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Abstract
In many species, binding of sperm to the egg initiates cortical granule exocytosis, an event that
contributes to a sustained block of polyspermy. Interestingly, cortical granule exocytosis can be
elicited in immature Xenopus oocytes by the protein kinase C activator, phorbol-12-myristate-13-
acetate. In this study, we investigated the role of cysteine string protein (csp) in phorbol-12-
myristate-13-acetate-evoked cortical granule exocytosis. Prior work indicated that csp is
associated with cortical granules of Xenopus oocytes. In oocytes exhibiting >20-fold
overexpression of full-length Xenopus csp, cortical granule exocytosis was reduced by ~80%.
However, csp overexpression did not affect constitutive exocytosis. Subcellular fractionation and
confocal fluorescence microscopy revealed that little or none of the overexpressed csp was
associated with cortical granules. This accumulation of csp at sites other than cortical granules
suggested that mislocalized csp might sequester a protein that is important for regulated
exocytosis. Because the NH2-terminal region of csp includes a J-domain, which interacts with
constitutively expressed 70-kDa heat shock proteins (Hsc 70), we evaluated the effect of
overexpressing the J-domain of csp. Although the native J-domain of csp inhibited cortical granule
exocytosis, point mutations that interfere with J-domain binding to Hsc 70 eliminated this
inhibition. These data indicate that csp interaction with Hsc 70 molecular chaperones is vital for
regulated secretion in Xenopus oocytes.

Eggs of many species exhibit cortical granule exocytosis, an early postfertilization event that
leads to a sustained block of polyspermy (1). Although oocytes of Xenopus laevis must
undergo maturation before sperm can elicit cortical granule exocytosis, immature oocytes
(and eggs) of Xenopus secrete in response to activators of protein kinase C (2). Somewhat
unexpectedly (given that the majority of regulated secretory events are initiated by an
increase of cytosolic Ca2+, Refs. 3 and 4), cortical granule exocytosis in Xenopus oocytes is
insensitive to changes of cytosolic Ca2+. For instance, this secretory event is not triggered by
Ca2+ ionophores (using physiological concentrations of Ca2+); it cannot be evoked by direct
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injection of Ca2+ into the cytoplasm, and it is unaffected by removal of extracellular Ca2+ or
by buffers that clamp cytosolic Ca2+ below the resting level (5–7). Thus, oocytes offer an
empirical avenue for assessing the function of proteins in a secretory pathway where
calcium ions play no direct role. This issue is of considerable importance with respect to
cysteine string proteins (csp2(s)), a class of proteins found associated with a broad range of
regulated secretory organelles (8–10).

Csp was originally identified as a novel synaptic antigen in Drosophila (11), and several
subsequent investigations indicated that csp might be important as a modulator of
presynaptic Ca2+ channels (12–17). However, it also became evident that regulation of
presynaptic Ca2+ channels was not the sole function of csp (8–10). For instance, with the
recognition that the majority of the cysteine residues of csp were fatty acylated (18), it was
proposed that this unusual hydrophobic domain of csp might participate directly in
membrane fusion (19). Empirical evidence for a role of csp in membrane fusion emerged
from amperometric recordings of chromaffin cells overexpressing csp. This study revealed a
change in the rise time of amperometric spikes, thereby implicating csp in fusion pore
expansion (20). Complementing this work, genetic experiments indicated that the cysteine
string of csp could not be truncated or functionally substituted by serine residues (21).
Concurrently, strategies to perturb csp function in pancreatic and adrenal cells suggested that
csp was involved at an undisclosed step of secretion downstream of Ca2+ entry into the cell
(22–24). Studies of a csp null mutant Drosophila yielded a specific hypothesis for this
downstream role of csp. Based on an apparent change of Ca2+ homeostasis and the level of
Ca2+ needed to trigger quantal secretion, csp was ascribed a role in regulating the Ca2+

sensitivity of the exocytotic machinery (25). In view of these disparate and occasionally
conflicting ideas regarding the molecular role(s) of csp, we initiated studies of csp function
using Xenopus oocytes.

Xenopus oocytes offer several advantages for studying regulated secretion. As noted,
cortical granule exocytosis is a one-time secretory event that can be triggered in a Ca2+-
independent manner by the protein kinase C activator, PMA (phorbol-12-myristate-13-
acetate). Secretion can be assayed using single oocytes (7, 26). Moreover, oocytes readily
express protein from injected mRNA (27–30), and protein expression and secretion can be
correlated for the same cell (7, 26). Finally, oocytes possess efficient mechanisms for the
delivery of proteins to the plasma membrane (and the extracellular compartment, Refs. 28–
30), which enables one to compare the machinery underlying the regulated and constitutive
secretory pathways. Thus, we evaluated the impact on cortical granule exocytosis of
overexpressing full-length Xenopus csp. Although we surmised that an elevated cellular
content of csp might enhance the kinetics of secretion, instead, we observed a profound
reduction of cortical granule exocytosis. Further investigation revealed that little or none of
the overexpressed csp was localized to cortical granules. This result raised the possibility
that the inhibition of cortical granule exocytosis was because of a non-productive
association between the overexpressed csp and one or more csp-interacting proteins. We
present evidence that the interaction of overexpressed csp with Hsc 70 (constitutively
expressed heat shock protein of 70 kDa) figures prominently in the inhibition of cortical
granule exocytosis in these cells.

