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Summary

Previous work has shown that phorbol esters or revealed that these oocytes expressed all five members
diacylglycerol trigger cortical granule exocytosis in of the novel PKC family, but it was only PK( that
Xenopusoocytes. We sought to identify the isoform(s) of colocalized with cortical granules. Finally, expression of
protein kinase C (PKC) that mediate(s) this regulated wild type or constitutively active forms of PKCd and n
secretory event. Because this process is initiated by lipid strongly supported the conclusion that it is PKQ@ that
activators of PKC but is independent of calcium ions, we initiates cortical granule exocytosis in these cells. These
focused on the family of novel (calcium-independent) observations represent an important step in identifying the
PKCs. Pharmacological investigations using G66976 and mechanism of secretory triggering in this system.

G066983 tended to exclude PK& € and p as secretory

triggers. Subcellular fractionation and immunoblot data  Key words: Secretion, Cortical reaction, protein kinase C

Introduction including: (i) all four membersao( B1, B2 andy) of the

The cortical reaction is an early response to fertilization in egggonventional PKC (cPKC) sub-family (whose members are
of many species (Schuel, 1978). This process involves thectivated by both Ca ions and diacylglycerol or phorbol esters)
exocytotic discharge of the contents of cortical granules, whictNishizuka, 1995); (ii) one member of the novel (or new) PKC
produces a physical impediment to polyspermy (Grey et alfamily (3, which is activated by diacylglycerol or phorbol
1974; Grey et al., 1976; Epel and Johnson, 1976; Schuesters, but not by Ca) (Nishizuka, 1995) and (iii) the zeta
1978). Because of their large size and relative ease éFoform of PKC which belongs to the atypical group of PKC
manipulation, eggs from amphibian species and sea urchiigpzymes which are insensitive to both Ca and phorbol esters
have received considerable attention in the study of the corticélNishizuka, 1995). To identify the PKC isoform (or isoforms)
reaction (Grey et al., 1974; Grey et al., 1976; Epel and Johnsdhat regulates the cortical reaction Xenopusoocytes, we
1976; Schuel, 1978). Under physiological conditions, itused a combination of pharmacological, immunoblot and
appears that cortical granule exocytosis is &"@apendent heterologous expression strategies. Our data indicate that the
event that is initiated by binding of the sperm to the gameteta (1) isoform of PKC is centrally involved in triggering
surface (Whitaker and Steinhardt, 1980; Schmidt et al., 1982ortical granule exocytosis in these cells.

Jaffe, 1983). Interestingly, Bement and Capco (Bement and

Capco, 1989) reported that they could mimic this effect of

sperm by treatingXenopuseggs, as well as follicle-free waterials and Methods

oocytes, with activators of protein kinase C (PKC). Thusigy|ation and culturing of Xenopus oocytes

agents, such as phorbol 12-myristate 13-acetate (PMA) and enopus laevi®ocytes were obtained by incubating fragments of
oneoy]—Z—acetyIsngcherol, which are known to activate ovary in Barth's solution (88 mM NaCl, 1 mM KCI, 24 mM
many isoforms of PKC (Blumberg, 1988; Stabel and ParkefaHcas, 0.3 mM CaN@, 0.41 mM CaGl, 0.82 mM MgSQ and
1991; Nishizuka, 1995), triggered cortical granule exocytosiss mM Hepes; pH 7.5 with 1 M NaOH to which is added the
in Xenopuseggs and oocytes (Bement and Capco, 1989).  antibiotics gentamicin (0.1 mg/ml) and enrofloxacin (0.01 mg/ml))
As an important step toward clarifying the mechanism bywith 3-5 mg/ml Type 1 collagenase (Sigma). After 2-4 hours at 20-
which activators of PKC trigger cortical granule exocytosis ir22°C, the oocytes were rinsed 1-2 times with Barth’s solution and
Xenopusocytes, we sought to identify the isoform(s) of PKCincubated in 0.1 M potassium phosphate (pH 6.0) with 1mg/ml
that participate in this regulated secretory event. This endeavBpVine serum albumin (Type V; Sigma). After 20-30 minutes at 20-
was complicated by the fact that the family of PKC enzymegz C, the oocytes were rinsed at least three times with Barth’s

; i . olution and stage V-VI oocytes (DuMont, 1972) that were
includes more than 10 members (Nishizuka, 1995; ‘Jakeﬁ?mpletely devoid of follicle cell investments were collected and

