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Abstract

GRASP-1 is a neuronally enriched protein that interacts with the AMPA-type glutamate receptor/
GRIP complex. GRASP-1 can be cleaved by Caspase-3 in both normal and ischemic brains although
the functional significance of this cleavage remains elusive. We investigated signal transduction
pathways that might lie downstream of GRASP-1 and found that GRASP-1 potently activates INK
pathway signaling, with no effect on ERK signaling. Such JNK pathway-activating activity requires
binding of GRASP-1 to both JNK and the upstream JNK pathway activator MEKK-1. Furthermore,
mutations that prevent Caspase 3-cleavage of GRASP-1 dramatically inhibit the INK pathway-
activating activity of GRASP-1, suggesting a novel link between Caspase-3 activation and JINK
pathway signaling. These results suggest that GRASP-1 serves as a scaffold protein to facilitate
MEKK-1 activation of JNK signaling in neurons.

INTRODUCTION

GRASP-1 is a neuronally-enriched protein that was initially isolated due to its interaction with
the PDZ domain containing adaptor protein GRIP1 (glutamate receptor interacting protein)
[1]. GRIP1 is a neuronal scaffold protein [2] that organizes protein complexes containing
AMPA-type glutamate receptors (AMPA-Rs), and GRASP-1 over-expression regulates
AMPA-R trafficking in neurons [1]. The N-terminus of GRASP-1 is homologous to guanine
nucleotide exchange factors (GEFs) for the small GTP-binding protein Ras and indeed
GRASP-1 possesses RasGEF activity in vitro [1]. In normal brain, a fraction of GRASP-1 is
cleaved by Caspase-3, separating the RasGEF domain from the GRIP-binding domain.
Ischemia enhances the Caspase-cleavage of GRASP-1 [3]. However, the functional
significance of Caspase-3 regulation of GRASP-1 remains unknown.

Ras triggers activation of several signaling pathways, most notably the protein kinase cascade
leading to activation of the mitogen-activated protein kinase (MAPK) ERK [4]. Ras-ERK
signaling is required for several important processes in neurons, including the regulation of
dendritic morphology, AMPA receptor trafficking and long-term potentiation [5]. However,
it is now clear that homologous MAPK pathways, leading to the activation of cJun N-terminal
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kinases (JNKs) and p38 MAPK can also regulate synaptic function [6-8]. While ERK
activation in neurons, mediated via glutamate, growth factor receptors and calcium channels,
is well documented [9,10], mechanisms that control neuronal JNK activity (which is basally
very high in neurons) [11,12] are less clear.

JNKSs bind, phosphorylate and activate the transcription factor c-jun [13]. Three JNK genes
have been identified, of which INK1 and 2 are expressed ubiquitously while JINK3 is enriched
in brain, heart, and testis [13]. INKs are phosphorylated and activated by the upstream kinases
SEK1/MKK4 and MKK7. MKK4 and MKK?7 are in turn phosphorylated and activated by a
variety of upstream kinases, including MEK kinases (MEKKSs; [14,15]), mixed-lineage kinases
(MLKSs) and apoptosis signal-regulating kinase (ASKs; [4.13]). It is unclear which of these
upstream kinases control neuronal JNK activation physiologically, though data from knockout
mice demonstrate that MEKKSs are essential for INK activation in response to certain stimuli
[16].

The functions of JNKs in non-neuronal tissues are diverse, ranging from T cell differentiation
and apoptosis to tumorigenesis [13]. Within the brain JNKs are also implicated in a number of
neurological disorders, including Parkinson’s disease, stroke and Alzheimer’s disease [17].
However, physiological roles for INKs in neurons are also now being revealed, with INKs
implicated in the regulation of dendritic morphology, synaptic vesicle release and AMPA
receptor trafficking [7,8,18].

These diverse roles for INKs in neurons suggest that different pools of INK may exist in
different cellular locations, and both biochemical fractionation experiments (G.M.T., R.L.H.
et al., in preparation) and the distinct phenotypes of different JINK knockout mice [7,18,19]
support this hypothesis. The mechanisms used by cells to differentially target INKs to different
subcellular locations are not fully clear, but attractive candidate mediators are various multi-
domain scaffold proteins that are known to bind both JNK signaling pathway components and
other proteins.

