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Abstract

Cysteine string proteina (CSPa) is a regulated vesicle protein and molecular chaperone that has been found to be critical for contin-
uous synaptic transmission and is implicated in the defense against neurodegeneration. Previous work has revealed links between CSPa
and heterotrimeric GTP binding protein (G protein) signal transduction pathways. We have shown that CSPa is a guanine nucleotide
exchange factor (GEF) for Gas. In vitro Hsc70 (70 kDa heat shock cognate protein) and SGT (small glutamine-rich tetratricopeptide
repeat domain protein) switch CSPa from an inactive GEF to an active GEF. Here we have examined the cellular distribution of the
CSPa system in the PC12 neuroendocrine cell line. CSPa, an established secretory vesicle protein, was found to concentrate in the pro-
cesses of NGF-differentiated PC12 cells as expected. Gb subunits co-localized and Gas subunits partially co-localized with CSPa. How-
ever, under the conditions examined, the GEF activity of CSPa is expected to be inactive, in that Hsc70 was not found in PC12 processes.
These results indicate that CSPa activity is subject to regulation by factors that alter Hsc70 distribution and translocation within the cell.
� 2006 Elsevier Inc. All rights reserved.

Keywords: CSPa; Cysteine string proteina; G protein; Hsc70; SGT; Chaperone; J protein
Cysteine string proteina (CSPa) is a member of the evo-
lutionary conserved J protein family also called the DnaJ
or Hsp40 (heat shock protein 40) protein family. The
cDNA clone for rat CSP (594 bp) contains 181 nucleotides
of 5 0 untranslated region, 1.2 kb of 3 0 untranslated region
and encodes a 35 kDa protein with extensive lipid modifi-
cation [7] that purifies with lipid raft fractions [37]. CSPa
is found on synaptic vesicles [40] and clathrin-coated vesi-
cles [4] in neurons as well as exocrine [7,60], endocrine
[10,58], and neuroendocrine [15,33] secretory granules.
Together with Hsc70 (70 kDa heat shock cognate protein)
and SGT (small glutamine-rich tetratricopeptide repeat
domain protein), CSPa assembles into an enzymatically
active chaperone complex [8,49]. Recent work has demon-
strated that the active CSPa chaperone complex regulates
signaling through heterotrimeric GTP binding protein sig-
nal transduction pathways. Specifically we have shown that
in association with Hsc70 and SGT, CSPa regulates hetero-
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trimeric GTP binding protein (G protein) function by pref-
erentially targeting the inactive GDP-bound form of Gas

and promoting GDP/GTP exchange which increases
cAMP [45]. CSPa is selective for Gas, and, as such, is the
first identified GEF (guanine nucleotide exchange factor)
for Gas. Isoproterenol-induced elevation in cAMP is
increased dramatically in the presence of CSPa [45]. In
addition, CSPa associates with Gb and enhances G protein
inhibition of N-type calcium channels, through interactions
with the synprint (synaptic protein interaction) region of
the N-type calcium channel and G protein bc subunits
[36,41,42]. The downstream effects of the CSPa-induced
increase in cAMP and its involvement in degeneration
remain to be established. CSPa-modulation of transmem-
brane calcium flux [19,30,50] as well as exocytosis
[10,12,25,28,43,46,57,58] have been reported and signaling
through Gas may underlie these events.