1996), many of which are expressed in oocytes and eggs ?fllaintained at 17-18°C in Barth's solution plus antibiotics. The
XenopugChen et al., 1989; Sahara et al., 1992; Dominguez g{,ih's solution was replaced daily. For some experiments, stage I
al., 1992; Stith et al., 1997; Johnson and Capco, 1997). Fgbcytes (Dumont, 1972) were collected by manual dissection using
instance, Johnson and Capco (Johnson and Capco, 19%4tchmaker forceps. These were early stage Il oocytes (30r4)00
reported thaiXenopusoocytes express six isoforms of PKC, with no pigment accumulation.
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Assay of secretion active forms of PK@ andn were graciously supplied by P. Parker
Protein secreted from oocytes in response to PMA (Sigma) waémperial Cancer Research Fund, London). The wild-type and
assayed using SDS-polyacrylamide gel electrophoresis (Laemmpgonstitutively active PKG cDNAs (Dekker et al., 1992) were in pKS-
1970) by Asoor by the Bio-Rad dye-binding assay. For gel analysisl (& PUC derivative) and were linearized witha for production of
(unless otherwise indicated), individual oocytes were incubated in 1@ense cRNA transcripts using T7 RNA polymerase and the mMessage
20 pl of Barth’s solution (or OR-2 solution, see below) with PMA at Machine kit (Ambion). Wild-type and constitutively active P&C

the concentration specified. After 30-60 minutes, the solution wa§DNAs that were originally in the pCQrector (Schonwasser et al.,
collected and mixed with>5concentrated Laemmli (Laemmli, 1970) 1998) had been sub-cloned into pBS such that linearization with
sample buffer (with 10-20 mM DTT as indicated) and incubated foBamH! allowed for production of sense cRNA using the T7 mMessage
5 minutes at 70°C. Samples were resolved on 10-12.5% gels usiMpchine (Ambion). RNA was recovered by LiCl precipitation and
molecular weight markers from Amersham-Pharmacia and eithetdjusted to about 1mg/ml in water for injection of oocytes. Individual
stained with rapid Coomassie stain (Diversified Biotech) oroocytes were injected with 10-20 ng of cRNA and used for
transferred to nitrocellulose for immunoblot analysis of corticallmmunoblot analysis to detect expression of the PKC isoforms and
granule lectin (cgl) as described (Gundersen et al., 2001). To detéff evaluation of cgl secretion. The latter was achieved by incubating
protein release using the Bio-Rad dye-binding assay, groups of 10-P9cytes in 2Qul of Barth’s solution and recovering this fluid after 20-
oocytes were incubated in 0.1-0.15 ml of OR-2 solution (83 mM24 hours for gel electrophoresis and Coomassie staining of cgl.
NaCl, 2.5 mM KCl, 1 mM CaG|] 1 mM MgCh, 5 mM NahPCQy, Oocytes were extracted (as above) for immunoblot analysis of the
pH 7.4 with NaOH) with PMA at the concentrations indicated. Afterexpressed PKC isoforms.

30-60 minutes, the fluid surrounding the oocytes was diluted into
water for the protein assay using the Bio-Rad dye reagent and human .

IgG as a standard. Independent estimates of the amount of protél topho§ph0rylat|0n assay ) ] )
released from oocytes was made by incubating groups of 50 oocytB&combinant PK@ (25 ng; from Calbiochem) was incubated in the

in 0.5 ml of OR-2 with 1uM PMA for 30 minutes and reading the buffer in which it was provided with 3Ci of 32P-ATP for 10 minutes
absorbance at 280 nm. For this assay we assumed thabgneni at 20-22°C and resolved eIeCtrOphoreticaIIy for autoradiography. PKC
corresponded to 0.8 mg/ml protein. After the absorbanc&ntagonists were added 5 minutes before the ATP and the percentage
measurements, samples of this solution were also submitted to ti#hibition of the autophosphorylation reaction was quantitated by
Bio-Rad dye-binding assay and to electrophoretic detection ofensitometry.

released protein. When PKC inhibitors (staurosprine, G6976,

G06983 from Calbiochem) were used, they were prepared as 10 mM

stocks in DMSO and used under low light conditions. Oocytes werResults

preincubated (10-15 minutes) with these drugs prior to exposure _ ; ;

PMA (20 nM). IGes for these drugs were determined by PMA-evoked sec.retlon of proteln from oocytes .
densitometric analysis of Coomassie-stained cgl resolved on sp3he results of Fig. 1 confirm and extend the observations of
gels. Release of cgl from individual inhibitor-treated oocytes wa$ement and Capco (Bement and Capco, 1989) that PMA
normalized to the mean value for controls without inhibitor. Resultdriggers the secretion of protein froenopusoocytes. First,

are the mearsd. from at least 15 oocytes for each drug concentratiorit is evident (Fig. 1) that in the absence of PMA, there is no
detectable secretion of protein (as judged by Coomassie
staining) or cgl (western) over the 30 minute collection period.