Scaffold proteins often bind several signaling molecules to create multi-enzyme complexes
and play important roles in defining the specificity and efficiency of signaling pathways. The
first MAPK scaffold protein, Ste5p, was identified genetically in yeast and subsequent
structure-function analysis demonstrated that distinct regions of Stebp interact with the Map
kinase kinase kinase (MKKK) Stellp, the Map kinase kinase (MKK) Ste7p and the MAP
kinase Fus3p/Ksslp [4] and that Ste5p facilitates signal transduction from Stellp to Fus3p/
Kss1p. More recently, MAPK scaffold proteins have been identified in mammalian cells. These
mammalian proteins share little sequence homology with Ste5p but function in a similar
manner. For example, JINK-interacting proteinl (JIP1) interacts with multiple components of
the JNK signaling pathway, including the mixed-lineage protein kinase (MLK) family of
MKKKs, MKK7 and JNK [20], and brings upstream and downstream kinases in these cascades
into close proximity through protein-protein interactions [20,21].

Here we report that GRASP-1 functions as a INK pathway scaffold protein, binding both INK
and the upstream kinase MEKK1 in neurons, and that these interactions facilitate JNK
signaling. We also show that the scaffolding function of GRASP-1 requires Caspase-3
cleavage, which releases the INK/MEKKZ1 binding regions of GRASP-1 from the RasGEF
domain.
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MATERIALS AND METHODS

ERK and JNK assays on immunoprecipitates

HEK?293T cells were transfected with HA-tagged ERK1 or JNK1 plus other DNA constructs
of interest, using a Ca2*-phosphate method. Drug treatment and kinase assays were performed
40 hours after transfection. For BDNF treatment, cells were incubated in medium containing
50 ng/ml purified BDNF for 10 minutes. For nocodazole treatment, cells were incubated with
0.25 pg/ml nocodazole for 1 hour. After drug treatment, cells were washed once with ice-cold
PBS and lysed in ice-cold lysis buffer (20 mM HEPES pH 7.4, 10 mM EGTA, 40 mM beta-
glycerophosphate, 1% Triton-X100, 2.5 mM MgCly, ImM DTT, 2 mM sodium orthovanadate,
0.1 mM PMSF and 20 units/ml Trasylol). ERK1 or INK1 were immunoprecipitated from
lysates with anti-HA antibody (12CA5, Roche Molecular Biochemicals, IN) at 4°C.
Immunoprecipitates were washed 3 times with TBS containing 1% Triton X-100 and 2 mM
sodium orthovanadate, once with 100 mM Tris-HCI, pH 7.4 containing 0.5 M LiCl, and once
with kinase reaction buffer (25 mM HEPES, pH 7.4, with 10 mM Mg acetate and 1 mM DTT).
Reaction mix (50 pl) was added to the immunoprecipitates, which were then incubated at 30°
C for 20 minutes. For the ERK assay, reaction mix contained 1 pCi 32P-y-ATP, 20 uM ATP
and 0.5 mg/ml MBP in kinase reaction buffer. For the JNK assay, reaction mix contained 5
uCi 32P-y-ATP, 20 uM ATP and 2 pg GST-cJun (1-169) in reaction buffer. Reactions were
stopped by the addition of 10 ul of 0.5 M EDTA. 32P radioactivity incorporated into substrates
was analyzed either by spotting reaction mix onto P81 filter paper followed by extensive
washing and Cerenkov counting, or by SDS-PAGE and subsequent autoradiography. A small
fraction of each sample was used for SDS-PAGE and subsequent immunoblotting to determine
the relative amount of HA-ERK1 and HA-JNK1 in the immunoprecipitates.