In vitro, CSPa’s GEF activity is manifested in the pres-
ence of Hsc70/SGT. We have previously established that
CSPa has two G protein binding sites. Site 1 (residues
83–112) binds Ga and Gbc, while site 2 (residues 1–82)
binds Ga. The CSPa/Gbc interaction is robust and nucleo-
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tide insensitive [42]. In contrast CSPa preferentially targets
the GDP-bound form of Ga and promotes GDP/GTP
exchange [45]. Both sites are required for CSPa’s GEF
activity. In vitro, full length CSPa is inactive on its own,
but is activated in the presence of SGT/Hsc70. Although
full length CSPa requires Hsc70/SGT for activation, the
CSPa1–112 truncation mutant is active on its own, and
activity is not further increased in the presence of SGT/
Hsc70. These results suggest that the C terminus is a regu-
latory (inhibitory) domain of CSPa. The mechanism
underlying Hsc70/SGT activation of CSPa is not yet estab-
lished. In vitro studies show that CSPa interacts with Hsc70
and accelerates its ATPase activity [8]. Hsc70ATPase is
typically coupled to conformational changes in target pro-
teins. The CSPa/Hsc70 association is ATP-dependent and
is mediated by the region of CSPa encoding the J domain
(CSPa1–82) [8,11,48]. The presence of SGT, in addition to
CSPa/Hsc70 further accelerates Hsc70 ATPase [49]. The
requirement of Hsc70/SGT for CSPa/GEF activity in vitro

implies a mechanism for the cellular regulation of CSPa
GEF activity.

In this study, we begin to address the hypothesis that the
GEF activity of CSPa system is regulated (not constitutive)
within the cell. While our in vitro data are consistent with a
direct physical interaction between CSPa and G proteins,
co-localization has not previously been documented. As a
first step towards testing this hypothesis, we investigated
the cellular proximity of CSPa, G proteins, and Hsc70.
Our observations support the proposal that the CSPa/
GEF system is regulated.
Materials and methods

Immunofluorescence. PC12 cells were obtained from ATCC. PC12 cells
were plated on coverslips and grown in Dulbecco’s modified Eagle’s
Medium supplemented with 10% heat-inactivated horse serum and 5.0%
fetal calf serum. For differentiation, cells were treated with 50 ng/ml
mouse NGF (R&D Systems) for 10 days. Cells were washed in PBS, fixed
in PBS containing 4% paraformaldehyde, and permeabilized in PBS
containing 0.5% Triton X-100. Incubations of cells with primary anti-
bodies were carried out sequentially for 30 min at room temperature.
Following incubation with primary antibody, the cells were washed with
blocking solution and incubated with a mixture of goat anti-rabbit sec-
ondary antibody conjugated to Cy3 and a goat anti-mouse secondary
antibody conjugated to Alexa 488. Following secondary antibody incu-
bation, the cells were washed in PBS, mounted onto glass slides, and
photographed using a Leica model DMRXA confocal fluorescence
microscope or an Olympus BX60WI confocal microscope. The fluoro-
phores Alexa 488 and Cy3 were excited using a mercury lamp at wave-
lengths of 470 nm and 535 nm, respectively. Images were collected at
wavelengths 525 nm and 610 nm. False coloring and superimposition were
performed with Adobe Photoshop 7.0.1.

PC12 transfection and immunoblotting. Myc-tagged rat CSPa1–198,
CSPa1–82, CSPa1–198DCCC, CSPa1–112, and CSPa113–198 DNA constructs
were prepared in pCMV vector and the sequences confirmed. PC12 cells
were transiently transfected with lipofectamine-2000 (Invitrogen), main-
tained in culture for 24 h and then harvested in lysis Buffer [20 mM Hepes,
pH 7.0, 50 mM KCl, 1 mM EGTA, 1 mM EDTA, 1 mM PMSF, and
protease inhibitor cocktail (Sigma)]. Cells were pelleted by centrifugation
at 15000 rpm for 60 min, and the particulate and cytosolic fractions were
collected. Protein concentration was determined by Bio-Rad using bovine
serum albumin as the standard. The solubilized cellular proteins were
resolved by SDS–PAGE.

Proteins were transferred electrophoretically at 70 V for 45 min from
polyacrylamide gels to 0.45 lm nitrocellulose in 20 mM Tris, 150 mM
glycine, and 12% methanol [6]. Transferred proteins were visualized with
Ponceau S. Nitrocellulose membranes were blocked for non-specific
binding using 5% milk, 0.1% Tween 20, and PBS, pH 7.3 (137 mM NaCl,
2.7 mM KCl, 4.3 mM Na2HPO4, and 1.4 mM KH2PO4) prior to a 2-h
incubation with primary antibody. The membranes were washed three
times in the above milk/Tween/PBS solution and incubated with goat anti-
rabbit or goat anti-mouse IgG-coupled horseradish peroxidase. Antigen
was detected using chemiluminescent horseradish peroxidase substrate
(ECL, Pierce). Immunoreactive bands were visualized following exposure
of the membranes to Amersham Hyperfilm-MP.

