1gM a concentration of 5 jig/ml for the indicated times. For
BAPTA-AM treatments, cells were incubated in activation buffer loaded with BAPTA-AM
at 23°C for 30 mm prior to being washed in the same buffer and then stimulated at 37°C
with 5 ig/ml of anti-chicken 1gM. Cells were immediately lysed with 2.5 volumes of ice
cold lysis buffer (25 mM HEPES, pH 7.5, 150 mMNaC1, 1% NP-40, 0.25% sodium
, 1 mM EDTA, and 1 mM
2
deoxycholate, 10% glycerol, 25 mM NaF, 10 mM MgC1
) containing 2 ig/m1 aprotinin, 2 jig/mi leupeptin, 0.5 mM phenylmethylsulfonyl
4
NaMoO
VO For Ras activation assays, lysates prepared as
3
Na
.
fluoride, and 1 mM activated 4
described above were incubated for 30 mm with glutathione S-transferase (GST)/Raf—RBD
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fusion protein, which had been prepared and prebound to glutathione-agarose beads as
described previously (Taylor et al, 2001). After washing, samples were eluted in Bio-Rad
XT sample buffer (Bio-Rad, Hercules, CA), electrophoresed, and detected by western blot as
described below, using anti-pan Ras antibodies.
2.6.

Western blot analysis

Samples containing equal quantities of total protein (measured by the BCA protein assay;
Pierce Chemical, Rockford, IL) were denatured using Bio-Rad XT sample buffer, separated
by gel electrophoresis on 12% XT-Criterion acrylamide gels (Bio-Rad), and transferred to
polyvinylidene difluoride membranes (Millipore, Billerica, MA) by electroblotting. After
blocking the membranes overnight at 4°C in Tris-buffered saline/Tween 20 (TBST) (25 mM
Tris-HC1, pH 7.4, 3 mM KC1, 150 mM NaCl, and 0.05% Tween 20) containing 5% BSA,
primary antibodies were applied to the membrane for 90 mm at room temperature in 2%
BSA TBST, and horseradish peroxidase-conjugated secondary antibodies were applied for
45 mm at room temperature in TBST containing 1% BSA. Membranes were exposed to
substrate/enhanced chemiluminescence (Santa Cruz Biotechnology) and chemiluminescence
was detected using the VersaDoc 5000 imaging system (Bio-Rad). P-ERK2 was quantified
by band volume analysis using Quantity One software (Bio-Rad). In all western blot figures,
each panel is from a single blot, with gaps in the image indicating intervening segments of
the blot that are not displayed.
2.7.

Calcium flux measurements

DT4O cells (4

x

106 cells per ml) were incubated with 2 iM Fura-2/AM in activation buffer

at 23°C for 75 mm. For BAPTA-AM treatments, the cells were incubated with Fura-2-AM
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for 45 mm at which point BAPTA-AM was added and incubated for another 30 mm. The
cells were then washed and resuspended in 1 ml of activation buffer at 2

x

106 cells per ml in

a stirring cuvette and cells were stimulated by addition of cL-IgM (5 jig/mi). Cytosolic
calcium was measured by monitoring fluorescence intensity at 510 nm by exciting the
sample with two different wavelengths (340 and 380 nm) with an Aminco-Bowman series 2
luminescence spectrometer (Thermo Electron Corporation, Madison, WI).
2.8.

Transformation assays

NIH 3T3 cells were seeded at iow density one day prior to being infected with retrovirus
containing cDNAs indicated in the figure legends. The medium was changed 5-10 hr post
infection and then subsequently changed every 1-2 days with DMEM (Stem Cell
Technologies) containing 10% bovine calf serum. After 14 days (or unless otherwise noted),
the cells were visualized by phase contrast microscopy using the 1 Ox objective of a Nikon
Eclipse TS100 inverted microscope and photographed using a Retiga 1300 camera
imaging). Images were captured using the OpenLab imaging software.
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3 ROLE OF EF-HANDS IN ACTIVATING RASGRP1

3.1.

DT4O B cells as an experimental system for analyzing RasGRP1 activation by
antigen receptor.

Signal transduction and regulation of RasGRP1 downstream of the BCR has been
extensively studied in the DT4O B cell line (Beaulieu et al, 2007, Caloca et al, 2003b). The
DT4O chicken B cell line expresses a B cell receptor (1gM isotype) on its cell surface, which
can be stimulated using an antibody raised against the variable chain of 1gM (Takata et al,
1995). 1gM cross-linking leads to a series of phosphorylation events resulting in activation

of PLCy and the Ras pathway (Winding & Berchtold, 2001). DT4O cells can be induced to
express murine, full-length or mutant, RasGRP 1 cDNAs fused to enhanced green
fluorescent protein (GFP) using retroviral tranduction. For this purpose, pCTV2 11 or
pCTV2 10 retroviral vectors were used, containing puromycin or hygromycin resistance
genes, respectively (Beaulieu et a!, 2007, Tognon et a!, 1998). Retroviral vectors are then
introduced to the ecotropic BOSC virus packaging cell line by transfection using a calcium
phosphate precipitation protocol to produce ecotropic retroviruses ready for infection (Pear
et a!, 1993). To permit infection by the ecotropic retroviruses, DT4O cells are previously
transfected with an expression plasmid that expresses the ecotropic receptor (Beaulieu et al,
2007). Following infection and drug selection, DT4O cells are sorted for high GFP
expression, compared to untransduced counterparts, using flow cytometry. RasGRP1
expression levels are also determined by western blot using an antibody that detects
exogenous murine RasGRP 1.
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The amount of activated Ras in the cell is determined by a Ras pull-down assay,
which takes advantage of the fact that the Ras effector Raf only binds to the activated GTP
bound form of Ras. In this assay, Ras-GTP is affinity purified from cell lysates using the
Ras-binding domain (RBD) of Raf. Raf-RBD is in the form of a GST fusion protein which
allows for extraction of the Raf-RBD/GTP-Ras complex with glutathione affinity beads. The
amount of activated Ras is then determined by western blot using a Ras specific antibody.
By comparing total lysates to affinity-purified lysates, the ratio of GTP-Ras to total Ras can
be determined. Activated Ras triggers the sequential activation of the Raf-MEK1 kinase
cascade leading to phosphorylation of ERK2, which is detected by western blot using an
anti-phosphospecific-ERK (pERK) antibody. We use pERK as an assay for Ras pathway
signaling because it is reliably quantitative.
Upon stimulation with u-IgM, DT4O cells expressing RasGRP1 had elevated Ras
GTP and pERK2 levels compared to GFP-expressing control cells (Fig. 3.1 C and (Beaulieu
et al, 2007)). The GFP-tagged RasGRP1 translocates from the cytosol and endomembranes
(golgi and ER) to the plasma membrane after BCR ligation (Beaulieu et al, 2007, Caloca et
al, 2003b), as detected by fluorescence light microscopy (Fig. 3. 1B). Fluorescence light
microscopy was chosen over confocal fluorescence microsopy as the preferred method to
image cells. This is because for single cell preparations, where the depth of focus is small
compared to e.g. whole tissue sections that are many layers of cells, there is no overlying
material to cause light scattering and therefore the image is not degraded and can be easily
visualized by fluorescence light microscopy. Also, the duration of exposure is minimized
which then allows for multiple viewings as there is less sample bleaching. Furthermore, by
doing confocal microscopy on a number of cell preparations, we have confirmed that we
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have not lost any information by chosing fluorescence light microscopy to image our cells.
Instead, we have been able to scan many more samples due to the high-throughput
efficiency of this technique.
Translocation of RasGRP 1 in DT4O cells has been previously shown to be correlated
with the catalytic activation of RasGRP 1, resulting in an increase in the GTP loading of Ras
and phosphorylation of ERK2 (Beaulieu et al, 2007). This translocation and activation
phenotype of RasGRP 1 in DT4O cells serves as a model for studying the roles of specific
stimuli and domains involved in RasGRP1 regulation.
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Figure 3.1 RasGRP1 is activated by translocation to the plasma membrane in response to
aIgM.
(A) Schematic representation of the domain structure of GFP-tagged murine RasGRP 1 (RG 1). GFP,
green fluorescent protein; REM, Ras exchange motif; GEF, guanine nucleotide exchange factor
domain; EF, EF-hands; Cl, Cl-domain; SuPT, suppressor of PT; PT, plasma membrane targeter. (B)
DT4O cells expressing GFP-tagged RG1 were untreated (nil) or treated with 5 ig/ml of u-IgM for 15
mm. Cells were then fixed and photographed by fluorescence microscopy. Single cells shown are
representative of the typical appearance of the population of cells. Histograms of fluorescence

intensities along the indicated segments are shown to the top right of each cell image. The edge of
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the cell is indicated by the vertical line on the segment. The percentages of cells in each population
with detectable GFP at the plasma membrane are listed to the bottom right of each image as
“%pm+”. (C) DT4O cells expressing either GFP as a control or RG1 were treated with 5 jig/mi of ci
1gM for 15 minutes. Expression levels of transduced RG1 protein for each sample were determined
by western blot using an anti-RG1 antibody. GTP-bound Ras was purified by Ras pull-down assay
and detected by western blot by using an anti-Ras antibody (pan-Ras) detecting endogenous K-Ras
and H-Ras. Activated ERK2 was detected using an anti-phosphospecific ERK antibody (pERK).
Anti-pan Ras is a measure of total-Ras and is also used as a loading control for this blot. Total ERK
was not available for this data, however, as shown in figure 3.8 A and B, total ERK does not vary
with treatment in RG 1 transduced DT4O cells.

3.2.

Translocation and activation of RasGRP1 is not regulated by BCR-induced
calcium flux.
BCR ligation induces activation of PLCy2, which hydrolyses PIP
2 to produce 1P
3

which induces release of Ca
2 into the cytosol from the endoplasmic reticulum, and
subsequent Ca2+ entry across the plasma membrane (see chapter 1, Fig. 1.7). This increase in
.

cytosolic Ca
2 concentration following BCR ligation is rapid and transient and is referred to
as Ca
2 flux (Fig. 3.2 A). RasGRP1 contains a pair of EF-hands with potential Ca
-binding
2
capabilities, and therefore may be regulated by Ca
2 flux. To determine if BCR-induced
2 flux is required for RasGRP 1 translocation and activation, DT4O cells expressing GFP
Ca
tagged RasGRP1 were treated with the cell-permeable Ca
2 chelator BAPTA-AM. BAPTA
AM enters cells and, following hydrolysis of an ester bond by cellular enzymes, is trapped
predominantly in the cytosol, where it chelates free Ca
2 (Tsien, 1981, Tsien et a!, 1984).
Intracellular Ca
2 levels were measured by loading cells with Fura-2/AM, a fluorescent
indicator that binds to free Ca
2 (Grynkiewicz et a!, 1985). Like BAPTA-AM, Fura-2/AM is
also trapped predominantly in the cytosol by cleavage of an ester bond. Fura-2 is excited at
two wavelengths (340 and 380 nm) and monitored at a single emission wavelength (510
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nm). The Ca
2 unbound form of Fura-2 is excited at 380 nm and the 2
Ca
bound form is
excited at 340 nm. The ratio of emissions at those two wavelengths directly correlates with
the amount of intracellular Ca
. Fluorescence intensity increases at 340 nm with increasing
2
2 concentration and decreases at 380 nm for the unbound form. Therefore, an increase in
Ca
the ratio of emissions for the bound/unbound form correlates with increasing intracellular
2 concentration.
Ca
At 10 riM, BAPTA-AM eliminated the Ca
2 flux induced by BCR ligation, but
surprisingly did not inhibit BCR-induced translocation of RasGRP 1 to the plasma membrane
(Fig. 3.2 A+B). BAPTA-AM at 10 jiM also had no effect on RasGRP1 activation, as
detected by ERK2 phosphorylation (Fig. 3.2 C). Therefore, 2
Ca
flux triggered by BCR
ligation is not needed for either RasGRP 1 activation or its translocation to the plasma
membrane.
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Figure 3.2 BCR-induced Ca
2 flux is not required for RasGRP1 translocation and activation.