2The abbreviations used are: csp, cysteine string protein; PMA, phorbol-12-myristate-13-acetate; GFP, green fluorescent protein;
GTPγS, guanosine 5′-3-O-(thio)triphosphate.
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MATERIALS AND METHODS
Isolation and Culturing of Oocytes, RNA Preparation, and Injection

Stage V–VI X. laevis oocytes were obtained by collagenase treatment of fragments of ovary
as described (31). RNA transcripts were prepared from linearized constructs subcloned into
the plasmid pCS2+ using the SP6 mMessage Machine from Ambion. Oocytes were injected
with 30–60 ng of RNA and cultured for 2–4 days at 18 °C prior to the analysis of secretory
events.

Preparation of csp Constructs
Linearized (NotI) full-length Xenopus csp cDNA (32) was either used directly to prepare
RNA (Xcsp RNA), or it served as a template for the generation by PCR of the J-domain
construct (amino acid residues 1–70). Site-directed mutagenesis was used to generate the J-
domain mutations H43Q and D45A. The green fluorescent protein (GFP)-csp construct was
kindly supplied by H. E. Yu and W. M. Bement (University of Wisconsin, Madison). All
constructs were verified by nucleotide sequence analysis.

Regulated Secretion Assay
Cortical granule exocytosis was evoked by exposing single oocytes to PMA (50–100 nM in
Barths solution) for 20–30 min followed by Coomassie staining and densitometric analysis
of released protein after resolution on SDS-polyacrylamide gels (7, 31).

Independently, we developed a procedure to trigger cortical granule exocytosis that appears
to involve a protein-independent effect of Ca2+ at the plasma membrane of the oocyte. This
was achieved by exposing immature, stage V–VI oocytes to the calcium ionophore,
ionomycin (10 μM), in Barths solution with added calcium chloride (20 mM). Secretion
triggered in this manner is unaffected by overexpression of a dominant-negative fragment of
Xenopus myosin IC, or by pretreatment of oocytes with N-ethylmaleimide (10 mM) or
phenylarsine oxide (50 μM), all of which completely block exocytosis triggered by PMA in
immature oocytes (data not shown). We used this high Ca2+-ionomycin method of evoking
cortical granule exocytosis to assess whether intact cortical granules were still present in
oocytes expressing recombinant csp.

Immunoblot Analysis of Oocytes
To detect the expression of csp, csp constructs or Hsc 70 (using Hsp 70 monoclonal
antibody, clone BRM-22 from Sigma) in oocytes, individual cells were extracted in 20–40
μl of 1% Triton X-100 in 0.1 M NaCl, 0.05 M Tris-HCl (pH 7.4), 1 mM EDTA, and the extract
was centrifuged at 15,000 × g for 1 min. The supernatant was mixed with 5× concentrated
Laemmli sample buffer and resolved on a SDS-polyacrylamide gel for immunoblot analysis
as before (7, 26, 31). An antibody specific for the amino terminus of csp (N-end antibody)
was obtained by covalently conjugating recombinant Xenopus csp 1–112 to Pierce's
aminolink resin (following the manufacturer's instructions) and adsorbing csp antiserum (16)
to this matrix, washing with phosphate-buffered saline, and eluting the bound antibody using
0.1 M glycine-HCl (pH 3.0). After adjusting the pH to 7.5 with 1 M Tris base, the antibody
capable of binding the carboxyl terminus of csp was removed by passing the N-end antibody
through an aminolink resin to which the recombinant carboxyl end of Xenopus csp (residues
137–197) was coupled. This protocol yields an antibody that selectively identifies the amino
terminus of csp but not the carboxyl terminus of csp. Quantification (by densitometry) of
immunoblot signals used one-dimensional image analysis software from Kodak. Results are
expressed as the mean ± S.D., and significant results were assessed by Student's t test. In
many experiments, overexpression of csp constructs was sufficiently robust that the signal
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for csp in control oocytes was only detected when the signal for the overexpressed csp
constructs exhibited saturation. Although our routine quantification of the extent of
overexpression of csp constructs is likely to be underestimated, independent analyses of
diluted extracts from csp overexpressing oocytes set this error at <30%.