Cell transfection and Co-immunoprecipitation

HEK?293 cells were transfected with HA-tagged JNK1 or MEKK1 together with various Myc-
tagged GRASP-1 constructs. A region of rat MEKK1 (between E1206 and the stop codon
[22]) that is slighter larger than the kinase domain was tagged with a HA-tag at the N-terminus
and used in co-immunoprecipitation experiments to examine the GRASP1-MEKK1
interaction. Mouse MEKKZ1 full length with an N-terminal HA-tag was used in all other
experiments. Forty-eight hours later, cells were lysed in immunoprecipitation buffer (IPB:
1xPBS, 1% Triton X-100, PMSF and aprotinin) and centrifuged at 12,000 g to pellet insoluble
material. The soluble fraction was incubated with anti-HA antibody and Protein A-sepharose
(2:1 slurry) for 2 hours at 4 °C. The mixture was then washed once with IPB, twice with IPB
plus 500 mM NacCl, and three times with IPB without Triton X-100. Proteins were eluted with
Laemmli sample buffer and loaded onto SDS-polyacrylamide gels. Western analysis was
performed with anti-Myc antibody.

Detection of ERK and JNK activation using phospho-specific antibodies

HEK293T cells transfected with various GRASP-1 or MEKK1 constructs were washed with
ice-cold 1X PBS and lysed in lysis buffer for ERK and JNK assays on immunoprecipitates.
After centrifugation at 12,000 g for 15 minutes, supernatants were denatured with Laemmli
sample buffer, separated by 10% SDS-PAGE and transferred to PVDF membrane. The
membrane was blocked with blocking buffer (1X PBS, 1% BSA and 0.1% Tween-20) and then
incubated with anti-phospho-ERK1/2 (Cell Signaling Technology) or anti-phospho-JNK (Cell
Signaling Technology) diluted with blocking buffer. After three washes with blocking buffer,
the membrane was incubated with peroxidase-linked anti-mouse IgG or anti-rabbit 1gG
secondary antibodies and subsequently visualized using enhanced chemiluminescence. To
normalize phosphorylation levels to JNK expression levels, we stripped anti-phospho-JNK
antibody from the Western blot and probed again with an antibody against INK (Cell Signaling
Technology). The intensity of phospho-JNK (Ip) and total JNK (lIt) signals were quantified
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with the software ImageJ (National Institutes of Health, Bethesda, Maryland). Because the
anti-JNK antibody recognizes JNK2/3 (54 kD) much better than JNK1 (46 kD), the
quantification was performed on JNK2/3. In all the experiments described in this paper,
phosphorylation of INK1 always parallels to that of INK2/3. The equation Ip X 100/It was
used to calculate the normalized level of JNK phosphorylation.

Overexpression of GRASP-1 activates the JNK pathway

GRASP-1 acts as a guanine nucleotide exchange factor for the small GTP binding protein Ras
in vitro [1] and Ras signaling is known to mediate ERK activation [4]. We therefore
investigated whether expression of GRASP-1 in heterologous cells triggered increases in ERK
activity. HA-tagged ERK1 was co-transfected into HEK 293T cells plus either empty vector,
an N-terminal fragment of GRASP-1 encoding the region upstream of the Caspase-cleavage
site (GRASP1-N), a C-terminal fragment of GRASP-1 encoding the region downstream of the
Caspase-cleavage site (GRASP1-C) or full length GRASP-1 containing a wild-type Caspase-
cleavage site (w.t.). ERK activity was then examined by specific immunoprecipitation and
subsequent in vitro kinase assays. Although GRASP-1 acts as a Ras guanine nucleotide
exchange factor (Ras-GEF) in vitro, none of the GRASP-1 constructs activated ERK in
HEK-293 cells (Figure 1A). ERK was dramatically activated by BDNF in cells transfected
with the receptor tyrosine kinase TrkB, confirming the fidelity of our ERK assay. Moreover,
GRASP-1 constructs had no effect on BDNF-induced ERK activation (Figure 1B).

Surprisingly, when similar assays were performed to assess activation of JINK, a MAP kinase
homologous to ERK, we found that transfected HA-JNK1 was activated more than 10-fold in
GRASP-1 transfected cells compared to cells transfected with empty vector. Furthermore, the
GRASP1-C fragment was sufficient for this activation (Figure 1C), while expression of the N-
terminal fragment of GRASP-1 (GRASP1-N, which contains the RasGEF domain) did not lead
to JNK activation.