(A) Intracellular Ca
2 measurements in DT4O cells in response to 5 tg/ml of (1-1gM. The left panel
shows a Ca
2 flux response that is normally induced for DT4O cells treated with x-IgM. The right
panel shows the absence of a Ca
2 flux response in DT4O cells pre- treated with 10 iM BAPTA-AM.
The arrow indicates the time when ct-IgM was added. For Ca
2 measurements, cells were loaded with
Fura-2/AM for 45 mm prior to loading with BAPTA-AM for another 30 mm. The ratio of
fluorescence intensity at 510 nm is displayed after exciting the sample at two different wavelengths
(340 and 380 nm). (B) DT4O cells expressing RG1 were treated without (nil) or with 10 .tM
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BAPTA-AM for 30 mill prior to being untreated (nil) or stimulated with 5 jig/ml of ct-IgM for 15
mm. Cells were fixed and photographed for fluorescence microscopy and analysed as described in
Fig. 3.1. RG 1 localized to the plasma membrane as effectively in BAPTA-AM treated cells as
untreated cells. (C) DT4O cells expressing either GFP as a control or RGI were either untreated (nil)
or treated with 10 jiM BAPTA-AM for 30 mm prior to being to being untreated or treated with 5
jig/mi of cL-IgM for 15 mm. Activated ERK2 and RG1 levels were detected by western blot using c
pERK and x-RG1 antibodies respectively. Anti-Rap 1 was used as a loading control in this
experiment. Experiments shown are representative of 3 independent experiments.

While BAPTA-AM chelates the high concentration of Ca2+.induced by BCR ligation,
it does not chelate all free Ca
2 (Rintoul et al, 2001). Therefore, while the large increase in
2 induced by BCR ligation does not regulate RasGRP 1, it is possible that RasGRP 1
Ca

activation is dependent on lower, basal concentrations of Ca
. Raising the concentration of
2
BAPTA-AM to 30 riM, which will further reduce the free Ca
2 concentration, inhibited
RasGRP1 translocation to the plasma membrane (Fig. 3.3 A). To test whether this effect of

BAPTA-AM was acting via the EF-hands of RasGRP 1, we determined the effect of
BAPTA-AM on the other two mechanisms known to contribute to RasGRP1 translocation:
DAG-induced translocation via the Cl domain and PT domain-mediated translocation. We
used a probe for DAG, the tandem Cia + Ci b domains of PKCE (PKC-C lab), to detect
BCR-induced DAG generation at the plasma membrane and the isolated PT domain (PT) to
assess PT-mediated translocation. PKC-C lab and PT both translocated to the plasma
membrane in response to BCR-ligation with or without 10 jiM BAPTA-AM treatment.

However, raising the concentration of BAPTA-AM to 30 jiM eliminated any detectable
translocation ofPKCE-Clab or PT (Fig. 3.3 A+B). Therefore, BAPTA-AM at 30 jiM
disables both Ci and PT-dependent mechanisms ofRasGRPi translocation. Because of this,

the inhibitory effect of 30 jiM BAPTA on RasGRP 1 translocation cannot be ascribed to a
direct effect on the EF-hand.
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Figure 3.3 Increasing the concentration of BAPTA-AM to 30 jiM disrupts BAG generation at
the plasma membrane and prevents PT domain-mediated translocation.
DT4O cells expressing RG1, GFP-tagged Clab of PKCe (PKCE -Clab), or GFP-tagged PT domain
of RG 1 (PT) were untreated (nil) or treated with BAPTA-AM at the indicated concentrations. Cells
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were then either untreated (nil) or stimulated with 5 jig/ml of x-IgM for 15 minutes prior to being
fixed. Cell were photographed by fluorescence microscopy and analysed as described in Fig. 3.1. (A)
RG 1 was detected at the plasma membrane in DT40 cells treated with 10 tM BAPTA-AM, but no
longer easily detectable at the plasma membrane when treated with 30 iM BAPTA-AM. (B) The
PKCE-C lab domain was detected at the plasma membrane after treatment with 5 tg/ml of x-IgM for
15 minutes in DT4O cells that were untreated (nil) or treated with 10 jiM BAPTA-AM. PKCE-C lab
was no longer detected at the plasma membrane when cells were treated with 30 jiM BAPTA-AM.
(C) The PT domain trans located to the plasma membrane after treatment with 5 jig/ml of ci-TgM for
15 minutes in DT4O cells that were untreated (nil) or treated with 10 jiM BAPTA-AM. When the
concentration of BAPTA-AM was raised to 30 jiM, PT was no longer detected at the plasma
membrane. This experiment shown is representative of 2 independent experiments (for A, B and C).

The BCR-induced Ca
2 flux into the cytosol relies on both internal and external Ca
2
2 following BCR-ligation reflects the release of
sources. The initial transient increase in Ca
2
2 from internal stores, whereas a more sustained component results from influx of Ca
Ca
from the extracellular space (Berridge et al, 2000, Berridge et al, 2003). Because chelation
2 in the
of Ca
2 by BAPTA is limited by the on-rate of binding, it may not fully sequester Ca
immediate vicinity of membrane channels (Cullen & Lockyer, 2002, Dolmetsch et al, 2001,
Rintoul et al, 2001). If so, this may explain the lack of effect of 10 iM BAPTA-AM on
RasGRP1 translocation. In other words, the rate at which Ca
2 enters the cytosol through
membrane channels may locally exceed the rate at which BAPTA can bind to Ca
, thereby
2
providing a channel-proximal source of Ca
2 for RasGRP 1 binding. In particular, local
2 that could mediate
influx of Ca
2 via plasma membrane channels might provide free Ca
2 by BAPTA.
plasma membrane binding of RasGRP 1, despite chelation of bulk cytosolic Ca
-free buffer that also contains the Ca
2
2 chelator EGTA, BCR
By stimulating cells in Ca
induced Ca
2 flux via plasma membrane channels will be eliminated. As shown in Fig. 3.4,
-free/EGTA buffer, with or without BAPTA-AM, had no effect on BCR-induced
2
using Ca
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translocation of RasGRP1 (Fig. 3.4). This indicates that influx of Ca
2 through plasma
membrane channels is not required for RasGRP1 translocation to the plasma membrane.
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Figure 3.4 Chelation of both intracellular and extracellular Ca
2 does not inhibit plasma
membrane targeting of RG1.

DT4O cells expressing RG1 were either untreated (nil) or treated with 10 1
iM BAPTA-AM and
stimulated with 5 jig/mI of x-IgM for 15 mm in either Ca
-containing buffer (nil) or Ca
2
-free buffer
2
plus EGTA. Addition of EGTA to Ca
-free buffer ensures chelation of any Ca
2
2 from potential
contaminating sources. Cell were photographed by fluorescence microscopy and analysed as
described in Fig. 3.1. This experiment is representative of 2 independent experiments.

The above experiments were designed to test the hypothesis that BCR-induced Ca
2
flux positively regulates RasGRP1 translocation. However, RasGRP1 is not detected at the
plasma membrane at 1 minute post BCR ligation, when the peak of Ca
2 flux occurs.
Instead, RasGRPI translocation is maximal between 5 and 15 minutes post BCR-ligation, at
which time the intracellular Ca
2 concentration has declined back to basal levels (Fig 3.5).
This raises the possibility that a high Ca
2 concentration is inhibitory rather than stimulatory
to RasGRP1 plasma membrane targeting in DT4O cells, such that RasGRP1 can efficiently
translocate only after the peak of the Ca
2 flux has passed. In this case, eliminating the BCR
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induced Ca
2 flux with BAPTA-AM would be expected to accelerate the kinetics of
translocation of RasGRP1 to the plasma membrane. However, BAPTA-AM had no
detectable effect on the kinetics of RasGRP1 translocation in response to BCR ligation (Fig.
3.5), so the Ca
2 flux that is rapidly induced by BCR ligation is not responsible for the delay
in plasma membrane targeting of RasGRP 1.
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Figure 3.5 BAPTA-AM does not advance the kinetics of RG1 translocation in response to BCR
ligation.
DT4O cells expressing GFP-tagged RasGRP 1 were unstimulated (nil) or treated with 10 jiM
BAPTA-AM 30 mm prior to stimulation with 5 ug/ml of x-IgM for the indicated time points. Cells
were then photographed by fluorescence microscopy and analyzed as described for Fig. 3.1. The
single cells shown are representative of the typical appearance of the majority of cells, except for the
3 minute time points where cells representative of those with detectable plasma membrane
localization are shown. This experiment is representative of 2 independent experiments.
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3.3.

The first EF-hand of RasGRP1 controls receptor-induced plasma membrane
targeting.

The experiments so far indicate that RasGRP 1 is not positively or negatively
regulated by BCR-induced Ca
2 flux. Despite this, the conservation of EF-hands among
RasGRPs implies that these domains are functionally important. Most notably, the amino
acids at the 1, 3, 5, 7, 9 and 12 positions in the intra-helical loop of each EF-hand are
perfectly configured for Ca
2 binding (figure 3.6). To determine if the EF-hands made any
contribution to RasGRP1 regulation in DT4O cells, we made mutations disabling both or
either of the EF-hands. Using PCR-directed mutagenesis, three aspartate or glutamate
residues were changed to serines in the 2
Ca
binding loops of either the first, second or both
EF-hands (Fig. 3.6). These point mutations were designed to disrupt Ca
2 binding while
maintaining the overall structure of the EF-hands.
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Figure 3.6 Sequence of the two EF-hands of RasGRPI and location of point mutated residues.

Sequence of the two EF-hands in RasGRP1, showing the predicted N- and C-terminal x-helices, and
the intervening loops (for reference, see figure 1.8 showing helix-loop-helix for a single and pair of
EF-hands). Residues potentially involved in calcium binding are bolded. The vertical arrows indicate
the EF-hl and EF-h2 mutations that remove potential calcium-binding asparate and glutamate
residues.

The second EF-hand of RasGRP 1 had previously been described as being able to bind Ca
2
in vitro (Ebinu et al, 1998). However, we expressed RasGRP1 with point mutations in the
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second EF-hand (RG1 -pEF2) in DT4O cells and found that this mutant localized to the
plasma membrane as effectively as wild-type RasGRP1 (Fig. 3.7). Instead, BCR-induced
translocation of RasGRP 1 to the plasma membrane was greatly reduced by mutation of the
first EF-hand (Fig. 3.7). While all cells expressing wild-type RasGRP1 showed strong
translocation to the plasma membrane following BCR ligation, this occurred in only a small
proportion of cells expressing RasGRP1 with mutated first EF-hand (8% in Fig. 3.7), and in
those cells the mutant RasGRP1 was only weakly localized to the plasma membrane.
Mutation of both EF-hands completely eliminated plasma membrane localization (Fig. 3.7).

58

A.

GFP

REM

GEF

EF

Cl

SuPT PT

O_1Z-__C)-_-czRG1-pEF2
RG1-pEF1
RG1-pEF1/2

B.

H

I

0% pm

RGI•

100% pm

IH

0% pm

I

100% pm

RG1pEF1
0pm

8%pm

0 pm

0% pm

Figure 3.7 EF-hand mutations affect the plasma membrane targeting of RG1 in response to
BCR ligation.