Subcellular Fractionation of Oocytes
As described (7), oocytes were gently disrupted and centrifuged (3 min at 720 × g) to yield a
pellet enriched in cortical granules, plasma membrane, yolk, and pigment granules, whereas
most other subcellular constituents (including β-tubulin, which was detected by immunoblot
using monoclonal antibody E7 from the Developmental Studies Hybridoma Bank) remain in
the low speed supernatant (7, 26, 31). Surface labeling of oocytes prior to this fractionation
protocol used water-soluble, polyethylene oxide-maleimide biotin (0.1 mM in Barths
solution; Pierce) for 15 min to alkylate thiol residues that had been reduced by dithiothreitol
(2 mM). Detection used streptavidin-peroxidase (Sigma) and enhanced chemiluminescence.

Confocal Fluorescence Microscopy
Isolated cortical regions of oocytes were prepared (as in Ref. 26) from control oocytes or
oocytes expressing either GFP-csp or GFP-syntaxin 1a (from rat; kindly provided by Dr. T.
Coppola, University of Nice, France) and fixed for 10 min in 3% paraformaldehyde in
Barths solution prior to mounting (using Fluoromount) on glass slides. Specimens were
examined using a Zeiss 510 Meta laser scanning confocal microscope equipped with an
argon laser and a 40× 1.3 na Plan-Neofluar objective (Carl Zeiss Microimaging, Inc.,
Thornwood, N.Y.) with 488 nm excitation and a band pass filter setting of 505–530 nm.
Image stacks (5 μm) were collected in 0.1–1.0-μm z-steps and projected onto a single plane
or used to obtain a z-plane image. Images were collected at a resolution of 1024 × 1024
pixels (GFP-csp) or 2048 × 2048 pixels (GFP-syntaxin 1a).

Immunoprecipitation
Oocytes were disrupted in extraction buffer (1% Triton X-100 in phosphate-buffered saline
with 2 mM ADP) and centrifuged at 15,000 × g for 1 min. The supernatant was precleared for
15 min with 0.1 volume of protein A/G-agarose (Santa Cruz). Cleared extract from 2–3
oocytes was incubated with or without affinity-purified csp antibody (1–2 μg), and as a
separate control, csp antibody was added to extraction buffer alone. After 1 h at 4 °C,
protein A/G-agarose (10 μl) was added, and samples were gently mixed by rotation. After
30–40 min, the agarose beads were collected by centrifugation and washed three times with
extraction buffer before dispersion in sample buffer. Recovered protein was resolved
electrophoretically for immuno-blot analysis using Hsp/Hsc 70 antibody or csp antibody, as
above. Blots were also probed for two abundant oocyte proteins, actin and β-tubulin.

Assay of Constitutive Exocytosis
Plasma membrane proteins are efficiently delivered to the surface of the oocyte via a
constitutive exocytotic pathway involving carrier vesicles that are ~100 nm in diameter (30).
We developed a biochemical assay of this process by expressing GFP-syntaxin 1a in oocytes
and monitoring the appearance of GFP-syntaxin 1a immunoreactivity in the low speed pellet
fraction of oocytes (generated as in Ref. 7; results from confocal fluorescence microscopy
confirm that GFP-syntaxin 1a reaches the plasma membrane of oocytes). To verify that the
presence of GFP-syntaxin 1a in the low speed pellet requires intact protein trafficking via
the Golgi apparatus, some oocytes were treated with the Golgi-dismantling reagent,
brefeldin A (50 μM) subsequent to the injection of RNA for GFP-syntaxin 1a. To assess the
impact of csp constructs on the trafficking of GFP-syntaxin, oocytes were injected with csp
RNA 2 days prior to injection with GFP-syntaxin 1a RNA.
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RESULTS
Functional Consequence of csp Overexpression

Xenopus oocytes typically secrete 1–1.5 μg of cortical granule lectin in response to PMA (2,
7, 26). This is illustrated in Fig. 1A, which shows the broad band of highly glycosylated
lectin that is collected from three individual control oocytes exposed to 50 nM PMA. In
contrast, secretion of this lectin is greatly diminished (or absent) for cells that overexpress
full-length csp (Fig. 1A). Quantification of this inhibitory effect reveals that the mean
amount of secreted cortical granule lectin drops to 20 ± 13% of control (for 29 control cells
and 26 cells overexpressing csp) in oocytes challenged with PMA 3–4 days after injection of
csp RNA (this difference is significant at p < 0.01).

Immunoblot analysis revealed that oocytes injected 3–4 days earlier with 30–50 ng of Xcsp
RNA expressed 20 ± 15 times more csp than control oocytes (Fig. 1B). The overexpressed
csp was present as two distinct species in the RNA-injected oocytes. In addition to csp
immunoreactivity at the same mobility of csp in control oocytes (32–33 kDa, see Fig. 1B),
there was an additional band at ~27 kDa (Fig. 1B). Because this latter species exhibited
mobility that is consistent with the mass of csp prior to fatty acylation (or after deacylation;
see Refs. 18, 31, and 32), it is very likely that this form of overexpressed csp lacks lipid
modification (indeed, when extracts of csp overexpressing oocytes were treated with the
deacylating reagent, hydroxylamine (1 M (pH 7.0), followed by reduction and alkylation) all
of the 32–33 kDa csp was converted to the 27-kDa species, data not shown). Together with
the data of Fig. 1A these results indicate that csp is overexpressed in oocytes, and this
overexpression interferes with the normal pathway by which PMA elicits the secretion of
cortical granule lectin. It is also important to note that with less robust overexpression (<10-
fold) of csp there is proportionately less inhibition of cortical granule exocytosis (data not
shown).