Subcellular fractionation and immunoblot analysis . - ;
We used a modified fractionation protocol that effectively sediment!ggwever’ the addition of PMA (LM) elicits secretion of

cortical granules from triturated oocytes (Gundersen et al., 2001) (Fi _rotetln arll\ld tlmmu?oreac':'l}[/et. Cgll frtcr)1m Stagﬁ I ?r::d Stige Vi
2). Single oocytes were disrupted by repeated passage (8-12 tim cytes. Note that quantitatively, theé resulls of Fig. 1 were

through the orifice of a yellow pipet tip using 0.1 ml of HB (0.25 M OPtained using single stage VI oocytes, whereas the data for
sucrose, 10 mM Hepes, 1 mM EGTA, 2 mM MgCl mM phenyl-  the early stage Il oocytes came from groups of 75 oocytes (0.3
methyl-sulfonylfluoride, Jug/ml pepstatin A, Jug/ml leupeptin, pH  to 0.40 mm in diameter). In the absence of the reducing agent
7.4) followed by centrifugation for 1 minute at 14,ap@at 20-22C. DTT, most of the secreted protein remained as high mass
The supernatant was recovered and the pellet was extracted with @gecies (>250 kDa) for both stage Il and stage VI oocytes (Fig.
ml of 10 mM Chaps (or 0.1% TritonX-100) in 0.1 M NaCl, 50 mM 1: Coomassie staining). However, with DTT, the bulk of the
at 14,000g) to sediment yolk platelets and pigment granules that dlq<Da with a lower intensity cluster of bands above 250 kDa
not completely solubilize. Protein was recovered (Wessel and Flugg ,d-g 1; Coomassie staining). Independently, immunoblot
49 L . g

1984) separately from the supernatant and detergent extracts tecti identified | tivit iated with
subjected to immunoblot analysis (Gundersen et al., 2001) using P ection identied cgl iImmunoreactvity associated wi

isoform-specific antibodies from Santa Cruz Biotechnology and EciMaterial at about 100 kDa, 200 kDa and >250 kDa in
or ECL Plus (Amersham-Pharmacia) for detection. For these analysdg)reduced samples of secreted protein from stage Il or stage
the secondary antibody was preadsorbed using oocyte acetone powdéroocytes exposed to PMA. As expected from work of others
as described (Gundersen et al., 2001). As a positive control for t{&ishihara et al., 1986; Chamow and Hedrick, 1986), treatment
PKC antibodies, we usedXenopusbrain R fraction prepared as in  with DTT reduced much of the oligomeric cgl-immunoreactive
Gundersen et al. (Gundersen et al., 2001). As a negative control, tbgmp|exes to a broad band between 35 and 50 kDa, which
PKC isoform-specific antibodies were pre-adsorbed ‘against thgsflects the variable glycosylation of the cgl monomers. Note
peptide immunogen following the supplier's protocol. Tests forygq that higher mass cgl immunoreactive material persisted
expression of PKC isoforms in stage Il oocytes used extracts of 2 \en after treatment with DTT (Fig. 1). This broad smear of
30 oocytes homogenized directly in SDS sample buffer. - . . o

cgl immunoreactive material corresponds to the secreted

proteins observed in the 250 kDa range on the Coomassie
PKC constructs and expression of PKC isoforms in oocytes stained gel (Fig. 1). From these data we conclude that even at
Plasmid DNA containing inserts encoding wild type or constitutivelythe earliest stage at which cortical granules are observed in
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Fig. 2. Subcellular distribution of cortical granule lectin
immunoreactivity before and after PMA-induced secretion. Single
stage VI oocytes were incubated without or with PMAKL) for 30
minutes as indicated. After recovering the fluid surrounding each
oocyte (Rel), the oocytes were fractionated (see Materials and
Methods) to generate supernatant (Sup) and pellet (Pel) fractions for
immunoblot analysis using cgl antibody. Samples were not reduced
with DTT (see Fig. 1). The +PMA example shown here reflects the
most extensive release of cgl immunoreactivity observed in six trials.

Thus, PMA is an efficient trigger of cortical granule exocytosis
in these cells. To quantify the amount of protein released, we
used either the Bio-Rad protein assay or absorbance at 280 nm.
In eight separate measurements using oocytes from three
different frogs, Asgo analyses indicated that PMA (M for

30 minutes) evoked the secretion of 1.220 ug of protein

per stage VI oocyte. Interestingly, when the same samples that
had been submitted to 2ép readings were subsequently
analyzed using the Bio-Rad protein assay (with human IgG as
the standard), protein release per stage VI oocyte was
0.7040.06 pug. A possible explanation for the discrepancy in
these estimates of protein secretion is addressed in the
Discussion.

Pharmacological and ionic modulation of cortical
granule exocytosis

As a first step toward identifying which isoform(s) of PKC

Fig. 1. PMA-induced secretion of protein and immunoreactive - . :
cortical granule lectin fronXenopusocytes. Groups of 75 stage Il participate in the PMA-triggered ~ secretory — process