To explore the mechanism of GRASP-1-induced JNK pathway activation, we next examined
whether the phosphorylation of JINK at threonine 183 (Thr183) and tyrosine 185 (Tyr185) was
enhanced by GRASP-1 expression. Phosphoryation of Thr183 and Tyr185 by SEK1/MKKA4,
which is in turn phosphorylated and activated by several kinases including MEKKZ, is known
to activate INK1/2/3 [4,15]. We found that expression of GRASP1-C robustly increased INK
phosphorylation (Figure 1D). The GRASP-1- induced increase in JNK phosphorylation was
detectable 12 hours after transfection and reached a plateau about 36 hrs after transfection
(Figure 1D).

These results suggest that the region of GRASP-1 downstream of the Caspase-3-cleavage site
is capable of activating the JNK signaling pathway by enhancing the phosphorylation of INK.

GRASP-1 interacts with MEKK1 and JNK1

Scaffold proteins, such as JIP-1, activate the JNK pathway by bringing upstream and
downstream kinases in these cascades into close proximity through protein-protein interactions
[20,21]. We wondered whether the ability of GRASP-1 to activate JNK signaling might be due
to its ability to act as a scaffold of this type and therefore examined whether JNK directly
interacts with GRASP-1. Indeed, JINK1 was clearly detected in myc immunoprecipitates from
HEK?293T cells co-expressing myc-GRASP-1 and HA-JNK1, but not from cells expressing
HA-JNK1 alone (Figure 2A). Since JIP1-like scaffolds also bind upstream JNK pathway
kinases [20] we also examined the ability of GRASP-1 to interact with MEKKZ1, a well-
characterized JNK pathway ‘upstream’ kinase [4,15]. HEK293T cells were therefore
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transfected with HA-tagged MEKK1, Myc-tagged GRASP1-C, or these two constructs
together, and immunoprecipitations were performed from cell lysates using anti-HA antibody.
GRASP1-C was detected in HA immunoprecipitates only in lysates from cells co-transfected
with HA-MEKK1 and GRASP1-C (Figure 2B). These experiments demonstrated that
GRASP-1 interacts with two key kinases in the JNK pathway. To examine whether GRASP-1
interacts with MEKK1 and JNK1 in neurons, co-immunoprecipitation experiments were
performed with detergent-solubilized extracts from cultured cortical neurons (Figure 2C). Both
anti-JNK1 and anti-MEKK?1 antibodies immunoprecipitated GRASP-1 from neuronal lysates
while antibodies against Myc, against the NR1 subunit of NMDA receptors or against ERK1
did not immunoprecipitate GRASP-1. These results suggest that GRASP-1 interacts with
MEKKZ1 and JNK1 in neurons.

GRASP-1 is a scaffold protein for the JNK signaling pathway

While the results above suggested that GRASP-1 can bind JINK1 and MEKKZ1 in both
heterologous cells and neurons, they did not address whether GRASP-1 acts as a JNK pathway
scaffold and facilitates activation of JNK signaling. To begin to explore this possibility, we
examined whether co-expression of GRASP-1 augments JNK activation by MEKK1 (which
when transfected alone is known to activate JNK signaling [4,15]). Indeed, HEK293T cells
transfected with the C-terminal fragment of GRASP-1 together with MEKK1 displayed a
greater degree of JNK activation than cells transfected with either construct alone (Figure 2D),
consistent with the hypothesis that GRASP-1 acts as a scaffold protein for INK pathway
kinases.

An alternative interpretation of this result, however, is that GRASP-1 and MEKK1 activate
JNK via separate parallel pathways. To distinguish between these possibilities, we mapped the
regions of GRASP-1 that are required for MEKK1 and JNK1 binding. These MEKK1- and
JNK-interaction sites were mapped by co-immunoprecipitation using serial truncation and
internal deletion mutants of GRASP-1 (Figure 3A). Deletion of a 16 amino acid sequence
within the linker region of GRASP1 (D6) abolished the interaction with INK1. MEKK-1
required two sites in the C-terminal fragment of GRASP-1, one within the RBD and second
in the D6 linker region, and the interaction was maintained until both D6 and a 13 amino acid
sequence (D12) were deleted (Fig 3A).