(A) Schematic representation of the domain structure of RG 1 and EF-hand mutants used in this
iEF2, RG11
iEF1 and RG11
iEF12 contain point mutations in either the second, first or
1
study. RG1both EF-hands, respectively. (B) DT4O cells expressing the indicated proteins were untreated (nil) or
treated with 5 jig/mi of x-IgM for 15 minutes. Cells were prepared for fluorescence microscopy,
analyzed, and displayed as described for Fig. 3.1. The single cells shown are representative of the
typical appearance of the majority of cells, except for the ct-IgM-stimulated RG1-jiEFl-expressing
cell which is representative of those with detectable plasma membrane localization. This experiment
is representative of 3 independent experiments.
We hypothesized that defects in plasma membrane translocation of RasGRP 1
mutants would correlate with defects in activation, as measured by the ability of RasGRP 1
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to activate ERK2 (Fig. 3.1 C). Levels of phosphorylated ERK2 were compared for DT4O
cells expressing equivalent amounts of wild-type or EF-hand mutated RasGRP 1 proteins
(Fig. 3.8). Indeed, EF-hand mutations affected RasGRP1 activation in proportion to their
effects on translocation; mutation of the first EF-hand reduced RasGRP 1-mediated ERK
phosphorylation five to ten fold, mutation of both EF-hands eliminated all detectable
activation, and mutation of the second EF-hand had no effect on activation (Fig. 3.8). Thus,
the first EF-hand is essential for targeting RasGRP 1 to the plasma membrane in response to
BCR ligation and is thereby critical for its activation at that site. But contrary to
expectations, EF-hand-dependent translocation of RasGRP1 is not dependent on BCR
induced Ca
2 flux.
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Figure 3.8 Functional EF-hands are required for RG1 to activate the ERK pathway in response
to BCR ligation.

Refer to Fig. 3.7 for a schematic of constructs used in this study. DT4O cells transduced with the
indicated proteins were treated with 5 .ig/ml of cc-IgM for the indicated time points. GFP and RG1
were used as negative and positive controls, respectively. Levels of pERX2 were determined by
western blot using an anti-phospho-specific ERK antibody. Levels of p-ERK2 were quantified by
densitometry, with fold changes indicated below each band. Total ERK2 was detected using an anti
ERK antibody and shows that changes in pERK are not a reflection of changes in total ERK in cells.
Transduced RG1 protein, was detected using an antibody that recognizes the C-terminal portion of
the protein. These blots are representative of 3 independent experiments. Note that duplicate gels
were loaded with equal quantities of pre-quantified sample (prepared from the same tube). One blot
was used to probe PERK2 and RG 1 and the other blot was used to probe for total ERK2. (A) BCR
induced increase in pERK levels as a result of RG 1 transduction was reduced by mutation in the first
EF-hand (RG1 -miEF 1). (B) BCR-induced increase in pERK2 levels as a result of RG 1 transduction
was not significantly affected by point mutation in the second EF-hand (RG1 -tEF2) but was
eliminated by mutation in both EF-hands (RG 1 -iEF 12).
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RasGRP 1 can also be activated by signaling from G-protein coupled receptors (Jones
et a!, 2002). To directly compare the role of the first EF-hand in translocation of RasGRP1
induced by BCR versus a different class of receptor, we transduced DT4O cells with the M5
muscarinic acid receptor, a G protein-coupled receptor. Stimulation of these DT4O cells with
carbachol, an agonist for the M5 receptor, induced strong plasma membrane translocation of
wild-type RasGRP1 in about half of the cells (Fig. 3.9). Carbachol-induced translocation
was eliminated by mutation of the first EF-hand. Therefore, the first EF-hand is critical for
plasma membrane targeting of RasGRP 1 in response to two distinct classes of receptors in
DT4O cells. This further confirms our observations regarding the first EF-hand.
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Figure 3.9 Point mutation in the first EF-hand also disrupts plasma membrane localization in
response to the G-protein-coupled receptor M5.

DT4O cells expressing the M5 muscarinic receptor were transduced with RG1 or RG1-jiEFl. Cells
were untreated (nil) or treated with 100 jtM carbachol for 10 mm. Cells were prepared for
fluorescence microscopy, analyzed, and displayed as described for Fig. 3.1. The single cells shown
are representative of the typical appearance of the majority of cells. This experiment is representative
of 2 independent experiments.

These experiments demonstrate that the EF-hands participate in RasGRP1 activation,
and that they do so by enabling plasma membrane targeting in response to BCR ligation.
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However, the results of these experiments and the Ca
2 flux-manipulating experiments do
not fit with the previous thinking that the EF-hands, particularly the second EF-hand,
regulate RasGRP 1 by acting as sensors of the Ca
2 influx triggered by BCR ligation. While
mutations that eliminate potential Ca
2 binding by the EF-hands prevented translocation to
the plasma membrane and RasGRP 1 activation, chelation of cytosolic and extracellular Ca
2
had no effect on translocation. In conclusion, the EF-hands act as positive regulators of
RasGRP 1, but they may not act as sensors of receptor-induced Ca
2 flux.
3.4.

The first EF-hand enables plasma membrane translocation of RasGRP1 by
counteracting the SuPT domain.
BCR-induced translocation of RasGRP 1 to the plasma membrane is mediated by

cooperativity between the Cl and PT domains, with the PT domain being responsible for
specifying the plasma membrane as the site of localization. The PT domain is negatively
regulated by an adjacent SuPT domain. It is possible that EF-hands enable plasma
membrane targeting by promoting the functions of the Cl and/or PT domains, or by counter
acting the membrane targeting suppressive effects of the SuPT domain. We sequentially
addressed the requirement of the EF-hands in the functions of each of these domains.
BCR-induced plasma membrane targeting of RasGRP 1 is in part mediated by the Cl
domain, which binds to plasma-membrane localized DAG (Beaulieu et a!, 2007). Treatment
of DT4O cells over-expressing RasGRP 1 with exogenous DAG results in elevated ERK
signaling (Fig. 3.10 A), presumably caused by RasGRP1 localizing to endomembranes via
the Cl domain (Beaulieu, N., Rob Kay lab, unpublished data). If the EF-hands are required
for Cl domain function, then EF-hand mutants should be unresponsive to exogenous DAG
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treatment. However, EF-hand mutants were capable of activation in response to exogenous
DAG treatment as demonstrated by increased pERK levels (Fig. 3.10 A). This shows that
mutations of the EF-hands does not disable Cl domain function, and incidentally
demonstrates that the EF-hands are not essential for catalytic activation of RasGRP 1 in
DT4O cells. Localization of RasGRP1 to endomembranes (ER and Golgi) in NIH 3T3
fibroblasts is dependent on the Cl domain (Tognon et al, 1998). Localization of RasGRP1 in
NIH 3T3 cells was unaffected by EF-hand mutation (Fig. 3.10 B), suggesting that EF-hand
function is not required for Cl-domain dependent localization of RasGRP1 to
endomembranes.
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Figure 3.10 EF-hand mutations do not affect Cl domain function of RG1.
Refer to Fig. 3.7 for schematic representation of constructs. (A) DT4O cells expressing either GFP as
a control or the indicated RG1 constructs, described in Fig. 3.6 were untreated (-) or treated with 100
jiM DAG for 5 mm. Levels of p-ERK2 were quantified by western blot, with relative amounts
indicated below each sample. Transduced RG1 protein was detected as described for Fig. 3.7. Anti64

pan Ras was used as a loading control in this experiment. (B) NIH 3 T3 cells stably expressing either
GFP as a control, RG 1 or RG 1 iEF 1 were plated onto glass coverslips and grown overnight before
1
fixation. Cells were then photographed by fluorescence microscopy. Size bars = 10 jim. The
experiment shown is representative of 3 independent experiments.

If the EF-hands are not required for Cl domain function, then could they be required
for PT-mediated plasma membrane targeting? The RasGRP1 construct RG1AC1 lacks a Cl
domain but contains an active SuPT and PT domain. This construct translocates to the
plasma membrane in response to BCR ligation, although translocation is weak due to the
lack of the Cl domain which is needed to counteract the suppressive effects of the SuPT
domain. Translocation of RG1AC1 in response to BCR ligation was eliminated by mutations
in the first EF-hand (Fig. 3.11), confirming that this EF-hand does not act via the Cl
domain, but leaving open the possibility that it acts positively on the PT domain or
negatively on the SuPT domain.
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Figure 3.11 PT-mediated, Cl-independent translocation of RG1 is affected by mutation of the
first EF-hand.

(A) Schematic representation of the constructs used in this experiment. (B) DT4O cells, transduced to
express RG1, RG1-AC1 or RG1-tEF1txC1, were untreated (nil) or treated with cL-IgM for 15 mm.
The cells were prepared for fluorescence microscopy, analyzed, and displayed as described for Fig.
3.1. The single cells shown are representative of the typical appearance of the majority of cells,
except for the ct-IgM-stimulated RG1-ACI-expressing cell which is representative of those with
detectable plasma membrane localization. The results shown are representative of 3 independent
experiments.
The RasGRP1 construct RG1-ASuPT lacks the SuPT domain and translocates to the
plasma membrane in response to BCR ligation as effectively as wild-type RasGRP1 (Fig,
3.12 and Beaulieu, N., Rob Kay Lab, unpublished results). Deletion of the SuPT domain
was sufficient to permit efficient BCR-induced plasma membrane translocation when the
first EF-hand was mutated (Fig. 3.12). Therefore, the first EF-hand enables PT-domain
mediated translocation to the plasma membrane, but it does this by counteracting the SuPT
domain rather than assisting the PT domain.
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Figure 3.12 EF-hands allow plasma membrane targeting by mediating SuPT activity.
(A) Schematic representation of the constructs used in this experiment. (B) DT4O cells were
transduced with the indicated proteins and either untreated (nil) or treated with ct-IgM for 15 mm.
The cells were prepared for fluorescence microscopy, analyzed, and displayed as described for Fig.
3.1. The single cells shown are representative of the typical appearance of the majority of cells,
except for the cL-IgM-stimulated RG 1 iEF 1-expressing cell which is representative of those with
1
detectable plasma membrane localization. The results are representative of 3 independent
experiments.
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4 CONTROL OF MEMBRANE LOCALIZATION OF RASGRP1 BY THE GEF
AND REM DOMAINS
4.1.

The REM-GEF domain complex also contributes to EF-hand-dependent
regulation of plasma membrane targeting.

The previous chapter focused on the role of the EF-hands in the process of BCR
induced translocation of RasGRP 1 to the plasma membrane. In this chapter, I describe how
some additional experiments initially intended to examine the EF-hands led to the discovery
of unexpected roles of the REM and GEF domains in determining both EF-hand-dependent
and independent translocation ofRasGRPl to membranes.