or single stage VI oocytes were incubated without or with PMA (1 documented above (see also Bement and Capco, 1989), we
M) as indicated. After 30 minutes, the fluid surrounding the oocyte§0nducted a series of experiments to investigate the impact of
was collected for analysis by SDS-polyacrylamide gel and a variety of ionic and pharmacological manipulations.
Coomassie staining or by western blot using antibodies against cgl.  Prior work by Bement and Capco (Bement and Capco, 1989;
Samples were treated with DTT, as indicated. Mobility of molecular Bement and Capco, 1990) and Scheuner and Holz (Scheuner
weight standards is indicated in kDa. and Holz, 1994) strongly suggested that PMA-triggered
cortical granule exocytosis was independent of Ca ions in stage
V-VI oocytes. This is because the Ca ionophore A-23187,
Xenopusocytes (namely in early stage Il oocytes) (DuMont,which promotes cortical granule exocytosisXienopuseggs,
1972), it is possible to elicit the secretion of the contents af ineffectual in oocytes (Bement and Capco, 1989). Similar
these organelles using PMA. results were obtained using ionomycin (Scheuner and Holz,
We sought independently to quantify protein secretion froni994). Concomitantly, buffering of cytosolic Ca ions (to low
oocytes exposed to PMA. As a first step in this direction, waM concentrations) with BAPTA does not prevent cortical
were interested in the extent to which PMA induced corticagjranule exocytosis irXenopusoocytes treated with PMA
granule exocytosis in stage VI oocytes. The results of Fig. Bement and Capco, 1990). These results are significant
show that while all of the detectable cgl immunoreactivity wadpecause they imply that the four conventional PKC isoforms
retained in the supernatant and pellet fractions of a contrdtr, 31, B2 andy), which are Ca-dependent (Takai et al., 1979;
oocyte, more than 90% of the cgl immunoreactivity wagor a review, see Nishizuka, 1995), are unlikely to participate
released from an oocyte exposed for 30 minutes to PMA (ih the activation of cortical granule exocytosis in these cells.
HUM). In six separate trials, densitometry indicated that controlo extend these observations we found that injection of oocytes
oocytes secreted no detectable cgl, whereas PMA-treatedth the Ca ion chelator EGTA (to a final concentration of 5-
oocytes released 806% of their total cgl immunoreactivity. 10 mM) did not block PMA-induced secretion of cgl (data not
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1 2 4 8 16 32 nM PMA the Discussion, the fact that these drugs inhibit RKCvitro
and antagonize PMA-induced secretion of cgl lend support to
& .‘ @ ' the hypothesis that PKplays a role in the cortical reaction.

e Immunoblot investigations of PKC isoform distribution in
g & ‘ Xenopus oocytes
i The rationale for these experiments was that we could exclude
certain PKC isoforms from being involved in the exocytotic
cortical granule lectin. Single oocytes were incubated in increasing release of cgl if .these isoforms were not dete_ctably present in
concentrations of PMA, as indicated. After 1 hour, the fluid °°C_ytes_- To th',s end: we obtained PKC"_SOform'SpQC'f'C
surrounding each oocyte was collected for analysis by SDS- antibodies and first verified that these antibodies recognized a
polyacrylamide gel and Coomassie staining. The results show the protein of the appropriate mass in an extract fdéemopus
smear of cgl between 35 and 50 kDa (see also Fig. 1) for two brain. Morever, since these were anti-peptide antibodies, we
separate sets of oocytes. Pilot experiments revealed that secretion aferified that pre-adsorption of the antibody with the peptide
cgl induced by 10 nM PMA was complete within 1 hour. immunogen abolished the immunolabeling of the appropriate
mass protein inXenopusbrains (data not shown). These
shown). Independently, injection of oocytes with enough Cantibodies were then used to probe soluble and particulate
ions to achieve a calculated concentration of 1-2mM (in thextracts fromXenopusoocytes that had been prepared as in
absence of buffering and assuming a cystolic volume qilp.5 Fig. 2. As shown previously (Gundersen et al., 2001) and in
did not trigger cgl exocytosis nor was the Ca ionophord=ig. 2, cortical granules (as reflected by the presence of cgl)
ionomycin (10 uM) an effective secretogogue (data notpartition almost exclusively into the pellet in these
shown). Collectively, these data indicate that changes of Ca i@xperiments. Interestingly, all five of the novel isoforse(
activity are not important for the exocytotic release of cgln, 6 andu) of PKC could be detected in these extracts (Fig.
These results greatly diminish the likelihood that Ca-dependeBtd). With the exception of PK{, these PKC isoforms
isoforms of PKC are involved in cgl secretion in stage Viremained almost exclusively in the supernatant after the brief
oocytes. centrifugation of the oocyte homogenate (Fig. 5A). Since it is
As a prelude to investigating the effects of more selectiveften observed that lipid activators of PKCs induce
PKC inhibitors, we evaluated the threshold concentration fotranslocation of these enzymes to membranes (Nishizuka,
PMA to activate cgl secretion Kenopu®ocytes. (This proved 1995; Jaken, 1996), we investigated whether treatment of
to be important because pilot experiments usipllPMA to  oocytes with PMA (1uM for 30 minutes) would alter the
evoke cgl secretion revealed no effect of inhibitors even alistribution of PKC isoforms shown in Fig. 5A. In no instance
concentrations up to 20M.) As illustrated in the two examples did we detect any significant re-distribution of PKC isoform
of Fig. 3, low nM concentrations of PMA efficiently promoted immunoreactivity in response to PMA (Fig. 5A). Thus,
the release of cgl. In eight experiments using oocytes from fowrhereas the) isoform of PKC is present in a fraction of
different frogs, the E§&p (effective concentration for half- oocytes that is enriched in cortical granules, none of the other
maximal secretion) was @nM PMA. novel isoforms of PKC are significantly distributed in this
Over the last decade, two staurosporine derivatives (G669%@action, even after treatment with PMA (Fig. 5A). The
and G06983) were found to exhibit specificity in theirinference from these studies is that RKI€ the only isoform
inhibition of Ca-independent subtypes of PKC (Martiny-Baronin oocytes that is associated with the structures that participate
et al., 1993; Gordge and Ryves, 1994; Gschwendt et al., 199%; the cortical reaction.
Gschwendt et al., 1996). Thus, while G66976 inhibited PKC
with an 1G of 20 nM (Gschwendt et al., 1996), it had a
negligible effect (no inhibition at 1Am) on the activity of
PKC & or € (Martiny-Baron et al., 1993). By comparison, A
G066983 inhibited PK® with an 1Gp of 100 nM (Gschwendt _
et al., 1995), but much higher concentrations (pld) were o
needed to inhibit PKZ (Gschwendt et al., 1996). Because our : “ ﬁ
pilot studies revealed that staurosporine inhibited PMA. 5 :
induced secretion of cgl with an 4d€of about 1pM, we
inferred that the G6 compounds could provide insight into thi
PKC isoform(s) that initiate(s) this process. As indicated ir B 0 010515 I'LM G06983
Fig. 4, G66976 and G66983 inhibited PMA-evoked secretiol - o :
of cgl. The IGofor these agents was 15#M and 16.2 uM, : .
respectively. Given the pharmacological sensitivity of the PKC
isoforms alluded to above, these results provisionally exclude ' o