The GRASP-1 deletion mutants were then tested for their ability to activate INK. Interestingly,
both D6 and D6-D12 mutants of GRASP-1 caused greatly reduced activation of INK compared
to that caused by the C-terminal fragment (Figure 3B), suggesting that INK pathway activation
by GRASP-1 requires interactions of GRASP-1 with INK and MEKK 1. These results support
the hypothesis that GRASP-1 serves as a scaffold protein that can lead to the activation of the
JNK signaling pathway

Caspase-3-cleavage is required for GRASP-1-mediated JNK pathway activation

GRASP-1 is one of the few neuron-specific substrates of Caspase-3. The cleavage of GRASP-1
by Caspase-3 releases the 30 kDa C-terminal fragment (GRASP1-C) from the rest of the protein
[1,3]. This cleavage event occurs in both normal brain and ischemic brain [3]. Western blot
analysis with antibodies against the C-terminal region of GRASP-1 suggests that a significant
amount of the GRASP1-C fragment is present in normal brain [1] as well as in HEK293T cells
(data not shown). However, the functional significance of this cleavage is unknown. Since the
JNK pathway-activating activity of GRASP-1 is unique to the GRASP1-C fragment, we
wondered whether Caspase-3-cleavage of GRASP-1 played a role in regulating this activity.

To examine this possibility, we compared the level of INK phosphorylation in cells expressing
GRASP1-C and those expressing a full length GRASP-1 that is resistant to Caspase-3 cleavage
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due to mutations in the cleavage site (F.L.-D/E) [1]. The amount of Myc-tagged GRASP1-C
and GRASP-F.L.-D/E cDNA that was transfected was adjusted so these two proteins were
expressed at comparable levels (Figure 4A). Strikingly, while GRASP1-C dramatically
enhanced JNK phorphorylation, GRASP1-F.L-D/E did not significantly alter INK
phosphorylation (Figure 4B).

Taken together, these results suggest that full length GRASP-1 does not enhance JNK pathway
activity, possibly due to the inhibitory effect of the N-terminal fragment on the C-terminal
fragment. In contrast, Caspase-3 cleavage of GRASP-1releases the C-terminal fragment, which
in turn activates JNK signaling by serving as a scaffold protein (Figure 4C).

DISCUSSION

In this study we have demonstrated that GRASP-1 serves as a neuronal scaffold protein for the
JNK signaling pathway. We have also provided evidence that this function of GRASP-1 is
regulated by Caspase-3.

Although GRASP-1 acts as a RasGEF in vitro [1], we did not observe GRASP-1-dependent
activation of ERK (a well known ‘downstream’ target of Ras) in HEK293T cells. There are
several possible explanations for this finding. Firstly, the Ras superfamily of small G proteins
contains many members and the specific Ras that is regulated by GRASP-1 in vivo may not
be expressed in HEK293T cells. Furthermore, a significant fraction of GRASP-1 localizes to
specific intracellular vesicles [1] that are likely to be endosomes [23]. Different small G
proteins localize to specific cellular membranes [24] and it is possible that in HEK293T cells
the localization of GRASP-1 is distinct from that of Ras family proteins that GRASP-1 has the
ability to regulate in vitro. A further possibility is that additional GRASP-1 binding partners
(including JNK pathway kinases) might sterically obscure the Ras binding domain (RBD) of
GRASP-1 in cells, thus limiting GRASP-1’s ability to function as a RasGEF. It will be
interesting to investigate whether stimuli that induce changes in GRASP-1 localization and/or
regulate GRASP-1’s interactions with its binding partners might differentially modulate the
ability of GRASP-1 to modulate Ras, JNK and AMPA receptors.

Accumulating evidence suggests that glutamate receptors activate signal transduction through
kinase cascades in neurons. For example, glutamate treatment [9] and membrane depolarization
[10,25] activate ERK signaling through Ras in a calcium-dependent manner. In contrast, JINK
activity in neurons is constitutively high [11] but specific pools of INK can respond to certain
stimuli [12]. Subcellular fractionation experiments reveal GRASP-1 immunoreactivity in both
post-synaptic density and cytosolic fractions [1]. Whether GRASP-1/IJNK pathway complexes
contribute to synaptic or cytosolic JNK activity, or to both is an intriguing problem to solve in
future.