The experiments described in chapter 3 examined the effects of EF-hand mutations
on full-length RasGRP 1 and concluded that intact EF-hands were required for effective
BCR-induced plasma membrane targeting of the full-length protein (Fig. 3.7). We also
concluded that the mechanism by which EF-hands enhanced plasma membrane targeting
was through counteracting the SuPT domain (Fig. 3.12). We then sought to examine the
functional interaction between the EF-hands and the SuPT domain in a simpler context with
a construct consisting of the EF-hands and the Cl, SuPT and PT domains. Unexpectedly,
this construct translocated with high efficiency in response to BCR ligation, whether the EF
hands were intact (EF 1/2-Cl -SuPT-PT), mutated (EF 1 ji/2-C 1 -SuPT-PT) or deleted (Cl

-

SuPT-PT) (Fig. 4.1 A+B). The EF1/2-C1-SuPT-PT construct is missing the REM-GEF
domain complex that catalyzes nucleotide exchange on Ras, and an N-terminal extension of
unknown function. When this N-terminal extension was deleted from full-length RasGRP 1
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and the REM-GEF domain complex was retained, BCR-induced translocation of RasGRP 1
was still dependent on the presence of intact EF-hands (Fig. 4.1 C). Several conclusions can
be drawn from these findings. First, I showed in chapter 3 that intact EF-hands are required
to over-ride suppression imposed by the SuPT domain (Fig. 3.12). However, on its own, the
SUPT domain cannot strongly suppress PT plus Cl-mediated translocation because the
isolated Cl -SuPT-PT domain is able to translocate efficiently in response to BCR ligation
(Fig 4.1B). Because of the ineffectiveness of the SuPT domain in this context, the EF-hands
are not required for translocation of the C1-SuPT-PT domain complex. It is only when the
REM-GEF domain complex is also present that the SuPT domain becomes a strong
suppressor of translocation, and only in this situation are the EF-hands needed to enable
translocation by counter-acting the SuPT domain. This reveals an unexpectedly high
complexity of integration of the multiple domains of RasGRP 1 in the processes controlling
BCR-induced translocation to the plasma membrane. At the first level of regulation, the PT
and Cl domains cooperate to provide the means for localizing RasGRP 1 specifically to the
plasma membrane in response to signals initiated by the BCR (Beaulieu et al, 2007). At the
second level, the REM-GEF domain complex co-operates with the SuPT domain to prevent
PT-domain-mediated plasma membrane targeting. At the third level, the EF-hands are
required to over-ride negative regulation by the REM-GEF plus SuPT domains, thus
restoring the ability of RasGRP1 to respond to BCR signals by translocating to the plasma
membrane.
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Figure 4.1 Plasma membrane targeting of RG1 becomes dependent on intact EF-hands once
the REM-GEF domain complex is present.
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The isolated RG1 constructs in this study are displayed schematically above each panel of four
images. For a list of the domains, refer to Fig. 3.1. EF1/2-C1-SuPT-PT and EFt1/2-C1-SuPT lack
sequences N-terminal to the EF-hands; Cl -SuPT-PT lacks sequences N-terminal to the Cl domain;
iEF 1 +AN-term lack sequences N-terminal to the REM domain. Point
1
RG 1 AN-term and RG 1 mutations in EF-hands displayed schematically as black-filled shapes. (A) DT4O cells transduced
with EF12-C1-SuPT-PT or EFi1/2-C1-SuPT-PT were untreated (nil) or treated with 5 ig/ml of CL
1gM for 15 mm. (B) DT4O cells transduced with C1-SuPT-PT or EF1/2-C1-SuPT-PT were untreated
(nil) or treated with 5 jig/ml of ct-IgM for 15 mm. (C) (D) DT4O cells were transduced with RG1ANiEF1+AN-term were untreated (nil) or treated with 5 tg/ml of ct-IgM for 15 mm. The
1
term or RG1cells were prepared for fluorescence microscopy, analyzed, and displayed as described for Fig. 3.1.
Fig. 4.1 A+B are representative of 3 and Fig 4.1 C of 2 independent experiments.

4.2.

Mutations that prevent occupation of the GEF catalytic site by Ras disable PTmediated membrane localization, independently of the EF-hands

So far we have shown that EF-hands are required to counteract suppression by the
SuPT domain, but only when the REM-GEF domain complex is present. We concluded that
the REM-GEF domain complex co-operates with the SuPT domain to suppress translocation
and that wild-type EF-hands counter-act this suppression. A series of deletions into the REM
and GEF domains were made to narrow down the region within the REM-GEF domain
complex that is essential for cooperativity with the SuPT domain. The prediction was that
deletion of the region in the REM or GEF domain that is responsible for cooperating with
the SuPT domain would result in efficient translocation even when the first EF-hand was
mutated. Instead, we found that deletions encroaching into the REM or the GEF domains
(Fig. 4.2 A) had an unexpected effect: they completely eliminated BCR-induced
translocation of RasGRP 1 to the plasma membrane even when the EF-hands were intact
(Fig. 4.2). Therefore, in searching for the mechanism by which the REM-GEF domain
participates in EF-hand-dependent regulation of RasGRP 1 translocation in response to BCR
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ligation, we unintentionally found that mutation of the REM or GEF domain disables
RasGRP 1 translocation.
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GEF

EF

Cl

SuPT
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RGI
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Figure 4.2 Deletions in the REM or GEF domain eliminate BCR-induced plasma membrane
translocation of RasGRP1.

(A) Schematic representation of constructs used in experiments in this figure. All constructs are Nterminally GFP-tagged as shown. RG 1 AREM lacks the REM domain and RG 1 AGEFC lacks a Cterminal portion of the GEF domain of RG 1. (B) DT4O cells transduced with either RG 1,
RG1AREM or RG1tGEFC were untreated (nil) or treated with 5 jig/mI of ct-IgM for 15 mm. The
cells were prepared for fluorescence microscopy, analyzed, and displayed as described for Fig. 3.1.
This experiment is representative of 3 independent experiments.

In the exchange factor SOS 1, and presumably in other related exchange factors such
as RasGRP 1, the GEF and REM domains closely interact structurally and functionally.
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Deletions into either the REM or GEF domains eliminate the catalytic activity of RasGRP 1
(Tognon et al, 1998), presumably by disrupting the structure of the REM-GEF domain
complex in a way that prevents productive interaction with its Ras substrates. This raises the
hypothesis that the membrane-binding competence of RasGRP 1 is a function of the state of
its REM-GEF domain complex, with the Ras-bound form of the REM-GEF domain complex
permitting membrane localization and unoccupied form preventing membrane localization.
To test this hypothesis we used mutations in RasGRP1 that specifically eliminate binding of
Ras to the GEF domain. Design of these mutations was based on the known structure of the
GEF domain of SOS 1 and functional data from SOS1 and the related GEF CDC25 (Boriack
Sjodin et al, 1998, Hall et al, 2001, Margarit et al, 2003, Park et al, 1994). R271E is a
charge-switch mutation which lies in a helix adjacent to the catalytic Ras-binding site in the
GEF domain. In CDC25, the equivalent mutation specifically disrupts Ras binding without
altering local conformation, as shown by the rescue of this mutation by a complementary
charge-switch mutation in Ras (Park et al, 1994). The R27 1 E mutation eliminates catalytic
activity ofRasGRPl (Beaulieu et al, 2007, Tognon et al, 1998). This mutant is designated
GEF- t 1. We made an additional GEF domain mutant of RG 1, designated GEF-i2,
containing mutations designed to remove two aliphatic chains (1354A+L355A), which in
SOS1 are required to stabilize Ras binding in the catalytic pocket (Margarit et al, 2003). We
tested the catalytic activity of GEF-p2 independently of any effects on membrane
localization by the attachment of a K-Ras derived prenylation signal (pren), which forces
membrane localization. GEF-p2/pren did not have the ability to induce transformation of
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NIH 3T3 fibroblasts, a phenotype that can be induced by expression of the un-mutated
counterpart RG1/pren (Fig 4.3). Therefore, we can conclude that this new GEF mutant is
also catalytically inactive.

GFP control

RGI/pren

GEF- p2lpren

Figure 4.3 Effect of mutation of the GEF domain on ability of RG1 to transform Nifi 3T3 cells.

Subconfluent NIH 3 T3 cells were infected with equal amounts of retrovirus containing cDNAs for
GFP, RG l/pren (RG 1 prenylated at the C-terminus of the GEF domain) or GEF-i2/pren (mutant
RG 1 containing 13 54A+L3 5 5A substitutions in the GEF domain, prenylated at the C-terminus of the
GEF domain). Cells were cultured in the presence of serum and photographed by phase contrast
microscopy after 14 days. Size bars 50 jIm. This experiment is representative of 2 independent
experiments.

We next determined the effect of the R271E and 1354A+L355A mutations on the
plasma membrane targeting of RasGRP1 in response to BCR ligation in DT4O cells. We
predicted that if Ras-binding to the catalytic site of RasGRP 1 was essential for the plasma
membrane targeting of RasGRP1, then GEF-jil (R271E) and 1
GEFi
2 (1354A+L355A)
should have defects in plasma membrane targeting. As predicted, neither 1
GEFt
1 nor GEF
ji2 translocated to the plasma membrane after BCR ligation (Fig. 4.4 A). RasGRP1 is found
present predominantly at endomembranes in NIH 3T3 cells and this localization has been
shown to be dependent on the Cl domain and independent of the EF-hands or SuPT/PT
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domains (Beaulieu et al, 2007, Tognon et al, 1998). We asked whether Ras binding to the
catalytic site in RasGRP 1 affected localization in NIH 3T3 cells. We found that both the
R271E and 1354A+L355 mutations in the GEF domain reduced perinuclear localization in
NIH 3T3 cells (Fig. 4.4 B), indicating a reduction in endomembrane localization. Therefore,
loss of membrane binding correlates with loss of binding of Ras at the catalytic site of the
GEF domain and supports the hypothesis that the GEF domain must be able to bind Ras in
order for RasGRP1 translocation to occur.
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Figure 4.4 Mutations that prevent occupation of the GEF catalytic site by Ras disable
membrane localization of RasGRP1.
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All constructs are N-terminally GFP-tagged. (A) DT4O cells transduced with either RGI, GEF-jil
(R271E) or GEF-ji2 (1354A+L355A) were untreated (nil) or treated with 5 jig/mi of ct-IgM for 15
mm. The cells were prepared for fluorescence microscopy, analyzed, and displayed as described for
Fig. 3.1. (B) NIH 3T3 cells stably expressing either GFP, RG1, GEF-jil (R271E) or GEF-ji2
(1354A+L355A) were plated onto glass coverslips and grown overnight before fixing with 4%
formaldehyde. Cells were then photographed by fluorescence microscopy. Size bars 10 jim. This
experiment is representative of 3 independent experiments.

4.3.

Suppression of membrane binding by the Ras-unoccupied GEF domain involves
both the Cl and PT domains.
The fully suppressive effect of GEF mutation on BCR-induced plasma membrane

targeting occurred whether the SuPT domain was present or absent (Fig. 4.5) and so does
not involve the same mechanism by which the non-mutated REM-GEF domain complex
acts in conjunction with the SuPT domain to suppress PT domain mediated plasma
membrane targeting. This indicates that the PT domain is directly disabled by mutation of
the GEF domain.
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Figure 4.5 Suppressive effects of GEF mutation occurred whether the SuPT domain was
present or absent.

(A) Schematic representation of constructs used in experiments in this figure. All constructs are Nterminally GFP-tagged as shown. The GEF domain is coloured in black to indicate mutation. (B)
DT4O cells transduced with either RG1, GEF.tl (R271E) or GEF-jil+ASuPT were untreated (nil) or
1
treated with 5 jig/mi of c-IgM for 15 mm. The cells were prepared for fluorescence microscopy,
analyzed, and displayed as described for Fig. 3.1. This experiment is representative of 2 independent
experiments.

As mentioned already, GEF mutation also caused a loss of detectable endomembrane
localization of RasGRP1 in NIH 3T3 cells (Fig. 4.4). Because endomembrane localization of
RasGRP1 in NIH 3T3 cells is mediated by the Cl domain and occurs independently of the
PT or SuPT domains (Beaulieu et a!, 2007, Tognon et al, 1998), the loss of endomembrane
localization in NIH3T3 cells resulting from GEF mutation shows that the Cl domain is also
functionally disabled when the GEF domain is unable to bind Ras. Thus, the REM-GEF
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domain complex is involved in two mechanistically distinct processes. The first involves
cooperativity between the REM-GEF domain complex and the SuPT domain in suppressing
PT domain-mediated plasma membrane targeting, with this being counteracted by the EF
hands. The second process occurs when the GEF domain is not occupied by Ras, as
represented by the R271E or 1354A+L355 mutations, and involves functional inactivation of
both the PT and Cl domains.
4.4.