Results and discussion

CSPa is a member of the ancient evolutionarily con-
served class of proteins called the J protein family. In yeast,
it is known that certain J proteins are tethered to specific
locations within a cellular compartment, and that this spe-
cific localization is important for function [17,24,55]. In
mammalian neurons, J proteins are predicted to have spe-
cialized functions based on their cellular locale, however
with the exception of auxilin and CSPa, the function of
most mammalian J proteins remains undefined. All mem-
bers of the J protein family contain a signature ‘J domain’
which is a 70 amino acid region of homology composed of
four helices with a conserved histidine, proline, and aspar-
tic acid tripeptide located between helices II and III. The J
protein family recruits and activates the Hsc70/Hsp70
chaperone family, a class of ATPases that couple energy
from ATP hydrolysis to conformation changes in a variety
of target proteins. Hsc70-mediated conformational work
must be highly regulated in the cell for proper function.
For example, clathrin is removed from clathrin-coated ves-
icles but not from clathrin-coated pits by Hsc70 through
the intercession of the J protein, auxilin [35,44,52]. Is cellu-
lar CSPa activity regulated? The expression of CSPa is
reported to be modified by antidepressants [20–23,56],
amphetamines [5], and diabetes [59] which is anticipated
to alter CSPa activity. The anchoring of CSPa to secretory
vesicles, the assembly of the CSPa/Hsc70/SGT complex,
and the association of the CSPa system with G proteins/
target proteins are other potential sites of regulation.

Distribution of transiently expressed CSPa in PC12 cells

CSPa is reported to be localized to secretory vesicles as a
result of extensive palmitoylation of cysteine residues
[13,29]. In contrast, G proteins are localized to the plasma
membrane as a result of fatty acid modifications, but
undergo activity-dependent internalization. Furthermore,
G proteins have also been found on regulated secretory
vesicles [1,4,34,54], although the physiological function of
vesicle-associated heterotrimeric G proteins is unknown.
First, we examined the biochemical fractionation of native
and transiently expressed myc-CSPa1–198 in PC12 cells
(Fig. 1). Native CSPa localized to the particulate fraction
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Fig. 1. Expression of CSPa constructs in PC12 cells. (A) Schematic representation of CSPa truncation constructs. (B) The particulate and cytosolic
fractions of PC12 cells transiently transfected with plasmids encoding the indicated myc-tagged constructs were separated on 12% SDS–PAGE gels,
subsequently transferred to nitrocellulose membrane, and stained with anti-CSPa antibody, anti-myc antibody, anti-Hsp70/Hsc70 antibody (Sigma), anti-
Ga antibody (Santa Cruz), and anti-Gb antibody (Transduction Labs).
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consistent with its presence on synaptic vesicles. Fig. 1
shows that PC12 cells transfected with CSPa1–198 display
cytosolic and particulate CSPa1–198. A fraction of the mem-
brane associated CSPa and all of the cytosolic CSPa has an
apparent molecular weight lower than that of the native
CSPa reflecting a lack of palmitoylation. CSPa can form
dimers [7] and the CSPa-dimer was more abundant after
transient expression of CSPa. Our results indicate that
the native secretory vesicle distribution of the CSPa system
can be changed experimentally perhaps because CSPa
palmitoylation becomes rate limiting. Changes in CSPa’s
cellular location may block native activity as a dominant
negative or alter other cellular J protein/Hsc70 systems.