The results of Fig. 1A could be explained by an effect of overexpressed csp that either
impairs the exocytotic pathway or that alters the pool of cortical granule lectin available for
secretion (for instance, by promoting degradation of cortical granules or by prematurely
evoking secretion). We excluded an effect of overexpressed csp on the available pool of
cortical granules via three separate avenues. First, individual oocytes were transferred to 12
μl of Barths solution 2 h after injection of csp RNA and after 2 days the fluid was collected
and assayed for secreted cortical granule lectin. No lectin was detected (data not shown),
indicating that csp overexpression does not, by itself, trigger secretion from cortical granules
(in contrast, overexpression of protein kinase C η does trigger cortical granule exocytosis;
see Ref. 31). Second, we exposed oocytes (control or csp overexpressing) to PMA (50 nM for
30 min) and verified that secretion was significantly diminished in oocytes overexpressing
csp (Fig. 1C). Then, the same oocytes were incubated in a solution containing 10 μM

ionomycin plus 20 mM added Ca2+ (this procedure promotes secretion via an apparently
protein-independent effect on oocyte membranes; see “Materials and Methods”). This
second incubation culminated in the discharge of very little cortical granule lectin from the
control oocytes, because these cells had discharged most of the available lectin in response
to PMA (Fig. 1C). However, the csp overexpressing oocytes released essentially as much
cortical granule lectin during the high Ca-ionomycin incubation as control oocytes had
released in response to PMA (Fig. 1C). These data indicate that csp overexpressing oocytes
retain cortical granule lectin in a pool that is accessible to the nonspecific secretory effect of
high Ca2+ plus ionomycin. For a final control, we evaluated oocyte extracts for cortical
granule lectin immunoreactivity after 30 min in 50 nM PMA. Under these conditions, control
oocytes typically secrete ~80% of their cortical granule lectin (data not shown; see Ref. 31).
In contrast, csp overexpressing oocytes retained a level of cortical granule lectin
immunoreactivity that was indistinguishable from cells that had not been treated with PMA
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(data not shown; however, images in Fig. 3B reveal that cortical granules are present in
oocytes expressing high levels of GFP-csp). Taken together, these experiments indicate that
cortical granules persist in oocytes that overexpress csp, but there is a block of the pathway
by which PMA elicits cortical granule exocytosis.

Distribution of Overexpressed csp in Oocytes
To assess further the basis of the secretory inhibition in oocytes overexpressing csp, we
evaluated the subcellular distribution of the newly produced csp using biochemical and cell
biological approaches. As reported previously (26), when control oocytes are gently
disrupted and subjected to low speed centrifugation, 80–90% of the endogenous csp
immunoreactivity (and >90% of the cortical granule lectin immunoreactivity; Ref. 26)
sediments with the low speed pellet (Fig. 2). (The utility of this fractionation procedure for
discriminating oocyte compartments is further evidenced by the fact that β-tubulin
immunoreactivity is detected only in the low speed supernatant of control and csp
overexpressing oocytes (Fig. 2). Conversely, when oocytes that had been incubated with a
membrane-impermeant alkylating agent are fractionated via this protocol, the labeled
proteins, exemplified by the 35-kDa species in Fig. 2, are detected only in the pellet).
However, fractionation of oocytes that overexpress csp yielded a pattern that was
qualitatively and quantitatively different from control oocytes. In addition to there being
abundant csp in the low speed supernatant (overall, csp in the low speed supernatant of csp
overexpressing cells was >20-fold higher than csp in the supernatant of control oocytes), the
27-kDa form of csp (that lacks lipid modification) was distributed approximately equally
between the low speed supernatant and pellet (Fig. 2). Although these data indicate that csp
is differentially distributed in oocytes that overexpress this protein, the results do not
distinguish where in the cell csp is localized. Because csp is predominantly associated with
cortical granules in control oocytes (26), a functionally important issue is whether any of the
overexpressed csp is targeted to these granules.