Loss of membrane binding by GEF domain mutation does not reflect loss of
signal transduction from Ras.
In the previous section, we were able to show for the first time that occupation of the

GEF catalytic domain by Ras is required for both endomembrane and plasma membrane
localization. We became interested in understanding the mechanism with which Ras binding
by the GEF domain enables membrane binding of RasGRP1. One possibility is that
RasGRP 1 is positively regulated by signals transduced by the Ras proteins that it GTP
loads. In this case, RasGRP 1 would initiate catalysis of Ras GTP-loading and the resulting
signal transduction from Ras would result in a positive feed-back ioop by which RasGRP1
would, by some unknown mechanism, gain competence for membrane binding. We tested
this by co-expressing in DT4O cells a constitutively signaling K-Ras G12V mutant along
with GEF-mutated RasGRP1 (Fig. 4.6). Despite constitutive signaling through the Ras
pathway, as detected by raised p-ERK2 in DT4O cells (Fig. 4.6 B), the mutant RasGRP1 still
had no detectable plasma membrane localization (Fig. 4.6 A). Conversely, inhibition of the
Ras to ERK signaling pathway by the MEK inhibitor UO126 did not impede BCR-induced
plasma membrane targeting of wild-type RasGRP1 (Fig. 4.6 C+D). Therefore, lack of Ras
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binding at the GEF site appears to cause an intrinsic defect in membrane localization of
RasGRP 1, rather than an absence of signaling required for membrane localization of
RasGRP1.
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Figure 4.6 Loss of plasma membrane binding by the GEF domain mutation does not relect loss
of signal transduction from Ras.
(A) DT4O cells transduced with either RG 1 or GEF-i 1 (R27 1 E) were transduced again to co-express
vector control or Ras-V 12 and either untreated (nil) or treated with 5 j.tg/ml of ct-IgM for 15 mm. The
cells were prepared for fluorescence microscopy, analyzed, and displayed as described for Fig. 3.1.
The single cells shown are representative of the typical appearance of the majority of cells. (B) DT4O
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cells were transduced to co-express GEFi1 (R271E) and either vector control or Ras-V12 and were
1
treated with 5 ig/ml of x-IgM for the indicated time points. Levels of pERK2 were determined by
western blot using an anti-phospho-specific ERK antibody. Levels of p-ERK2 were quantified by
densitometry, with fold changes indicated below each band. Rapl was used as a loading control in
this experiment. Transduced RG 1 protein, was detected using an antibody that recognizes the Cterminal portion of the protein. (C) DT4O cells transduced with RG 1 were treated with the indicated
doses of the MEK inhibitor UO 126 for 20 minutes prior and then stimulated with 5 jig/ml of cL-IgM
for the indicated times. Levels of pERK2 were determined by western blot. Total ERK2 was
detected using an anti-ERK antibody and is displayed to shows that levels of total ERK in the cells
do not change as a result of treatment. (D) DT40 cells transduced with RGI were treated with U0126
(10 jiM) and either unstimulated (nil) or treated with 5 jig/ml of c-IgM for 15 mm. The cells were
prepared for fluorescence microscopy, analyzed, and displayed as described for Fig. 3.1. This
experiment is representative of 2 independent experiments.

4.5.

Membrane localization by the Cl or PT domain is not essential for a low level of
activity of the REM-GEF domain complex.
If the REM-GEF domain complex must be occupied by Ras in order for membrane

binding to occur, and membrane binding is needed in order for the GEF domain to contact
Ras, then how does a RasGRP 1 protein that is unoccupied by Ras ever get out the inactive
state? One possible explanation is that the unoccupied GEF domain does not completely
blockade the Cl or PT domains, which would then be occasionally free to attach to an
available membrane. Once membrane contact was transiently achieved via the Cl or PT
domain, the GEF domain complex could encounter Ras, thus fully releasing the PT or Cl
domain to provide stable membrane binding. An alternate explanation is that the REM-GEF
domain complex may be able to encounter membrane-bound Ras at a low but significant
rate without the assistance of the Cl or PT domains, and once this occurred the Cl and PT
domains would be liberated to mediate stable membrane binding. To test the latter
possibility, we used the NIH 3T3 transformation assay because it is the most sensitive means
of detecting low levels of RasGRP1 activity (Tognon et al, 1998). The REM-GEF domain
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complex was not detectably localized at membranes in the NIH 3T3 cells, even when the
REM-GEF domain was dimerized to increase potential avidity of membrane interactions
(Fig. 4.7 A). Despite its lack of membrane localization, the isolated REM-GEF domain
complex was able to induce transformation of NIH 3T3 cells, albeit weakly in comparison to
full length RasGRP1 (Fig. 4.7B). Therefore, while the REM-GEF domain complex has no
apparent ability to stably bind membranes on it own it can nonetheless bind and GTP-load
Ras GTPases at a rate sufficient to be detectable by the NIH 3T3 transformation assay.
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Figure 4.7 Membrane localization by the Cl or PT domains is not essential for activation of
the REM-GEF domain complex.

(A) NIH 3T3 cells stably expressing either GFP, RG1, or the isolated REM-GEF domains in
monomeric (REM-GEF) or dimeric (REM-GEFx2) forms, were plated onto glass coverslips and
grown overnight. Cells were then photographed by fluorescence microscopy. Full-length RasGRP1
is localized to the pen-nuclear region, wheras the REM-GEF domain complex (REM-GEF and
REM-GEFx2) is localized diffusely in the cytoplasm and the nucleus. Size bars = 10 tm. (B)
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Subconfluent NIH 3T3 cells were infected with equal amounts of retrovirus containing cDNAs
encoding either GFP, RG 1, REM-GEF or REM-GEFx2. Cells were cultured in the presence of serum
and photographed by phase contrast microscopy after 21 days. The REM-GEF domain comlex in
monomer and dimer formations is capable of transforming the appearance of NIH 3T3 cells, despite
not being localized to the perinuclear region, as demonstrated in this experiment (compared to GFP
control). However NIH 3T3 cell transformation by expression of the REM-GEF domain complex is
mild compared to the full-length RG1-expressing cells. Size bars = 50 rim. This experiment is
representative of 3 independent experiments.

While these experiments do not rule out the first scenario, that functional inactivation
of the Cl and PT domains by the unoccupied GEF domain is only partial, they do
demonstrate that weak RasGRP 1 activation can occur despite complete functional
inactivation of the Cl and PT domains (in this case by their removal). Therefore, the initial
stage of RasGRP1 activation may be triggered by transient encounters of the GEF domain
with Ras. The resulting functional liberation of the Cl and PT domains could then confer
stable membrane binding and an increased probability of encounter with Ras, thus providing
positive feedback for the transition from low to high RasGRP 1 activity.

4.6.

A putative Ras binding site in the REM domain of RasGRP1 contributes to both

membrane localization and activation.
In SOS 1, Ras-GTP binds to a specific site within the REM domain, and this induces
a conformational change that increases the efficiency of Ras binding at the catalytic site
within the adjacent GEF domain (Freedman et al, 2006, Margarit et al, 2003). This provides
a mechanism for positive feedback regulation, whereby local generation of Ras-GTP, either
by SOS 1 or another GEF (Roose et al, 2007), results in increased Ras binding at the
catalytic site in the GEF domain, and thus increased SOS 1 activity. If RasGRP 1 was
regulated in the same way, then binding of Ras-GTP to the REM site could have a two-fold
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positive feedback effect. In addition to directly increasing catalytic activity, increased Ras
binding at the GEF site would trigger functional liberation of the Cl and PT domains,
thereby increasing catalytic activity by increasing the probability of both the GEF and REM
domains encountering membrane-bound Ras.
To determine if the REM site could positively regulate RasGRP1 membrane
localization and activation in this way, we made a mutation in the homologous site in the
REM domain of RasGRP1, L123A+K124E, which is predicted to preclude Ras-GTP
binding based on the SOS 1 structure (Margarit et al, 2003) In comparison to cells
.

expressing wild-type RasGRP1, NIH 3T3 cells expressing the RasGRP1-L123A+K124E
mutant (REM-ti in Fig. 4.8) had a weaker transformed phenotype, with less cell rounding
but still showed distinct refractility and cell elongation (Fig. 4.8 A). In NIH 3T3 cells,
RasGRP1 was localizated to the pen-nuclear area (Fig. 4.8B), which is presumably to
endomembranes (golgi and ER) based on previous published data (Tognon et al, 1998). The
RasGRP1-L123A+K124E mutant also had pen-nuclear localization that was less intense
than wild-type RasGRP1 but still readily detectable, unlike RasGRPlcarrying the
1354+L355A (mutant GEF-p2) mutation in the catalytic site of the GEF domain (Fig. 4.8 B).
Similarly, the RasGRP1- L123A+K124E mutant had weak but detectable plasma membrane
localization in the BCR-stimulated DT4O cells (Fig. 4.8 C), in contrast to the complete lack
of plasma membrane localization of the 1354+L355A mutant (Fig. 4.8 C). These results
demonstrate that the putative Ras binding site in the REM domain is required for efficient
plasma membrane localization of RasGRP1. Extrapolating from what is known about SOS 1,
this is probably due to the Ras-bound REM domain acting as an allosteric regulator of the
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efficiency of Ras binding to the GEF site, which in turn determines the functional
competence of the Cl and PT domains.
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Figure 4.8 A putative Ras binding site in the REM domain of RasGRP1 positively regulates
membrane localization.

(A) NIH 3T3 cells were infected with equal amounts of retrovirus containing cDNAs for GFP, RG 1,
REM-ji (L123A+K124E) or GEF-i2 (1354A+L355A). Cells were cultured in the presence of serum
and photographed by phase contrast microscopy after 14 days. Size bars 50 tm. (B) NIH 3T3 cells
i2(1354A+L355A) were
1
stably expressing either GFP, RG1, REM-Ft (L123A+K124E) or GEFplated onto glass coverslips and grown overnight before fixation. Cells were then photographed by
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fluorescence microscopy. Size bars 10 jim. (C) DT40 cells transduced with either RG1, GEF-jil or
REM-ji were untreated (nil) or treated with 5 jig/ml of a-IgM for 15 mm. The cells were prepared for
fluorescence microscopy, analyzed, and displayed as described for Fig. 3.1. The single cells shown
are representative of the typical appearance of the majority of cells, except for the cL-IgM-stimulated
REM-ji 1-expressing cell which is representative of those with detectable plasma membrane
localization. The results shown are representative of 2 independent experiments.
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5 FUNCTIONAL CHARACTERIZATION OF A SPLICE VARIANT OF RASGRP1
FOUND IN PATIENTS WITH SYSTEMIC LUPUS ERYTHEMATOSUS (SLE)
5.1.

A RasGRP1 splice variant lacking exon 11 has a functional GEF domain but
has a plasma membrane targeting defect that mimics EF-hand mutation.
Systemic lupus erythematosus (SLE) is a severe autoimmune disease that is

characterized by the production of autoantibodies and the generation of circulating immune
complexes resulting in multiple organ damage. SLE is thought to be caused by multiple
genetic and environmental factors and there is strong evidence for the role of B and T cells
in disease pathogenesis (Anolik, 2007, Mor et al, 2007). This includes B and T cell
abnormalities, including loss of self-tolerance and aberrant signaling. Although SLE is a
polygenic disease, animal models with single gene mutations have lead to the disease (Mor
et al, 2007). In the case of RasGRP 1, underexpression of this protein due to gene deletion or
spontaneous mutation resulted in the development of lupus-like autoimmunity in mice
(Dower et al, 2000, Layer et al, 2003). One group recently looked for defective isoforms
and/or diminished levels of RasGRP 1 in the T-lymphocytes of a particular cohort of SLE
patients (Yasuda et al, 2007). Interestingly, this group found several naturally occurring
alternative splice forms of RasGRP 1 in both SLE and healthy human subjects that were a
result of alternative splicing of exons 5-17. One particular splice variant lacks exon 11 and
was found to occur more prevalently in patients with SLE. Although they found that this
exon 11 splice variant of RasGRP 1 can be stably expressed at the protein level, they did not
functionally characterize this isoform (Yasuda et al, 2007).
Since my work uncovered new regulatory aspects of RasGRP 1, I became interested
in studying the functional consequences of deletion of exon 11. Exon 11 encodes a 35 amino
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acid segment that starts immediately C-terminal to the GEF domain and encroaches into the
predicted N-terminal helix of the first EF-hand, but does not include the calcium binding
loop (Fig. 5.1). Because the known essential parts of the GEF domain and EF-hand are
intact, loss of exon 11 might have no functional effect on RasGRP 1, but it is also possible
that removal of these 35 amino acids could functionally perturb either the GEF domain, by
altering sequences at its C-terminus, or the first EF-hand, by truncating the helix at its Nterminus.
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Figure 5.1 Exon 11 amino acid sequence and location in the RasGRP1 sequence.