We then proceeded to examine the biochemical fraction-
ation of several CSPa truncation mutants after transfection
into PC12 cells. Myc-CSPa1–198DCCC (lacking the cysteine
string residues 113–136) and myc-CSPa113–198 (cysteine
string and C-terminus) were found in both soluble and par-
ticulate fractions. Myc-CSPa1–82 (J domain) and myc-
CSPa1–112 (J domain and L region) were found primarily
in soluble fractions consistent with other reports [29]. The
redistribution of CSPa or CSPa truncation mutants to
the cytosolic fraction did not alter the fractionation of
Hsc70, Ga or Gb (Fig. 1). Upon cellular relocalization to
the cytosol or in the absence of CSPa, it is predicted that
Hsc70 will be unable to localize to secretory vesicles, there-
by rendering Hsc70 folding activity mechanically ineffective
at this cellular locale. Numerous studies have introduced
CSPa or CSPa truncation constructs into a wide range of
cell lines to examine CSP’s role in either exocytosis or cal-
cium signaling (reviewed in [14,61]). Our results indicate
that the cellular distribution is most likely altered in several
of these strategies. For example, Drosophila CSP is not lip-
id-anchored to membranes when expressed in PC12 cells
[53]. Other studies have shown that deletion of CSPa in
mice causes progressive neurodegeneration [16,27,47]. Dro-

sophila CSPa-null mutants die as larvae or within days of
adulthood. The small number of flies that survive to adult-
hood are characterized by uncoordinated sluggish move-
ments, shaking, and temperature sensitive paralysis
[2,51,62]. These deletion studies indicate that other neural
J proteins (e.g., auxilin or Hsp40) do not effectively com-
pensate for CSPa’s activity.

Distribution of CSPa, Gabc, and Hsc70 in PC12 cells

Next, we investigated the subcellular localization of
CSPa and G proteins in NGF differentiated PC12 cells
using confocal microscopy. Upon differentiation, CSPa
was found to concentrate in the processes, consistent with
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its being a synaptic vesicle protein. However, an additional
small intracellular CSPa pool was also observed. Fig. 2
demonstrates that in PC12 cells Gb and CSPa localize to
processes but that Gb does not co-localize with the intracel-
lular compartment of CSPa. Consistent with previous
reports [12], in undifferentiated PC12 cells we observed
intracellular punctuate CSPa staining with some enrich-
ment close to the plasma membrane (Fig. 2). PC12 cells
are known to express two isoforms, CSPa1 and CSPa2
[13]. In agreement with this previous work, Western blot
analysis often reveals a CSPa1/CSPa2 doublet (Fig. 2, pan-
el C). CSPa2 is identical to CSPa1 but lacks the C-terminal
31 amino acids. Fig. 2, panel C also shows immunoblot
analysis of another J protein, Hsp40 (heat shock protein
40), and actin as controls. The distribution of CSPa and
Gb in PC12 cells is consistent with the robust interaction
between CSPa and Gb observed in vitro [36,42].

The immunostaining in Fig. 2 indicates a significant
fraction of CSPa with intracellular, perhaps, endosomal
localization. Therefore, we further examined the co-locali-
zation of CSPa in differentiated PC12 cells with the secre-
tory granule protein, synaptophysin. Like CSPa,
synaptophysin was observed to concentrate in the process-
es. However, CSPa in the intracellular compartment did
not co-localize with synaptophysin (Fig. 3). Consistent
with our findings, a recent report has identified a novel
pool of CSPa that does not co-localize with synaptic mark-
Fig. 2. Co-localization of CSPa and Gb in PC12 cells. These images we
Undifferentiated PC12 cells immunostained with CSPa polyclonal and Gb mon
co-localization of CSPa and Gb. (B) NGF differentiated PC12 cells were immu
CSPa staining was observed as punctuate, intracellular, and concentrated in the
(Sigma) in PC12 cells.
ers in rat brain [26]. The functional role of this intracellular
pool remains to be determined.

Next, we investigated the localization of actin, another
abundant protein of the processes (Fig. 4A). In contrast
to CSPa/Gb immunolocalization, double labeling with
fluorescently labeled phalloidin, an established actin mark-
er, shows that actin does not have the same distribution as
CSPa (Fig. 4). Widespread intracellular distribution of Gas

in NGF-treated PC12 cells was observed (Fig. 4B), includ-
ing PC12 processes. Widespread distribution in undifferen-
tiated PC12 cells has previously been reported [32]. The
distribution of CSPa suggests that it may modulate specific
pools of Gas in PC12 cells.