PKCs®, € andy as triggers of cgl secretion. As a final Step ingjg 4 Effect of Go6976 (A) and G66983 (B) on PMA-induced
thgse pharmacolpglcal experiments, we determined 88dC  secretion of cortical granule lectin. Oocytes were preincubated (10-
G066976 or GO06983 to block autophosphorylation of15 minutes) with the indicated concentration of drug and then
commercially available PK§: For G66976 the I§gwas 7.5+1  incubated for 1 hour with the addition of PMA (20 nM). Released cgl
UM, whereas for G66983 it was 200+50 nM. As reviewed inwas detected as in Fig. 3.

Fig. 3. Concentration-response study of PMA-induced secretion of

0 5 10 20 uM Go6976
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A Fig. 5. Detection of PKC isoform immunoreactivity in oocyte
+PMA fractions with or without exposure to PMA. (A) Single stage VI
PKC oocytes were fractionated into supernatant (Sup) and pellet (Pel)
fractions as in Fig. 2 before (—PMA) or after treatment with PMA (1
Isoform Sup Pel pM for 30 minutes, +PMA). These fractions were tested for the

presence of immunoreactivity for PKC isoforms using isoform-
specific antibodies. The approximate mass (in kDa) of each isoform
was: delta (75); epsilon (80); eta (76); mu (105); theta (79).
Preadsorption of the primary antibody with peptide immunogen
abolished these bands. (B) P{Ki@®xmunoreactivity inXenopus
oocytes and the brain and effect of antibody preadsorption. The
results show the immunoreactive bands that are detected in
supernatant (sup) and pellet (pel) fractions of oocytes probed with
PKCy antibody with or without preadsorption of the antibody with
peptide immunogen. Immunoreactivity in a sample of extract
(approximately 2%ug protein) fromXenopudrain is shown as a
control.
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theta

-PMA
Sup Pel
-
epsilon e
-
Lk

B
Pre-

adsorbed

(o
3

n

to 75 kDa (Osada et al., 1990; Bacher et al., 1991; Nishizuka,
1995), we conclude that the prominent, 76 kDa species in frog
brain and oocyte pellets is PHCConcomitantly, the identity

of the other immunoreactive species, which could be due
to cross-reactivity of these anti-peptide antibodies or to
degradation products of PKGremains to be clarified.

Because stage Il oocytes have the machinery to release cgl
in response to PMA (Fig. 1), we reasoned that the PKC
kDa isoform(s) responsible for transducing the PMA effect must

also be expressed in these early stage oocytes. In this context,
250 = Tl we note (data not shown) that stage Il oocytes (we used extracts
from 20-30 oocytes) detectably expressed immunoreactive
PKCn using the same criteria (Fig. 5) for identification of this
protein in stage VI oocytes. By the same token, we could also
detect PK@ and PKE in these early stage oocytes, so this
strategy did not enable us to exclude these PKC isoforms
from playing a role in the cortical reaction in these cells.
Nevertheless, these results verify that PK{S present in

" : oocytes at the stage when they first become competent to
- 75 = = secrete cgl.