To evaluate whether overexpressed csp associates with cortical granules, we expressed GFP-
tagged csp in oocytes and assessed its subcellular distribution biochemically (Fig. 3A). Of
particular interest was the fact that nearly 50% of the GFP-csp partitioned in the low speed
pellet (Fig. 3A). Because this pellet includes most of the cortical granules, as well as the
plasma membrane, this result indicates that GFP-csp associates with one or both of these
structures. To resolve this issue, we used confocal fluorescence microscopy to examine
isolated cortical fragments of oocytes expressing GFP-csp (Fig. 3B). As the image stack of
Fig. 3B indicates, GFP-csp yielded a “Swiss cheese” pattern of fluorescence, where the
“holes” had the dimensions of cortical granules (the diameter of these holes was between 1.2
and 2.9 μm for n = 100; a range typical for cortical granules; Ref. 1). For comparison, we
also examined oocytes expressing GFP-syntaxin 1a (syntaxin 1a is a t-SNARE that is
prominently associated with the plasma membrane of a wide variety of regulated secretory
cells; Ref 33). The pattern of GFP-syntaxin 1a fluorescence was essentially
indistinguishable from the pattern of GFP-csp (Fig. 3B). Oblate structures (whose diameter
ranged from 1.1 to 2.7 μm for n = 100) were devoid of GFP-syntaxin 1a fluorescence and
surrounded by interstitial zones of strong fluorescence (Fig. 3B). Similar patterns of GFP-
csp and GFP-syntaxin 1a fluorescence were also apparent in the z-plane (Fig. 3B). Because
GFP-csp is distributed similarly to GFP-syntaxin 1a (which should traffic exclusively to the
plasma membrane), these data indicate that the csp in the low speed pellet fraction of
oocytes is predominantly associated with the plasma membrane and is not detectably present
on the cortical granules.
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Overexpression of the J-domain of csp Inhibits Cortical Granule Exocytosis
The preceding results raise the possibility that csp overexpression inhibits cortical granule
exocytosis, because mislocalized csp interacts non-productively with one or more proteins
that are necessary for the secretory cascade. Although csp has been reported to interact in
vitro with a large number of other proteins (9, 10), its affiliation with members of the Hsp 70
and Hsc 70 family is indisputable (34–38,40). Thus, we tested whether expression of the J-
domain of csp, the region that binds Hsp/Hsc 70 proteins (9, 10, 39), suffices to inhibit
cortical granule exocytosis. The results (Fig. 4A) indicate that J-domain overexpression
inhibits cortical granule exocytosis. Across a series of trials (18 control and 20 J-domain-
expressing cells), secretion fell significantly (p < 0.01) to 30 ± 17% of control (Fig. 4A).
Concomitantly, using antibodies that target only the NH2-terminal region of csp (N-end
antibody), we observed a dramatic overexpression of the csp J-domain in the cells that
exhibit the secretory inhibition (Fig. 4B). Densitometry reveals that the average signal for
the overexpressed J-domain exceeds that of the endogenous csp by 36 ± 16-fold. Thus, by
itself, the Hsc 70-interacting domain of csp is capable of blunting cortical granule
exocytosis.

Based on the preceding results, we predicted that specific mutations of the J-domain (which
have been shown in other J-domain proteins (39) and in csp (35, 40) to interfere with
binding to Hsp/Hsc 70 isoforms) should largely eliminate the secretory inhibition associated
with J-domain overexpression. As is evident in Fig. 4A, despite substantial overexpression
(relative to csp), the H43Q- or D45A-mutated versions of the J-domain had little impact on
cortical granule exocytosis. For cumulative evaluation of these data, we analyzed secretory
results from oocytes that exhibited at least a 20-fold overexpression of the H43Q or D45A
construct (this threshold was chosen, because >20-fold overexpression of the wild-type J-
domain was necessary to inhibit cortical granule exocytosis by ~70%; Fig. 4B). Thus, for 8
oocytes (which overexpressed the D45A mutant construct by a mean of 34-fold) secretion
was 81 ± 12% of control. Because of variability among control oocytes, this apparent
reduction of secretion was not significant (p > 0.10) indicating that the construct with the
D45A mutation negligibly affects cortical granule exocytosis. The more important
comparison is between the mutant and wild-type J-domain, where the small reduction of
secretion with the D45A mutant construct was significantly less (p < 0.001) than the 70%
decline observed with native J-domain. Extending this analysis to the H43Q mutation of the
J-domain (where 17 oocytes reached the criterion of >20-fold overexpression of this
construct), we found that secretion was 99 ± 9% of control. This represents a significant (p <
0.001) loss of inhibitory effect relative to wild-type J-domain.

Csp Overexpression Alters the Subcellular Distribution of Hsc 70 in Oocytes
In Fig. 5A, the immunoblot shows the pattern of Hsp/Hsc 70 immunoreactivity obtained for
an extract of a single oocyte using the broad spectrum (in terms of species recognition) Hsp
70 monoclonal antibody BRM-22. In addition to a pair of very closely overlapping bands at
70 kDa (which were also detected using Hsp/Hsc 70 monoclonal antibody N27F3-4 from
Stressgen; results not shown), there was a lower mass species at ~67 kDa (the abundance of
this 67-kDa species varied considerably among batches of oocytes; data not shown).
Although prior work (40, 41) has documented the presence in Xenopus oocytes of two Hsc
70 isoforms, we have not resolved further the identity of the immunoreactive species in Fig.
5A. However, as expected for soluble proteins, when oocytes were fractionated (as in Fig.
2), most (>90%) of the immunoreactive Hsp/Hsc 70 remained in the low speed supernatant
(Fig. 5B). Interestingly, in csp overexpressing oocytes, appreciably more Hsc 70 (but, not
the 67-kDa species) was detected in the low speed pellet (Fig. 5B, csp). Quantifying this
effect in three separate experiments, we observed that the level of Hsp/Hsc 70
immunoreactivity in the pellet of csp overexpressing cells was >5-fold the level in control
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cells (this difference was significant at p < 0.01), arguing that the abundant csp in the pellet
of csp overexpressing cells (Fig. 2) contributes to a redistribution of Hsp/Hsc 70.