Finally, we investigated whether the cytosolic chaper-
one, Hsc70, also was present in the processes in NGF-dif-
ferentiated PC12 cells. In contrast to CSPa and Gb, the
bulk of Hsc70 immunostaining was nuclear and concen-
trated away from the processes (Fig. 4C), suggesting that
the CSPa/GEF chaperone system is not active in differen-
tiated PC12 cells. In undifferentiated PC12 cells, Hsc70
immunostaining was widespread, cytosolic, and partially
overlapped with CSPa immunostaining, suggesting that
the CSPa/GEF activity is active in these cells (data not
shown). Several conditions have been reported to trigger
translocation/availability of Hsc70 or its stress-inducible
homologue, Hsp70. ATPase activity of both Hsc70 and
Hsp70 is stimulated by CSPa [8,11]. Hsc70 recruitment to
re obtained from the same focal plane of the cell. Bar = 10 lM. (A)
oclonal. Digital superimposition of the Gb and CSPa images demonstrates
nostained with CSP polyclonal and Gb monoclonal (Transduction Labs).
processes. (C) Western blot analysis of CSPa, Hsp40 (Stressgen), and actin



Fig. 3. Co-localization of CSPa and synaptophysin. NGF-differentiated PC12 cells were immunostained with anti-CSPa polyclonal and anti-
synaptophysin monoclonal (Sigma). CSPa and synaptophysin were found to concentrate in the processes.

Fig. 4. Localization of actin, Gas, and Hsc70/Hsp70 in PC12 cells. NGF-differentiated PC12 cells were immunostained with (A) CSPa polyclonal and
rodamine-phalloidin (Molecular Probes), (B) Gas polyclonal (Santa Cruz) and Gb monoclonal (Transduction Labs) or (C) anti-CSPa polyclonal and anti-
Hsp70/Hsc70 monoclonal (Sigma). CSPa was observed to have a distinct staining pattern in differentiated PC12 cells compared to actin. Hsp70/Hsc70
staining did not concentrate to the processes.
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the synapse [3], nucleus [39], lipid rafts [18], and protein
aggregates [31] has clearly been demonstrated. Our obser-
vations that CSPa activity is inhibited when levels of mis-
folded/aggregated proteins increase [41] support studies
by others showing that Hsc70 is sequestered by protein
aggregates [31]. In response to a range of stressful stimuli
including hyperthermia and ischemia, the nervous system
activates a cellular program called the heat-shock response
in which the expression of chaperones, including Hsp70, is
induced. Following stress, Hsp70 is rapidly and strongly
induced in the nervous system and is translocated to syn-
apses [3]. The severity of the stress required to trigger the
heat shock response varies among neuronal populations
[38]. A conditioning stress that is sufficient to induce
Hsp70 increases neural cell survival following subsequent
insults. Furthermore, small molecule modulators have been
identified [9], emphasizing Hsc70/Hsp70 potential as a reg-
ulatory site. Our in vitro work predicts that translocation of
Hsc70/Hsp70 to and from the synapse will critically impact
CSPa cellular activity.

Summary

Our results suggest that CSPa’s activity is regulated by
the availability of Hsc70. In the presence of NGF, Hsc70
is translocated away from CSPa in PC12 cell processes.
Other reports have documented translocation of Hsc70/
Hsp70 to the synapse where it would be expected to acti-
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vate CSPa. While Gb is found to be co-localized with CSPa
in PC12 cells, only a specific pool of Gas co-localizes with
CSPa suggesting that CSPa/Ga association also has cellu-
lar regulatory features. Finally, we demonstrate after intro-
duction of CSPa into a cell, its association with the vesicle
membranes and palmitoylation does not proceed at the
same rate as myc-CSPa expression. Given that CSPa is
tethered to secretory vesicles by this process, palmitoyla-
tion could well be an important regulatory process for
CSPa action.
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