We note that INK plays many roles in neurons in different subcellular locations and is known
to interact with a variety of scaffold proteins. It is therefore not surprising that only a small
fraction of the total pool of INK is complexed with GRASP-1 in neurons (Figure 2C). However,
even if INK-GRASP-1 complexes comprise only a minor fraction of total INK scaffold
complexes, INK-GRASP-1 complexes might still play a critical role in certain subcellular
locations, or in response to particular stimuli.

One set of stimuli that might regulate INK-MEKK1-GRASP-1 complexes are those that induce
Caspase activation. We have previously demonstrated that GRASP-1 is a direct Caspase-3
substrate [1,3]. Here we demonstrate that the caspase-3 cleavage of GRASP-1 is necessary for
the ability of GRASP-1 to enhance JNK pathway activity.

FEBS Lett. Author manuscript; available in PMC 2009 August 4.
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Interestingly, MEKK-1 is also a substrate of Caspase-3 and cleavage of MEKK-1 by Caspase-3
results in subsequent kinase activation [26]. Not only are both MEKK-1 and GRASP-1
Caspase-3 substrates, the cleavage sites of these two proteins are more homologous to each
other than to any other Caspase-3 substrates, suggesting that Caspase-3 may bind GRASP-1
and MEKK-1 with similar affinity, and that their cleavage might be triggered under similar
conditions. Cleavage of MEKK-1 by Caspase-3 is required for the apoptosis induced by loss
of integrin-mediated contacts with the extracellular matrix (“anoikis™) in MDCK cells [27] and
genotoxin-induced apoptosis in HEK293 cells [28]. Roles for MEKK-1 have also been reported
in apoptosis of neuronally-derived cell lines [29,30]. The functions of MEKK-1 can be either
JNK-dependent or JINK-independent. For example, apoptosis mediated by MEKK-1 in rat
PC12 pheochromocytoma cells is INK-dependent, while MEKK-1-mediated apoptosis in
Swiss 3T3 cells is INK-independent [30,31]. In neurons, prolonged activation of AMPA
receptors leads to JNK pathway activation (B.Y. and R.L.H, unpublished results) and delayed
neuronal cell death [32]. In addition, multiple forms of neuronal cell death including cerebral
ischemia and kainate-induced excitotoxicity require INK [17,19]. Given the fact that GRASP-1
scaffolds INK with MEKKZ1, and MEKK1 is an apoptosis-inducing kinase, it is conceivable
that the JINK activation facilitated by GRASP-1 has apoptotic effects. It is an intriguing
possibility that during neuronal apoptosis, JNK pathway activity may be enhanced not only by
the activation of MEKKZ1 by Caspase-3 cleavage but also by the release of the GRASP-1 C-
terminal fragment, which then serves as a scaffold protein for the JNK signaling pathway.
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Figure 1.
GRASP-1 activates the JNK signaling pathway. (A) GRASP-1 does not activate ERK

signaling. The histogram shows the quantification of results from ERK assay on
immunoprecipitates of HA-ERK1. HEK293T cells were transfected with HA-tagged ERK1
together with empty vector pRKS5, a plasmid encoding the receptor tyrosine kinase TrkB, the
region of GRASP-1 upstream of the caspase-cleavage site (N), the region of GRASP-1
downstream of the caspase-cleavage site (C) or GRASP-1 wild-type full-length (w.t.). TrkB-
transfected cells were treated with 50 ng/ml purified BDNF for 10 minutes prior to the assay.
Kinase activity towards the ERK substrate MBP was analyzed following immunoprecipitation
with HA antibody and is plotted relative to control (empty vector transfected) cells. Western

FEBS Lett. Author manuscript; available in PMC 2009 August 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yeetal.