Co-immunoprecipitation of csp and Hsp/Hsc 70
As independent evidence that csp and Hsp/Hsc 70 interact in uninjected control oocytes, we
immunoprecipitated csp and tested for co-immunoprecipitation of Hsp/Hsc 70. Results in
Fig. 6 indicate that Hsp/Hsc 70 coimmunoprecipitates with csp. (Controls for this
experiment included samples of csp antibody alone or extract alone to which were added
protein A/G-agarose; no csp or Hsp/Hsc 70 signal was detected in these samples;
independently, we found that neither actin nor tubulin coimmunoprecipitated with csp; data
not shown). However, perhaps because of limited access of the Hsp/Hsc 70 monoclonal
antibody to the antigen, we observed a very low efficiency (<5%) of immunoprecipitation of
Hsp/Hsc 70 from oocyte extracts and no detectable co-immunoprecipitation of csp (data not
shown).

Effect of csp Overexpression on Constitutive Exocytosis
Oocytes exhibit robust trafficking of plasma membrane components, and the entire plasma
membrane apparently turns over within 24 h (30). To ascertain whether csp overexpression
interferes with this process, we fractionated oocytes to monitor the subcellular distribution
of co-expressed GFP-syntaxin 1a. In control oocytes, ~60% of the GFP-syntaxin 1a
immunoreactivity was associated with the low speed pellet of oocytes, and this percentage
was unchanged in oocytes overexpressing csp (Fig. 7, the GFP-syntaxin 1a that remained in
the low speed supernatant was presumably associated with Golgi apparatus and endoplasmic
reticulum, as it sedimented after 1 h at 100,000 × g; data not shown). Cumulatively, in two
experiments involving 12 control and 12 csp overexpressing oocytes, the percentage of
GFP-syntaxin 1a in the pellet was 57 ± 5% for control and 60 ± 3% for csp overexpressing
cells (this difference was not significant; in addition, the J-domain of csp did not affect GFP-
syntaxin 1a distribution; data not shown). However, if oocytes were maintained in brefeldin
A (50 μM), a reagent that disrupts the Golgi apparatus (43), then no GFP-syntaxin 1a
appeared in the low speed pellet (Fig. 7). Collectively, these results indicate that Golgi-
dependent membrane trafficking (including constitutive exocytosis) is necessary for the
normal distribution of GFP-syntaxin 1a in oocytes and that csp overexpression does not
affect this process.

DISCUSSION
This study was initiated with the goal of evaluating the role of csp in a regulated exocytotic
pathway that is independent of Ca2+. This is an important issue, because it has been argued,
based on studies of csp null mutant Drosophila, that csp plays a vital role in controlling the
Ca2+ sensitivity of the regulated secretory machinery (25). Although the current data do not
exclude the possibility that csp displays additional functions at nerve terminals (where Ca2+

sensing is important for the stimulus-evoked release of transmitter), our results indicate that
csp participates in the regulated exocytotic cascade at a step that is independent of Ca2+.
This conclusion is based on the fact that, as reviewed in the Introduction, PMA-triggered
cortical granule exocytosis in Xenopus oocytes does not involve changes of cytosolic Ca2+

and proceeds normally even when cytosolic Ca2+ is buffered (5–7, 31). However, cortical
granule exocytosis is significantly disrupted by the overexpression of full-length csp, and the
remainder of this investigation was aimed at clarifying the basis of this secretory blockade.

It was our original hypothesis that csp overexpression in frog oocytes might augment
cortical granule exocytosis. This expectation was based on results from several other
investigations. For instance, absence of csp in csp null mutant Drosophila leads to a decline
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of stimulus-dependent transmitter release (44), and csp antibody causes a reduction of
evoked transmitter release at embryonic frog motor nerve terminals (16). Together, these
results imply that loss of csp function correlates with an impaired secretory response.
Conversely, stable overexpression of csp in PC12 cells culminates in enhanced secretion of
dopamine in response to Ca2+ or GTPγS (22), and Li+-induced up-regulation of csp is also
associated with elevated dopamine secretion from PC12 cells (46). However, contrary to our
expectation, csp overexpression in oocytes strongly inhibited cortical granule exocytosis
(note that inhibitory effects of transient csp overexpression have independently been
reported in several other systems, Refs. 20, 23, 24, and 47). The inhibition of secretion in
oocytes also relied on the extent of csp overexpression. Thus, little or no impact on cortical
granule exocytosis was observed when csp overexpression was <10 × the level of csp in
control oocytes (data not shown), but profound inhibition was seen when csp exceeded the
control level by >20-fold.