T

Pel
Sup
Pel
Bra

Expression of wild-type and constitutively active PKC&
and n in oocytes and their effect on cgl secretion

As addressed in the Discussion, both the pharmacological data
- 35 = and the immunoblot data were compatible with the hypothesis
that then isoform of PKC was important for initiating cgl
secretion in this system. To obtain more direct evidence for
this conclusion, we investigated whether expression of
recombinant, constitutively active PI{Ccould trigger cgl
secretion. As controls, we also over-expressed wild type and
constitutively active PK®, as well as wild-type PKI§: Results
Results in Fig. 5B exemplify the criteria that were used tan Fig. 6 show that oocytes expressing constitutively active
identify PKC immunoreactive species in oocytes (Fig. 5A). InPKCn secrete cgl. However, oocytes over-expressing (Fig. 6B)
this example PK@ antibodies identify a strongly wild-type PKG or constitutively active PK&did not release
immunoreactive species idenopusbrain at 76 kDa and a detectable cgl (Fig. 6A). Although the results in Fig. 6 are
weaker signal at about 60 kDa. In the oocyte pellet fractiomepresentative of data from a total of 15-20 oocytes expressing
strong immunoreactivity is detected at 76 kDa, along witreach PKC isoform, it was interesting that in several oocytes
weaker signals at about 60 kDa and 52 kDa (Fig. 5B). Oocytever-expressing wild-type PK{ there was a low level of cgl
supernatant reveals weakly immunoreactive species at about g&cretion (less than half of that obtained with the constitutively
kDa and 33 kDa (Fig. 5B). Pre-adsorption of the RKC active isoform). These latter observations indicate that under
antibody with the peptide immunogen eliminates all of thessome conditions, over-expression of wild-type PK®
immunoreactive entities except for the signal at 52 kDasufficient to trigger cortical granule exocytosis in these frog
Because the deduced mass of BKIEmost organisms is close oocytes. Taken together, these data support the hypothesis that
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A eta delta activators. And, atypical PKCs are unaffected by either Ca ions
or lipid activators. These criteria led us to focus on novel PKCs
as the likely mediators of PMA-induced cortical granule
discharge ilKenopusocytes. This is because secretion of cgl,
the major protein stored in cortical granules (Greve and
Hedrick, 1978; Nishihara et al., 1986; Chamow and Hedrick,
B eta deita 1986) is elicited by low nM concentrations of PMA, but it is
CA WT CA WT unaffected by treatments that alter Ca ion activity. For instance,
use of BAPTA (Johnson and Capco, 1997) or EGTA to clamp
- - cytosolic ionized Ca below the resting level did not interfere
with PMA-evoked secretion of cgl. Moreover, neither injection
Fig. 6. Effec; of over-gxpressing various PKC constructs on cortical of Ca ions nor use of the Ca ionophores A-23187 (Johnson and
granule lectin secretion from oocytes. Individual stage VI oocytes  capco, 1997) or ionomycin elicited cgl release. This lack of
were injected with CRNA encoding wild-type (WT) or constitutively gengitivity to changes of Ca ion activity implies that the
active (CA) PKC eta or delta. After incubation for 20 hours, the fluid C ; - . .
a-dependent family of PKCs is not centrally involved in

surrounding each oocyte was collected for detection of released cgl ) o .
(A). The oocytes were extracted for immunoblot analysis to verify secretory triggering in oocytes. Concomitantly, the fact that cgl