Page 11

blotting analysis with anti-HA antibody confirmed similar amounts of HA-ERK1 in
immunoprecipitates (data not shown). (B) GRASP-1 does not enhance TrkB-mediated ERK
activation. HEK293T cells transfected with HA-tagged ERK1 and TrkB cDNASs together with
empty vector pRK5, or GRASP-1-N, GRASP-1-C or GRASP-1 wild-type full-length (w.t.)
cDNAs. Every dish of transfected cells was treated with 50 ng/ml purified BDNF for 10 minutes
prior to lysis and assay as in (A). (C) GRASP-1 activates JNK signaling. HA
immunoprecipitation and subsequent kinase assay using GST-cJun as substrate was performed
using lysates from HEK293T cells co-transfected with HA-JNK1 plus the GRASP-1 constructs
described in (A). One dish of cells transfected with empty vector was treated with 0.25 pug/ml
nocodazole for 1 hour and used as positive control for JNK activation. (D) Time course of INK
phosphorylation at Thr183/Tyr185 promoted by GRASP-1 C-terminal fragment (GRASP1-
C). HEK293T cells were transfected with either empty plasmid vector or GRASP1-C plasmids.
Cell lysates were collected at different time points following transfection as indicated.
Representative Western blot is shown for 36 hrs after transfection. The plot shows the levels
of JNK phosphorylation that are normalized to the levels of JNK protein.
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Figure 2.

GRASP-1 interacts with MEKK1 and JNK1. (A) JNK1 co-immunoprecipitates with GRASP-1
from transfected HEK293T cells. HEK293T cells were co-transfected with Myc-tagged
GRASP-1 and HA-tagged JNK1 or Myc-GRASP-1 alone or HA-MEKK1 alone. Lysates were
immunoprecipitated with anti-myc antibody and the immunoprecipitates were analyzed by
immunoblotting with anti-HA antibody. A fraction of lysate from each transfection (Input) was
examined for expression of Myc-GRASP-1. (B) MEKK1 co-immunoprecipitates with
GRASP-1 from transfected HEK293T cells. HEK293T cells were co-transfected with Myc-
tagged GRASP-1 and HA-tagged kinase domain of MEKK1 or Myc-GRASP-1 alone or HA-
MEKKT1 alone. Lysates were immunoprecipitated with anti-myc antibody and the
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immunoprecipitates were analyzed by immunoblotting with anti-HA antibody. A fraction of
lysate from each transfection (Input) was examined for expression of Myc-GRASP-1. (C)
GRASP-1is presentin MEKK1 and JNK1 immunoprecipitates from cortical neuronal cultures.
Immunoprecipitation from cortical neuronal lysates was performed with the indicated
antibodies and the immunoprecipitates were examined for the presence of GRASP-1. (D)
GRASP1-C enhances MEKK1-induced JNK phosphorylation. The upper panel shows a
representative Western blot. The histogram shows the quantification of results from 3
independent experiments. **: p<0.01 (t-test).
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Figure 3.

GRASP-1 serves as a scaffold protein for the JNK signaling pathway. (A) Mapping of the
MEKKZ1- and JNK1-binding sites in GRASP-1. MEKK1- and JNK-interaction sites were
mapped by coimmunoprecipitation studies using HEK293T cells co-transfected with either
HA-MEKKZ1 or HA-JNK1 plus the indicated truncation or internal deletion mutants of
GRASP-1. The D6 deletion abolished the interaction with INK1. MEKK-1 appeared to interact
with two sites in the C-terminal fragment and the interaction existed until both D6 and D12
were deleted. (B) GRASP-1 mutants deficient in INK (A6) and/or MEKKZ1 binding (A6-A12)
do not activate INK. Western analysis was performed with anti-phospho-Jun antibody on
lysates from HEK?293T cells transfected with empty vector pRK5, GRASP1-N, GRASP1-C,
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GRASP1-CA6 or GRASP1-CA6-A12. Nocodazole-treatment on cells transfected with pRK5
was used as a positive control.
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Figure 4.

Caspase-3-cleavage is required for GRASP-1-mediated JNK pathway activation. (A-B) Full
length GRASP-1 containing a mutated Caspase-3 cleavage site (F.L.-D/E) is a much less
effective activator for INK signaling. (A) Western blot and quantification show comparable
expression levels of Myc-GRASP1-F.L.-D/E and Myc-GRASP1-C. n.s: not significant. N=3.
(B) GRASP1-C but not GRASP1-F.L.-D/E enhances JNK phosphorylation. *: p<0.05 (t-test),
n=3. (C) A model that summarizes our findings that GRASP-1 serves as a scaffold protein for
JNK signaling pathway.
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