In seeking to explain the inhibition of cortical granule exocytosis in oocytes overexpressing
csp, we initially evaluated the possibility that overexpressed csp failed to reach its normal
destination, the cortical granules. This would presumably leave a large pool of mislocalized
csp to interfere with exocytosis. Subcellular fractionation of csp overexpressing oocytes
(Fig. 2) revealed a substantial increase of csp in the low speed supernatant, a fraction that
typically contains very little csp and is essentially devoid of intact cortical granules (26, 31).
Concomitantly, results obtained by confocal fluorescence microscopy showed that GFP-csp
fluorescence was effectively excluded from cortical granules. Instead, GFP-csp was clearly
associated with the plasma membrane of the oocyte, exhibiting fluorescence that was
indistinguishable from the pattern of GFP-syntaxin 1a, a plasma membrane protein (33).
Thus, in contrast to control oocytes, where most of the csp is associated with cortical
granules (26), oocytes overexpressing csp appear to accumulate this protein at sites other
than cortical granules. In retrospect, this result is consistent with what is known about
cortical granule biogenesis in oocytes. Balinsky and Devis (48) reported that production of
cortical granules by the Golgi apparatus ceases once oocytes reach 0.5–0.6 mm in diameter.
Similarly, Dumont (49) observed that a few small cortical granules remained in the
cytoplasm of stage IV (0.6–1-mm diameter) oocytes, whereas by stage V–VI, the granules
uniformly assumed a position immediately beneath the plasma membrane. These results (48,
49) suggest that the turnover of cortical granules is negligible in stage V–VI oocytes
(supporting this conclusion, we have detected no decline over 3 days in the amount of
cortical granule lectin in oocytes incubated with cycloheximide at a level (100 μg/ml) that
blocks ~98% of protein synthesis; data not shown), and would explain why very little of the
overexpressed csp is found in association with these relatively quiescent structures.
Nevertheless, because our prior work on oocytes documented that soluble csp becomes
membrane-associated as a consequence of fatty acylation (18), the current data imply that
cortical granule membranes lack the capability to bind and fatty acylate newly produced csp.

Because most of the overexpressed csp in oocytes appears to be mislocalized (being present
in the cytosol or associated with membranous structures other than cortical granules), it was
reasonable to postulate that the mislocalized csp was sequestering one or more proteins that
are necessary for cortical granule exocytosis. Abundant work has shown that csp interacts
via its J-domain with members of the Hsp 70 family of molecular chaperones (34–38, 40). In
addition, oocytes constitutively express at least two Hsp/Hsc 70 isoforms (Refs. 41 and 42
and Fig. 5; independently, cDNAs encoding two closely related Hsc 70 isoforms have been
reported for Xenopus; Refs. 45 and 50), and we found that oocyte Hsp/Hsc 70 co-
immunoprecipitates with csp. Moreover, subcellular fractionation of oocytes reveals a
significant redistribution of Hsp/Hsc 70 to the fraction that contains the newly synthesized
csp (Fig. 5B). Thus, it was reasonable to consider the possibility that overexpressed csp
interferes with an interaction between Hsp/Hsc 70 and granule-associated csp that is
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important for regulated exocytosis. Two results support this conclusion. First, by itself,
overexpression of the J-domain of csp significantly blunts cortical granule exocytosis.
Because the J-domain underlies the interaction of csp with members of the Hsp/Hsc 70
family of proteins (34–38), this result supports a role for csp-Hsp/Hsc 70 interaction in
cortical granule exocytosis. Second, mutation of the J-domain of csp (to produce constructs
that have been shown not to associate with Hsp/Hsc 70; see Refs. 35, 40, and 41)
significantly reduces the inhibitory effect of these constructs on cortical granule exocytosis.
Collectively, these results suggest that the normal pathway for cortical granule exocytosis
involves an interaction between granule-associated csp and Hsp/Hsc 70. However,
additional work will be necessary to obtain a more detailed understanding of the role of this
interaction in the secretory cascade. As a final comment on this issue, recent work (47)
concluded that the J-domain of csp was not intrinsically vital for insulin secretion from
insulinoma cells. A possible explanation for the apparent discrepancy between this finding
and our results is that overexpression of the J-domain in the insulin-secreting cells may have
been insufficient to produce the inhibition seen in oocytes.