Location of exon 11-encoded amino acids relative to the C-terminal boundary of the GEF domain
and the first EF-hand. Residues in the EF-hand that are potentially involved in calcium binding are
bolded, as are prolines that have the potential to form an SH3 domain-binding site. The vertical
arrows indicate the proline cluster mutation (ji Pro).

The 35 amino acid segment encoded by exon 11 is also present in mouse RasGRP 1,
therefore, we were able to generate an exon 11 splice variant of murine RasGRP 1 (RG 1Aexil). We tested the functionality of the GEF domain and the first EF-hand of this protein
by assessing activity and membrane localization. When expressed in NIH 3T3 cells, RG1Aexi 1 induced transformation equivalently to full-length RasGRP1 demonstrating that the
catalytic competence of the GEF domain is not compromised by exon 11 deletion (Fig.
5.2A). Also, RG1 -Aexi 1 localized to the pen-nuclear region equivalently to full-length
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RasGRP1 (Fig. 5.2C). This localization is presumably to endomembranes (golgi and ER)
based on previously published findings (Tognon et al, 1998). Therefore, exon 11 deletion
does not affect the GEF domain as a permissive regulator of membrane localization.
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Figure 5.2 Loss of exon 11 in RasGRP1 does not affect transformation or membrane
localization in Nifi 3T3 cells.

(A) Deletion of exon 11 is shown schematically. (B) Subeonfluent NIH 3T3 cells were infected with
equal amounts of retrovirus containing cDNAs encoding either GFP, RG1 or RG1-Aexll. Cells were
cultured in the presence of serum and photographed by phase contrast microscopy after H days. Size
bars = 50 urn. (C) NIH 3T3 cells stably expressing either GFP, RG1, or RG1-Aexl were
photographed by fluorescence microscopy. This experiment is representative of 3 independent
experiments
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In DT4O cells, plasma membrane targeting of RasGRP 1 in response to BCR
signaling was significantly reduced by mutations disrupting the first EF-hand (RG1-pEF1)
(Fig. 3.6). Considering that removal of exon 11 truncates part of the entering helix of the
first EF-hand, it is possible that RG1Aex11 also disrupts the first EF-hand function. When
expressed in DT4O cells, BCR-induced plasma membrane targeting of RG1-Aexll was
significantly reduced in comparison to full-length RasGRP1, as was its activation (Fig. 5.3).
As described in chapter 3, deletion of the SuPT domain fully restored plasma membrane
iEF1 in response to BCR ligation. Deletion of the SuPT domain in RG11
targeting ofRGlAexi 1 also restored plasma membrane targeting in response to BCR ligation (Fig. 5.3).
Therefore, RG 1 -Aex 11 is functionally equivalent to RG 1 -tEF 1, in that it impedes plasma
membrane targeting and does so via the SuPT domain.
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Figure 5.3 Loss of exon 11 in RasGRP1 results in plasma membrane targeting and activation
defects that mimic EF-hand mutation.
(A) Loss of exon 11 either alone or in combination with deletion of SuPT are shown schematically.
(B) DT4O cells transduced with either RGI, RGI-&xll or RG1-Aexl 1+ASuPT were either
untreated (nil) or treated with 5 ig/ml of ct-IgM for 15 mm. The cells were prepared for fluorescence
microscopy, analyzed, and displayed as described for Fig. 3.1. The single cells shown are
representative of the typical appearance of the majority of cells, except for the a-IgM-stimulated
RG 1 -Aex 11-expressing cell which is representative of those with detectable plasma membrane
localization. (C) DT4O cells transduced with either GFP, RGI or RG1-Aexll were untreated (nil) or
treated with 5 g/ml of-TgM for 15 mm. Levels of pERK2, total ERK and RasGRP1 were
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determined by western blot. Levels of p-ERK2 were quantified by densitometry, with fold changes
indicated below each band. This blot is representative of 3 independent experiments.
5.2.

A proline-rich segment in exon 11 is not important for BCR-induced plasma
membrane targeting of RasGRP1.

In addition to lacking part of the N-terminal helix of the first EF-hand, RG1-Aexll
also lacks a proline-rich segment which includes an SH3 domain-binding motif that has been
proposed as a potential regulatory element controlling RasGRP 1 localization or activation
(Fig. 5.1) (Kosco et a!, 2008). This raises the possibility that binding of an SH3 domain (or
another ligand recognizing the proline cluster) is involved in the process whereby the first
EF-hand controls plasma membrane targeting of RasGRP 1. In this situation, the plasma
membrane targeting defect of RG1-Aexl 1 could be due to the removal of this proline
cluster, rather than direct modification of the first EF-hand. However, mutation of the
prolines had no effect on BCR-induced plasma membrane translocation of RasGRP1 in
DT4O cells (Fig. 5.4) in contrast to the loss of translocation resulting from either exon 11
deletion or mutation of the first EF-hand. Therefore, removal of exon 11 by alternative
splicing appears to suppress plasma membrane targeting of RasGRP 1 by disabling the first
EF-hand. As a result, the cellular site of activation of this splice variant is partially restricted
in comparison to full-length RasGRP 1, such that only full-length RasGRP 1 can be targeted
to the plasma membrane in DT4O cells while both full-length and exon 11-deleted RasGRP 1
can localize to and be activated at endomembranes in NIH 3T3 fibroblasts.
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Figure 5.4 BCR-induced plasma membrane targeting of RG1 is not affected by mutations in a
proline-rich segment encoded in exon 11.

DT4O cells transduced with either RG1 or RG1-jiPro (contains mutation of proline residues in the
region encoding exon- 11) were either untreated (nil) or treated with 5 jig/mI of cL-IgM for 15 mm.
The cells were prepared for fluorescence microscopy, analyzed, and displayed as described for Fig.
3.1. The single cells shown are representative of the typical appearance of the majority of cells. Note
that for this figure, RG 1 and RG 1 -jiPro are missing the short stretch of sequence just N-terminal to
the REM domain and which localizes to membranes as effectively as full-length RG 1. This
experiment is representative of 3 independent experiments.
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6 DISCUSSION
6.1.

New insights into the mechanism of RasGRP1 activation
The goal of my research was to investigate if and how RasGRP 1 is regulated by Ca
2

signals arising from activation of antigen receptors and to identify the requirement of the
EF-hands in this process. My work in DT4O cells revealed that the EF-hands are required for
RasGRP1 activation but may not be directly regulated by BCR-induced Ca
2 fluxes.
Furthermore, I determined that plasma membrane translocation of RasGRP 1 is controlled by
the combined actions of EF-hands, GEF and SuPT domains. In addition to addressing the
initial objectives of my research, I also found that Ras binding to the GEF domain was
required for Cl and PT-domain mediated membrane targeting. Finally, I applied these new
-

findings to functionally characterize a naturally occurring splice variant of RasGRP 1, found
more prevalent in patients with SLE. The cellular site of activation of this splice variant was
partially restricted likely due to disruption of the function of the first EF-hand.
6.2.

The role of EF-hands and Ca 2+ flux in regulating RasGRP1
In DT4O cells, RasGRP 1 is activated downstream of the BCR by translocation to the

plasma membrane, which co-localizes it with its substrate Ras. Second messengers DAG
and 1P
3 are simultaneously generated by activation of PLC enzymes downstream of the
BCR. RasGRP1 translocation to the plasma membrane is in part mediated by this BCR
induced DAG generation, via its Cl domain, and also, by unidentified signals from the BCR
acting on its PT domain (Beaulieu et a!, 2007). 1P
3 generation causes a rise in cytosolic Ca
2
concentrations, which can activate various 2
Ca
binding proteins including those that
contain EF-hands. RasGRP1 contains a pair of EF-hands, of which the second EF-hand has
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2 in an in-vitro assay (Ebinu et al, 1998). This result
been previously reported to bind Ca
2 signals, however, while some studies
suggests that the EF-hands could be regulated by Ca
support this hypothesis (Ebinu et al, 2000, Guilbault & Kay, 2004, Kawasaki et al, 1998),
others suggest that the EF-hands are not regulatory (Lorenzo et al, 2000, Tognon et al,
1998). Despite this discrepancy, many review articles consistently cite that RasGRP 1 is both
DAG and Ca
2 regulated. While many aspects of RasGRP 1 regulation downstream of the
BCR had been previously worked out by our group in DT4O cells, the role of the EF-hands
in this system had not been investigated. Therefore, we asked whether RasGRP1 could be
2 flux was eliminated by
activated by BCR-signalling, under conditions in which Ca
2 chelator BAPTA-AM. Surprisingly, RasGRP 1 was
treatment with the intracellular Ca
capable of effectively translocating to the plasma membrane and activating ERK2 signalling
in BAPTA-AM treated cells. We then hypothesized that perhaps RasGRP1 was responsive
2 concentration at the immediate vicinity of plasma membrane
to localized changes in Ca
2 fluxes could occur despite the
channels (Dellis et al, 2006, Putney, 2007). These local Ca
presence of BAPTA, which cannot immediately chelate all calcium flowing in through a
channel (Rintoul et al, 2001). However, RasGRP1 localized effectively to the plasma
2 (with
membrane in the presence of BAPTA combined with removal of extracellular Ca
2 entry from plasma membrane Ca
24
EGTA), which eliminates the possibility of Ca
channels. Therefore, we concluded that RasGRP1 was not regulated by BCR-induced
2 concentration in the cytosol or at the plasma membrane.
changes in Ca
2 fluctuations with BAPTA-AM and EGTA is one way to
While eliminating Ca
2 for EF-hand function, disrupting the Ca
2 binding sites of
address the requirement of Ca
the EF-hands is an alternate way to address the same question. For this, we introduced
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specific point mutations in the EF-hands that are predicted to perturb Ca
2 coordination,
while minimizing any disturbances to the structure of the protein. We found that BCR
induced plasma membrane targeting and activation of RasGRP 1 are considerably reduced by
mutations disrupting the Ca
2 binding potential of the first EF-hand, and were further
eliminated by the same mutations in both EF-hands. However, BCR-induced plasma
membrane localization and activation of RasGRP I were not affected by point mutations
disrupting Ca
2 binding to the second EF-hand alone. This suggests that the first EF-hand
can compensate for lack of the second EF-hand, but not vice versa. In conclusion, the first
EF-hand makes a major, whereas the second EF-hand makes a minor contribution to BCR
induced RasGRP 1 activation. We were not surprised at this finding since it is not unusual
for one EF-hand in a pair to be non-functional for, or in this case less relevant to, calcium
binding. This is because a pair of EF-hands is more structurally stable than a single EF-hand
on its own, owing to the formation of an anti-parallel 13-sheet between EF-hand loops, and
therefore even if one of the EF-hands in a pair is not critical for Ca
2 binding, it could still
serve a structural role (Gifford et al, 2007, Grabarek, 2006).
What was perplexing was that residues in the first EF-hand predicted to confer Ca
2
binding, were found to be critical for regulation of RasGRP 1 downstream the BCR, but that
2 flux was not a part of its mechanism. Several alternative hypotheses may explain this
Ca
discrepancy. 1) The first hypothesis is that the EF-hands don’t bind and therefore aren’t
regulated by Ca
. This would explain why Ca
2
2 flux is not required for BCR
responsiveness. In this case, the effects seen by point mutation of the first EF-hand would
have to be attributed to disruption of an alternate mechanism of the EF-hands. For instance,
the point mutations may be disrupting intra-molecular interactions or interactions with
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targets other than Ca2+ 2) The second hypothesis is that the EF-hands bind Ca2+ but this
.