the expression of PKC eta or delta (B). Under the conditions of ~ Secretion is initiated by PMA (or diacyglycerol) (Bement and
immunoblot exposure in (B), endogenous expression of PKC eta or Capco, 1989) excludes the atypical PKC isoforms, which
delta was essentially undetectable. Densitometric analysis revealedare insensitive to these lipid mediators. By this process of
that injected oocytes expressed more than 50 times the endogenouglimination, the novel PKCs emerged as the most plausible
level of each PKC isoform. Endogenous expression of these proteingargets of PMA action.
is documented in Fig. 5. The efforts to identify pharmacological agents that
selectively target specific PKC isoforms has culminated in the
PKCn is prominently involved in triggering cortical granule selection of several drugs that inhibit a subset of PKCs (Gordge
discharge in these cells. and Ryves, 1994). Thus, derivatives of staurosporine (a broad
spectrum protein kinase inhibitor, which blocked cgl secretion
) ) in the low micromolar range), like G66976 and G66983, appear
Discussion to be selective antagonists of certain PKC isoforms (Martiny-
The goal of this investigation was to identify which isoform ofBaron et al., 1993; Gordge and Ryves, 1994; Gschwendt et al.,
PKC is activated by the phorbol ester PMA to trigger corticall995; Gschwendt et al., 1996). In our experiments, G66976
granule exocytosis iKenopusocytes. These observations aresignificantly inhibited cgl secretion with an 4€of 15 pM.
of interest because there remains considerable debate about 8fiece in vitro kinase assays of P®@nde revealed that these
identity of the proteins that trigger regulated secretion in cellenzymes were unaffected by G66976 up tquaD((Martiny-
as diverse as oocytes, neurons, pancrdatiells and mast Baron et al.,, 1993); see also (Gschwendt et al., 1995) for
cells. For instance, synaptotagmin | has for some time beawonflicting results concerning PKY; these observations
regarded as a likely ‘Ca ion sensor’ for exocytosis at nerveuggested that neitheéy nor € was involved in secretory
endings (Sudhof and Rizo, 1996), but it is only recently thatriggering in oocytes. Similarly, G66983 was more potent than
compelling evidence has emerged that supports this proposab6976 as an inhibitor of PMA-evoked cgl secretion in our
(Fernandez-Chacon et al., 2001). Independently, our datxperiments. Since in vitro phosphorylation assays revealed
strongly support the conclusion that theésoform of PKC is  that G66976 was three orders of magnitude more potent
centrally involved in triggering cortical granule exocytosis inthan G66983 as an inhibitor of PKCGschwendt et al., 1996),
Xenopusoocytes. An important goal of future efforts is to our findings mitigated against a role for PK@ oocyte
identify the target(s) of PKi¢that transduce its actions on the cgl secretion. Thus, by a process of elimination, the
secretory machinery. These efforts will benefit from the facpharmacological data favored PK©r 6 as secretory triggers
that PKQ)-dependent protein phosphorylation should producén oocytes. We independently verified that G66976 and
a distinctive pattern of phosphorylated targets. This contrast866983 blocked autophosphorylation activity of recombinant
with synaptotagmin, whose downstream action, once it bindBKCn in a range compatible with the inhibitory effects of these
to calcium ions, remains conjectural (Fernandez-Chacon et atlrugs on cgl secretion. However, similar experiments were not
2001). Thus, PK@-dependent protein phosphorylation holdsperformed for PK® (which is not available commercially),
considerable promise for characterizing downstream effectoend this precluded us from drawing firm conclusions about the
in the regulated secretory cascade. identity of the isoform of PKC that evokes secretion based on
As outlined in the Introduction, the identified isoforms ofthe pharmacology alone.
PKC have been segregated into three categories that reflect thén our next set of experiments, we sought to determine which
sensitivity of these enzymes to activation by Ca ions and lipidf the novel PKC isoforms were expressed in oocytes. For
modulators, such diacylglycerol and phorbol esters (Stabel arldese experiments, we first ensured that the isoform-specific
Parker, 1991; Gordge and Ryves, 1994; Nishizuka, 199%ntibodies detected a protein of the appropriate mass in extracts
Jaken, 1996). Thus, the rate of substrate phosphorylation ligom Xenopusbrain and that this antibody detection was
conventional isoforms of PKC is regulated both by Ca ions andccluded by an excess of the immunogen. With these criteria
agents like PMA or diacylglycerol. Novel isoforms of PKC areof antibody specificity, it was interesting that we detected
insensitive to changes of Ca ion activity but show enhanceidhmunoreactivity corresponding to all five of the novel PKC
substrate phosphorylation in the presence of appropriate lipidoforms in oocytes. In a previous study, RK@as detected

CA WT CA WT
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in oocyte extracts whereas PK@nd 6 were not detectable immediately below the plasma membrane, this sphere could
(Johnson and Capco, 1997). The apparent discrepancy betwesrtapsulate approximately§ of protein (this is obtained by
our observations and this earlier report (Johnson and Capcaybtracting the volume of a sphere of 1.298 mm from a sphere
1997) can almost certainly be attributed to the differenbf 1.300mm and assuming that cgl has a density of 1.2 gm per
antibodies used in the current experiments. Of greater interemin’); the fact that one detects secretion of 25-30% of this
was the fact that there was a distinctive subcellular distributioamount of protein, which ignores the glycosylation of cgl,
of the novel PKC isoforms. Using a simple sedimentationindicates that these granules are very abundant in these cells.)
scheme, we found that almost all of the immunoreactivityA plausible explanation for ours8o-Bio-Rad disparity can be
corresponding to PKC®, &, p and 6 remained in the seen in the results in Fig. 1, where the overall intensity of
supernatant. Under identical conditions, almost all of th€Coomassie staining of secreted protein is higher in samples
PKCn immunoreactivity was found in the pellet. (As discussedreated with DTT. Since the Bio-Rad dye-binding assay is
in the review by Jaken (Jaken, 1996), it will be important tancompatible with reducing agents, the lower apparent level
determine the basis for this differential subcellular distributiorof protein secretion is probably due to diminished binding
of PKC isoforms.) Interestingly, the pellet fraction that wasof dye to un-reduced protein samples. Nevertheless, our
obtained in these experiments was highly enriched in corticalectrophoretic data show that one can readily detect protein
granules (as judged by the presence of cgl) (Fig. 2) (Gunderseacreted from single stage VI oocytes (whereas Bement and
et al.,, 2001), and plasma membrane (on the basis @apco pooled exudates from 80 oocytes) and that even stage
the presence of Na-K ATPase immunoreactivity; C.G.]l oocytes are competent to secrete protein, the bulk of which
unpublished). Thus, PKEcolocalized with elements (cortical is cgl.
granules and plasma membrane) that are likely to harbor A final comment concerns prior observations about IPKC
substrates of potential importance for triggering of corticalvhich was first identified as a novel PKC isoform whose
granule exocytosis. Moreover, we obtained no evidence thatRNA was prominently expressed in lung, skin and heart
any of the other PKC isoforms redistributed into this fractionOsada et al., 1990; Bacher et al., 1991). Subsequent work with
in a PMA-dependent fashion. Taken together, the fact th&®KCn-specific antibodies indicated a high level of expression
PKCn is found in a subcellular fraction enriched in cortical of this protein in cytosolic fractions of brain (Zang et al., 1994).
granules and plasma membrane and that none of the oth@uriously, a later investigation revealed that PK&as almost
novel PKCs are significantly present in this fraction supportexclusively associated with membranes in brain and other
the conclusion that PK( participates in initiating cortical tissues of mice (Frevet and Kahn, 1996). While this apparent
granule exocytosis in these cells. discrepancy in the subcellular distribution of RKI@ the brain