Although csp overexpression inhibits cortical granule exocytosis, the constitutive exocytotic
pathway for the delivery of proteins to the plasma membrane remains intact. This conclusion
is supported by the observation that syntaxin 1a trafficking to the plasma membrane is
unaltered by csp overexpression. Interestingly, the finding that GFP-csp is also targeted to
the plasma membrane of oocytes (Fig. 3) suggests that this pool of csp may also reach the
plasma membrane via ongoing constitutive exocytosis. Several prior investigations have
noted that perturbation of csp function in the regulated pathway does not affect spontaneous
neurotransmitter release at nerve endings (16, 44) or the basal secretory process in adrenal or
pancreatic cells (22–24, 47). These results support the hypothesis that csps evolved to
perform a function important for the regulated secretory pathway. Concomitantly, the
current data indicate that the role of csp in regulated exocytosis depends on its interaction
with Hsc 70.
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FIGURE 1. Overexpression of Xenopus csp (Xcsp) inhibits PMA-dependent cortical granule
exocytosis in Xenopus oocytes
A, individual control oocytes (three separate cells) and csp-overexpressing oocytes (three
separate cells injected with csp RNA) were incubated for 30 min with 50 nM PMA, and
released cortical granule lectin was detected by Coomassie staining of samples resolved
electrophoretically. Cortical granule lectin runs as a broad band between 35 and 45 kDa.
Secretion of this protein was inhibited in cells overexpressing csp (+Xcsp). B,
overexpression of csp revealed by immunoblot. Extracts of the same cells depicted in A were
subjected to immunoblot for csp. Signal in csp overexpressing cells was appreciably
stronger than control at the native mass of csp (~33 kDa). In addition, csp overexpressing
cells contain unacylated csp at ~27 kDa. C, three control and three csp overexpressing
oocytes were challenged with PMA (50 nM). After 30 min the solution was replaced with
ionomycin (10 μM) in high Ca2+ solution for 30 min. Released cortical granule lectin was
detected as in A.
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FIGURE 2. csp distribution in control and csp overexpressing oocytes
Single control or csp overexpressing oocytes were fractionated to yield a supernatant (sup)
and low speed pellet (pel) and analyzed by immunoblot for csp and tubulin (tubulin signal in
the pellet was undetectable). In addition, a 35-kDa protein (labeled using a membrane-
impermeant alkylating agent) partitions almost exclusively in the pellet.
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FIGURE 3. Distribution of GFP-csp and GFP-syntaxin 1a in oocytes
A, an oocyte expressing GFP-csp was fractionated as in Fig. 2, and fractions were analyzed
by immunoblot for GFP-csp, which migrates at ~50 kDa. B, image stacks of z-plane sections
(obtained by confocal fluorescence microscopy) through cortical region fragments from
GFP-csp or GFP-syntaxin 1a expressing oocytes reveal fluorescence surrounding the
cortical granules. Representative z-plane sections (side views) show undulating fluorescence
associated with the pole of cortical granules closest to the plasma membrane (but not
encircling the granules). Scale bar is 5 μm. sup, supernatant; pel, pellet.
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FIGURE 4. Cortical granule exocytosis is inhibited by overexpression of the J-domain of csp but
not by mutated J-domains
A, PMA-evoked cortical granule exocytosis was assayed (as in Fig. 1) using control oocytes
or oocytes expressing the native J-domain or mutant J-domains (either H43Q or D45A). B,
immunoblot analysis of extracts of the oocytes in A used antibody that selectively binds to
the amino terminus of csp. It revealed strong signal for J-domain constructs (at 12–13 kDa)
only in oocytes injected with J-domain RNAs. At this exposure, the endogenous csp (at ~33
kDa) signal is very faint. The band between csp and the J-domains is nonspecific
immunoreactivity.
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FIGURE 5. Overexpression of csp influences the subcellular distribution of Hsp/Hsc 70 in
oocytes
A, Hsp/Hsc 70 immunoreactivity in a single control oocyte. Detergent extract was prepared
from a single oocyte and resolved electrophoretically for immunoblot analysis using Hsp/
Hsc 70 antibody BRM-22. B, a single control oocyte and a csp overexpressing oocyte were
fractionated (as in Fig. 2) to yield low speed supernatants (sup) and pellets (pel), which were
subjected to immunoblot analysis for Hsp/Hsc 70.
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FIGURE 6. Hsp/Hsc 70 co-immunoprecipitates with csp
Oocyte extract was subjected to immunoprecipitation (IP) using csp antibody and protein A/
G-agarose to capture immune complexes. Samples were resolved electrophoretically for
sequential immunoblot analysis using Hsp/Hsc 70 antibody followed by csp antibody.
Immunoblot signals in the lane labeled extract correspond to 25% of the oocyte extract used
for immunoprecipitation.
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FIGURE 7. Brefeldin A affects the subcellular distribution of GFP-syntaxin 1a, whereas
overexpression of csp does not
Control oocytes, oocytes overexpressing csp, or oocytes maintained in brefeldin A (50 μM)
were injected with RNA encoding GFP-syntaxin 1a. After 2 days (to permit expression of
GFP-syntaxin 1a), single oocytes were fractionated to yield low speed supernatants (S) and
pellets (P), and the extracts were subjected to immunoblot analysis to detect GFP-syntaxin
1a (which migrates at 60 kDa). Blots were reprobed to verify csp overexpression (only
acylated csp is shown).
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