interaction is not regulatory. In some EF-hands, Ca
2 binding is required for maintaining the
structural integrity of the protein (Busch et al, 2000, Gifford et al, 2007). If this were the
case, it would suggest that the EF-hands of RasGRP 1 have a high affinity for Ca
, such that
2
they would already be in the Ca
-bound state in the resting cell. They would also be
2
occupied by Ca
2 even in the presence of BAPTA, if the affinity of the EF-hand for Ca
2
was higher than the affinity of BAPTA for Ca
2 (Kd = 150 nM) (Gifford et al, 2007). We
tried to address this possibility by increasing the concentration of BAPTA-AM to further
reduce cytosolic free Ca
2 available for binding to the EF-hands. Indeed, at a higher dose of
BAPTA-AM, RasGRP1 was no longer detected at the plasma membrane. However, the
other two known mechanisms of RasGRP 1 plasma membrane targeting (mediated by the Cl
and PT domains) were also affected at a higher dose of BAPTA-AM. In the case of the Cl
domain, this may reflect Ca
2 dependence of PLCy2, which is responsible for BCR-induced
DAG generation (Nishida et al, 2003). Therefore, we were unable to attribute the loss of
membrane localization of RasGRP 1 under these conditions directly to the EF-hands. (3) The
third hypothesis is that the EF-hands bind Ca
2 and that under some circumstances this
interaction positively regulates plasma membrane targeting. It could be that in DT4O cells
resting Ca
2 levels are high enough to keep the first EF-hand constitutively bound to Ca
,
2
and thereby insensitive to increases in cytosolic Ca
2 levels induced by BCR ligation. As a
result, plasma membrane targeting would always be enabled, although dependent on
interaction of DAG and PT ligand by BCR ligation. However, in a cell where basal Ca
2
concentration is lower, such that the first EF-hand is not occupied by Ca
, receptor induced
2
2 flux would be required for RasGRP1 translocation. As a variation of this hypothesis, it
Ca
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could be that BAPTA is not fully effective at eliminating all sources of Ca
2 flux in BCR
stimulated DT4O cells. Although we eliminated Ca
2 entry through channels at the plasma
, perhaps BAPTA is unable to fully chelate local Ca
2
membrane as a possible source of Ca
2
fluxes from intracellular channels, e.g. at the endoplasmic reticulum. In this case, the EF
hands could latch onto Ca
2 before BAPTA is able to get to it. Future experiments could
address this possibility by treating the cells with 1P
3 receptor blockers in combination with
intracellular and extracellular Ca
2 chelation.
In conclusion, while we cannot be certain if the EF-hands ofRasGRPl are positively
regulated by the Ca
2 rise induced by receptors, we are able to conclude that intact EF-hands
are required for RasGRP 1 function. Specifically, potential Ca
2 binding residues in the first
EF-hand are critical for BCR-induced RasGRP1 targeting to the plasma membrane and
activation of ERIC Our finding that the first EF-hand is more important than the second EF
hand goes against previous work indicating that only the second EF-hand binds Ca
2 in vitro
(Ebinu et al, 1998). The in vitro Ca
2 binding assay used for that study subjected the protein
to SDS denaturing and while the second EF-hand seems to be fine under these conditions,
we cannot be sure that the first EF-hand was not disrupted by this treatment.

6.3.

Mechanism of EF-hand dependent translocation.

6.3.1

Involvement of the SuPT domain and REM-GEF domain complex

In lymphocytes, RasGRP 1 translocates to the plasma membrane and/or internal
membranes (e.g. Golgi) depending on the nature of the stimulation, and is capable of
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activating its substrate Ras at either of those cellular sites (Beaulieu et al, 2007, Bivona et al,
2003, Caloca et al, 2003b, Carrasco & Merida, 2004, Ebinu et al, 2000, Mor et al, 2007,
Perez de Castro et aT, 2004, Sanjuan et al, 2003, Schwartz, 2003, Zha et al, 2006, Zugaza et
al, 2004). In DT4O cells, BCR ligation results in RasGRP1 translocation exclusively to the
plasma membrane (Beaulieu et al, 2007, Caloca et al, 2003b). This translocation step is
dependent on the Cl domain binding to DAG, and the PT domain binding to its ligand after
BCR stimulation (Beaulieu et aT, 2007). In this study, we found that the first EF-hand was
required for optimal BCR-induced plasma membrane translocation of RasGRP 1. Therefore,
we hypothesized that the first EF-hand assists plasma membrane targeting by positively
regulating the Cl and/or PT domains.
We first investigated whether intact EF-hands were important for Cl domain
function. Previously, it was shown that EF-hands were not required for endomembrane
localization of RasGRP1 in NIH 3T3 cells, which is mediated by the Cl domain (Tognon et
al, 1998). This suggests that the Cl domain is capable of binding to membranes in the
absence of functional EF-hands. In support of this finding, we found that endomembrane
localization of RasGRP1 in NIH 3T3 cells was not affected by mutation of the first EF-hand.
In DT4O cells, treatment with exogenous DAG resulted in increased phosphorylation of
ERK2 by RasGRP 1, whether the EF-hands were intact or point mutated. The levels of
exogenous DAG in these treatments are in excess of the levels of DAG produced by BCR
ligation and therefore are sufficient to activate RasGRP1 via the Cl domain alone.
Therefore, in DT4O cells, the Cl domain is capable of being functional despite mutation of
the EF-hands.
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Because the EF-hands are not required for Cl domain function, we hypothesized that
they assist the PT domain to bind its target at the plasma membrane. It was previously
shown in DT4O cells, that the PT domain was capable of partially driving RasGRP1 to the
plasma membrane upon BCR ligation, in the absence of the Cl domain (Beaulieu et al,
2007). We found that, also in the absence of the Cl domain, PT-mediated plasma membrane
targeting was shut down by mutation of the first EF-hand. This demonstrated that EF-hands
were required to be intact for effective PT domain function. We postulated that the EF-hands
could permit PT domain function by either regulating the PT domain directly or indirectly
via shutting down the SuPT domain. We found that defective plasma membrane targeting
caused by mutation of the first EF-hand in RasGRP1 was restored to full capacity by
deletion of the SuPT domain. While previously it was shown that the SuPT domain
counteracted the PT domain in RasGRP 1, it had not been determined how the SuPT domain
was itself shut down in the full-length protein to permit effective PT domain function. Here,
we show that this function is provided by the EF-hands.
One finding that did not fit with our hypotheses was that the isolated EF1/2-ClSuPT-PT domain complex was capable of effectively localizing to the plasma membrane
whether the EF-hands were intact, point mutated or deleted. Therefore, the isolated EF 1/2Cl-SuPT-PT domain complex is not subject to negative regulation by the SuPT domain.
This is consistent with previous work showing that the C1-SuPT-PT domain complex
translocates effectively to the plasma membrane with BCR ligation in DT4O cells (Beaulieu
et al, 2007). In fact, we found that the EF1/2-Cl-SuPT-PT domain complex only became
dependent on intact EF-hands once the REM-GEF domain complex was also attached. This
suggested that the combined actions of the REM-GEF domain complex and the SuPT
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domain act to suppress PT domain function while EF-hands counteract this suppression to
allow plasma membrane targeting. This process is shown in Fig. 6.1.

EF-h

SuPT

--X-Q-Ec

Figure 6.1 EF-hands permit PT domain function by shutting down the combined suppressive
effects of the REM-GEF domain complex and SuPT domain

REM, Ras exchange motif GEF, guanine nucleotide exchange factor domain; EF, EF-hands; Cl, Cl
domain; SuPT, suppressor of PT; PT, plasma membrane targeter. The REM+GEF domain complex
represses plasma membrane targeting of RasGRP 1 by hyper-activating the SuPT domain. The EF
hands counteract SuPT-mediated suppression, thus enabling plasma membrane targeting.

6.3.1

Involvement of EF-hands in determining the cellular site of RasGRP1
activation.

As depicted in Fig. 6.1, when the first EF-hand of RasGRP1 is disabled, the PT•
domain is shut down due to suppression imposed by the combined effects of the SuPT
domain and the REM-GEF domain complex. When the first EF-hand is functional, the SuPT
domain is counteracted by the EF-hands, thus liberating the PT domain which then binds its
target at the plasma membrane. Because the EF-hands counteract the SuPT domain, they are
only relevant to PT and not Cl domain-mediated membrane localization. This is consistent
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with previous findings showing that endomembrane localization and activation of RasGRP 1
in NIH 3T3 cells is possible even in the absence of EF-hands or SuPT/PT domains (Beaulieu
et a!, 2007, Tognon et al, 1998). Therefore, any process that functionally disables the EF
hands will switch RasGRP 1 from being capable of Cl +PT domain-mediated membrane
targeting (via DAG and PT-ligand) to being capable of only Cl domain-mediated membrane
targeting (via DAG). This implies that the EF-hands can dictate the cellular site by which
RasGRP1 is activated (endomembranes and/or plasma membrane) depending on whether the
EF-hands are functional or disabled. There are at least two ways in which RasGRP 1 can
, such that
2
switch between these two states. The first is if the EF-hands are regulated by Ca
. The second
2
they are functional when bound to Ca
2 and disabled when not bound to Ca
situation is if the EF-hands are disabled by a mechanism such as by alternative splicing.
We functionally characterized one particular naturally occurring splice variant of
RasGRP 1, lacking exon 11, a 35 amino acid segment which starts immediately C-terminal to
the GEF domain and may encroach on the entering helix of the first EF-hand (Yasuda et al,
2007). We found that this splice variant was catalytically active and was able to localize to
endomembranes as effectively as wild-type RasGRP 1 in NIH 3T3 cells. However, this
splice variant of RasGRP 1 had B CR-induced activation defects and plasma membrane
targeting defects, the latter of which was restored by deletion of the SuPT domain. Given
that these effects resembled that of point mutations in the first EF-hand, this splice variant
probably lacks a functional first EF-hand. This result supports our hypothesis that the EF
hands can dictate the cellular site by which RasGRP1 is activated depending on whether the
EF-hands are functional or disabled.
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The importance of Ras signalling initiated in different membrane compartments can
have crucial implications for cellular fate (Mor & Philips, 2006). Modulation of plasma
membrane versus endomembranes localization of RasGRP 1 via its EF-hands, and by
differential availability of DAG and/or the PT ligand could therefore provide a mechanism
for fine tuning RasGRP 1 responses downstream of receptors. In a recent study in Jurkat
cells, RasGRP 1 was reported to localize to either the plasma membrane or Golgi
compartments with TCR stimulation, with plasma membrane targeting being dependent on
co-stimulation with LFA-l (Mor et al, 2007). Furthermore, in primary T cells, RasGRP1
translocates to the plasma membrane with TCR and CD28 ligation but when the cells were
previously induced to become anergic, the same stimulation causes RasGRP 1 to localize to
endomembranes (Schwartz, 2003, Zha et al, 2006). The EF-hands could have a role in
dictating plasma membrane targeting via the PT domain in these cell systems, with
regulation by Ca
2 binding being a possibility. Further work needs to be done to examine
2 sensors, then it
these possibilities. Furthermore, if the EF-hands are found to work as Ca
would be interesting to examine the exact intra-molecular interactions between the REM
GEF domain complex, SuPT domain and EF-hands that are involved in activating the PT
domain.
6.4.