The strongest support for the hypothesis that PiK@iates  needs to be resolved, work using a mast cell line showed that
cortical granule exocytosis is the observation that constitutelgver-expression of PK{ enhanced secretory responses of
active PKQ@) triggers cgl secretion and that, even in somehese cells (Chang et al., 1997). Thus, it will be interesting to
cases, over-expression of wild-type RiK@ads to detectable assess further the role of PH@n regulated secretory events
secretion of cgl. In contrast, high-level expression of wild-typen oocytes, mast cells and elsewhere.
or constitutively active PK&did not induce secretion of cgl.
These latter results imply that there is sufficient substrate We thank V. Niggli and H. Porzig (University of Bern) for providing
specificity between PK&and PKQ) such that PK& does not reagents for the pharmacologllcal studles..P. Parker (Imperial Cancer
initiate secretion in this system. Alternatively, it may be thagesea“?h Fund, London) graciously supplied the PKC constructs and
PKC3 does not have access to the appropriate protei Hedrick (University of California, Davis) kindly supplied the cgl

. antibodies. This work was supported by NIH grants MH59938 (to

substrates, V\{hereas PKCdoe_s_ have access. [n e|ther. Cas€cameron Gundersen) and NS31934 (to Joy Umbach).
these results indicate that activity of PiK{S sufficient to elicit
the regulated secretion of cgl in these frog oocytes.

Relative to the seminal reports of PMA-induced cortical
granule exocytosis itXenopusoocytes (Bement and Capco, _ _ _
1989:; Bement and Capco, 1990) there are two issues Wor@ﬁcher, N.,'le'man, Y., Berent, E. and Livneh, E(1991)._ Iso]atlon and

. . . N . characterization of PKC-L, a new member of the Protein Kinase c-related
_nq'qng. F|rs_t, in our experience, this Secretory event can begene family specifically expressed in lung, skin, and hikot. Cell. Biol.
initiated using low nanomolar concentrations of PMA. In 11, 126-133.
contrast, Bement and Capco (Bement and Capco 1989; Beméatnent, W. M. and Capco, D. G(1989). Activators of protein kinase ¢
and Capeo, 1990) used 0451 PMA, which cleary iggers. | {7007 cories Sie Soonees, Somes ontavion, o eatgs e
this exocytOt.IC event, as_well as other changes in these cel ement, W. M. and pCap(:o, D. G(]YQ90). Proteign kinase c acts downstream
such as cortical contraction and cleavage furrow formation. It of caicium at entry into the first mitotic interphasexeiopus laevisCell
remains to be determined whether RK@&lso contributes to Reg.1, 315-326.
these other physiological events. A second issue is that vigumberg, P.(1988). Protein kinase ¢ as the receptor for the phorbol ester
observed a considerable disparity between the levels of proteirfy/mer Promoters sixth rhoads memorial award lectiencer Res4s, 1-
secr¢t|0n from O_Ocytes measured using absorbance at 280 Bfhmow, S. M. and Hedrick, J. L.(1986). Subunit structure of a cortical
relative to the Bio-Rad assay. Indeed, ougoresults were granule lectin involved in the block to polyspermyXanopus laevieggs.
similar to those of Bement and Capco (Bement and Capco,FEBS Lett206, 353-357. _
1989), who reported that single oocytes secreted abouigl.5 Chéalng,bE., Séa”asd'r RZ Acsj Pl-égR?a'ngavt v YVOf'ffevtP- ]? Fewtrell, C.,
of protein in response to PMA. (Here, it is noteworthy that for f“pr?otgg'kir'];‘sl m,'v_%r‘a_'a (s anc}'ﬂ e e o RBL o
a cell as large as these oocytes, one can calculate that if COkmunol.159 2624-2632.
was packed in a hollow sphereuin thick that was located Chen, K., Peng, Z., Lavu, S. and Kung, H(1989) Molecular cloning and
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