Membrane localization and dependence on GEF domain activity

In DT4O cells, the REM-GEF domain complex was found to cooperate with the
SuPT domain in suppressing PT-mediated plasma membrane targeting in response to BCR
ligation, and this was counteracted by the EF-hands. We became interested in determining
the exact region within the REM-GEF domain complex that was involved in this EF-hand
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dependent regulation of RasGRP 1. We expected that if the region within the REM-GEF
domain complex needed for hyperactivating the SuPT domain was deleted, the BCR
induced plasma membrane localization would occur even if the first EF-hand was mutated.
However, we found that deletions in the REM or GEF domain shut down BCR-induced
plasma membrane targeting of RasGRP 1 even when the EF-hands were not mutated. This
unexpected finding then led us to hypothesize that catalytic activity of the GEF domain was
involved in permitting membrane localization of RasGRP 1. To test this, we made two
specific point mutations in the GEF domain of RasGRP 1 which were designed to disrupt
Ras binding to the GEF catalytic site. Confirming our hypothesis, we found that neither of
these mutants was capable of localizing to the plasma membrane in DT4O cells upon BCR
ligation. We next hypothesized that Ras binding to the GEF domain was required to activate
the EF-hands and thus counteract the SuPT domain. In this situation, deletion of the SuPT
domain would enable plasma membrane targeting despite GEF mutation. However, this was
not the case as deletion of the SuPT domain did not restore BCR-induced plasma membrane
translocation of the catalytically inactive RasGRP1. Furthermore, endomembrane
localization of RasGRP1 in NIH 3T3 cells was also disrupted by mutations preventing Ras
binding to the GEF domain. Endomembrane localization in NIH 3T3 cells is mediated by
the Cl domain and independent of the EF-hands and the SuPT/PT domains (Beaulieu et al,
2007, Tognon et al, 1998). Therefore, loss of Ras binding at the catalytic site disrupts
membrane localization by a mechanism that is distinct from the EF-hand mediated
mechanism that we had previously identified. To better understand this new mechanism, we
addressed the possibility that loss of membrane binding by the catalytically inactive
RasGRP1 was somehow a reflection of loss of Ras signaling. However, BCR-induced
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plasma membrane translocation of the catalytically inactive RasGRP 1 was not restored in
the presence of constitutive Ras signaling, which was induced by co-expression with a
constitutively activate Ras mutant. Furthermore, BCR-induced plasma membrane
translocation of wild-type RasGRP 1 was not impeded by inhibition of MAP kinase
signaling, as would be expected if signaling downstream of Ras was somehow important for
activating the membrane translocation of RasGRP 1. Therefore, it was not an absence of Ras
signaling but likely an intrinsic defect that was causing a blockade in the membrane
localization of RasGRP 1.

As already mentioned, in the absence of Ras binding to the catalytic site of
RasGRP1, the PT and Cl domains are shut down and unable to respond to their ligands.
This presents a paradox: Ras binding to the GEF domain is essential for membrane binding
by the Cl or PT domains, but membrane binding is essential for interaction of the GEF with
Ras. However, activation could be possible under two circumstances, 1) the Cl and PT
domains are not completely blocked when the GEF domain is inactive, and thus are
occasionally able to contact membranes or 2) the GEF domain is able to come into contact
with Ras in the absence of the Cl and PT domains. To test this latter hypothesis, we
expressed the isolated REM-GEF domain complex of RasGRP1 in NIH 3T3 cells and
determined if it could localize to membranes and be active by binding to Ras in the absence
of the Cl and PT domains. We were not able to detect any membrane localization of this
REM-GEF domain complex, even when this complex was dimerized to increase avidity.
However, the isolated REM-GEF domain complex did induce a low level of transformation
of NIH 3T3 cells, indicating that interaction with Ras was taking place. While we are not
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ruling out the first possibility, that the Cl and PT domains are not completely inactivated in
the absence of Ras binding to the catalytic domain, this result does demonstrate that
RasGRP1 can encounter Ras even when the Cl and PT domains are completely disabled.
Therefore, transient encounters of the REM-GEF domain complex with Ras may lead to
transient liberation of the Cl and PT domains. If this occurs when either the Cl or PT
ligands are present in membranes, the Cl and PT domains are then able to mediate
membrane binding, which will cause increased Ras encounters, providing a positive feed
back ioop mechanism that will accelerate both membrane binding and catalytic activity of
RasGRP1.

As an additional test of this mechanism, we introduced into the REM domain a
mutation that is predicted to reduce but not eliminate Ras binding to the GEF domain. The
design of this mutant was based on work done with SOS 1, which showed that binding of
Ras-GTP to this site in the REM domain triggered positive allosteric regulation of catalytic
activity, by enhancing binding of Ras to the GEF domain (Freedman et al, 2006, Margarit et
a!, 2003). We hypothesized that if positive feedback was taking place, then reduced Ras
binding to the GEF domain caused by mutations in the REM domain should result in a
reduction but not elimination of plasma membrane targeting of RasGRP 1. In line with this
hypothesis, this REM domain mutant was partially localized to internal membranes in NIH
3T3 cells and was weakly detected (in a small percentage of cells) at the plasma membrane
in BCR-stimulated DT4O cells. In contrast, we previously saw that RasGRP1 was not
localized to membranes in either of those cells when Ras binding to the GEF domain was
eliminated. These results support the hypothesis that binding of Ras-GTP to the REM site
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increases Ras binding to the catalytic site in the GEF domain which then promotes
membrane binding by the Cl and/or PT domains. In this way, positive feedback from Ras
GTP generation could play a critical role in the initiation and maintenance of RasGRP1
activation. For SOS 1, catalytic activation in lymphocytes was recently shown to require an
initial priming via Ras-GTP binding to the REM domain, which then initiated a positive
feedback ioop where full catalytic activation could then be achieved. Here, Ras-GTP needed
to be supplied by an alternate GEF, namely RasGRP1 (Roose et al, 2007). Future
experiments could determine if RasGRP 1 primes itself by generating Ras-GTP, or whether it
depends on another GEF as seen for SOS 1.

In conclusion, we propose the following model for RasGRP1 regulation via the REM
and GEF domains (Fig. 6.2). Binding of Ras-GTP to the REM domain (1) increases access
of Ras to the catalytic site within the GEF domain (by analogy to SOS 1). As well as
enabling Ras-GTP generation by nucleotide exchange, Ras binding triggers liberation of the
Cl and PT domains (2). If DAG and/or the PT ligand are present in a membrane, RasGRP1
is then bound to that membrane (3), thus increasing its encounters with Ras. The resulting
increase in production of Ras-GTP increases REM occupancy, thus increasing Ras binding
to the catalytic site, thus increasing availability of the Cl and PT domains for membrane
binding. This activation process can be reversed either by removing Ras-GTP (4), or by
removing the Cl and/or PT ligands (5), potentially returning RasGRP 1 to its fully
inactivated state (6).
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Figure 6.2 Model of regulation of RasGRP1 membrane localization and activation by the REM
and GEF domains.
Binding of Ras-GTP to the REM domain (1) increases the efficiency of Ras binding to the catalytic
site within the GEF domain (2). This enables Ras-GTP generation by nucleotide exchange and
functional liberation of the Cl and PT domains (2). If DAG and/or PT ligand are present in a
membrane, RasGRP 1 is then stably bound to that membrane via the Cl and/or PT domains (3), thus
increasing its encounters with membrane-bound Ras. The resulting high production of Ras-GTP
increases REM binding to Ras-GTP, thus increasing Ras binding to the catalytic site and increasing
availability of the Cl and PT domains for membrane binding. This increases Ras-GTP binding by
the REM domain and Ras binding by the GEF domain in a positive feedback manner which can be
reversed. Removal of Ras-GTP (4), or the Cl and/or PT ligands (5), potentially returns RasGRP I to
its fully inactivated state (6). Subscripts indicate ligand occupancy, with 0 meaning unoccupied. The
brackets around the Cl and PT domains indicate functional inactivation, via the unoccupied GEF
domain. The active forms of RasGRP 1 (generating Ras-GTP) are boxed, with the solid box
indicating high activity and the dashed box indicating low activity.
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6.5.

Implications for the regulation of other RasGRPs by EF-hands and Ca
2
Are our findings on the mechanisms regulating RasGRP1 relevant to other

RasGRPs? RasGRP3 contains a pair of EF-hands which, like those of RasGRP1 have the
sequence features typical of Ca
-binding EF-hands. For RasGRP3, the Ca
2
-binding affinity
2
of the EF-hands has not been determined. Furthermore, there is no direct evidence indicating
that the EF-hands of RasGRP3 are regulated by Ca
. One study reported that RasGRP32
dependent activation of Ras was not augmented by Ca
2 ionophore treatment in rat2 cells
(Lorenzo et al, 2001). Another group concluded that RasGRP3-dependent activation of
Rap2B in HEK 293 cells stimulated with EGF receptor is mediated by Ca
, but this
2
conclusion was based only on the observation that Rap2B activation requires Ca
2 in these
cells, without showing that this involves RasGRP3 (Stope et al, 2004). We found that BCR
induced increase in pERK2 levels in untransduced DT4O cells, which is predominantly
attributable to Ras activation via endogenous RasGRP3 (Oh-hora et al, 2003), was
unaffected by BAPTA-AM treatment. These results suggest that as seen for RasGRP 1,
RasGRP3 may not be regulated by the BCR-induced Ca
2 flux. Like RasGRP1, RasGRP3
also contains a DAG responsive Cl domain (Johnson et a!, 2007) and contains sequences at
its C-terminus that may be equivalent to the SuPT/PT domains of RasGRP 1 (Rob Kay lab,
unpublished results). Therefore, there is potential for the EF-hands of RasGRP3 to function

in the same manner as the EF-hands of RasGRP1, i.e. promoting membrane binding by
counteracting the SuPT domain.
RasGRP2 also contains a pair of EF-hands, each containing the required residues for
2 coordination. The Ca
Ca
2 binding potential of the EF-hands of RasGRP2 have also not
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been determined. However, there is evidence that RasGRP2 may be regulated by Ca
.
2
Rap 1 A activation by two alternatively spliced isoforms of RasGRP2 was elevated with Ca
2
ionophore treatment in both 293T cells and COS cells, whereas Ras activation by both of
these isoforms of RasGRP2 was inhibited by the same treatment in COS cells (Clyde-Smith
et al, 2000, Kawasaki et al, 1998). Therefore, it is possible that RasGRP2 is positively or
negatively regulated by Ca
2 depending on whether it is acting as a Rap- or Ras-GEF.
However, this indicates that the EF-hands and Ca
2 are involved in catalytic specificity,
rather than membrane localization as shown for RasGRP 1. By sequence inspection,
RasGRP2 lacks sequence homology to the SuPTIPT domains of RasGRP 1. Therefore, there
is no potential for the EF-hands in RasGRP2 to function in the same manner as the EF-hands
in RasGRP 1 (with respect to counteracting the SuPT domain).
RasGRP4 contains a single EF-hand that may not be able to bind Ca
2 since it lacks
residues required for canonical Ca
2 coordination. However, it is still possible for this EF
hand in RasGRP4 to bind Ca
2 via a different coordination scheme (Gifford et al, 2007). As
with RasGRP2 and 3, the Ca
2 binding potential of the EF-hand in RasGRP4 has not been
determined. One study reported that RasGRP4-dependent activation of Ras was inhibited in
the presence of 1 mM Ca
2 (Yang et al, 2002). However, millimolar Ca
2 is not
physiological, and can induce changes in membrane structure that could artifactually inhibit
exchange activity. RasGRP4 can bind DAG via its Cl domain (Johnson et al, 2007) but
lacks sequence homology to the SuPT/PT domains of RasGRP 1. Therefore as with
RasGRP2, there is no potential for the single EF-hand in RasGRP4 to be regulatory in the
same manner as RasGRP1 (with respect to counteracting the SuPT domain).
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An ancestral RasGRP-like gene passed on EF-hands to the now four RasGRP genes
present in humans and mice. It is possible that the EF-hands of this ancestral gene encoded
for Ca
2 responsive EF-hands that were involved in a mechanism separate from the one
identified for RasGRP1 since the SuPT/PT domains were absent. After gene duplication and
acquisition of the SuPT/PT domain, the EF-hands of RasGRP 1 and perhaps those in
RasGRP3 may have acquired the function of controlling PT domain-mediated plasma
membrane localization via counteracting the SuPT domain and may have lost the ability to
be regulated by Ca
. The EF-hands in RasGRP2 may have retained the ability to act as Ca
2
2
sensors, the significance of which still needs to be determined. RasGRP4 may have started
out with a pair of Ca
2 regulated EF-hands but then possibly lost the requirement for EF
hands, upon which subsequent sequence divergence resulting in loss of one of its EF-hands
and functional inactivation of the other.
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