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ABSTRACT
Protein kinases and phosphatases play key roles in integrating

signals from various insulin secretagogues. In this study, we show
that the activities of the cAMP-dependent protein kinase (PKA) and
the calcium/calmodulin-dependent phosphatase, PP-2B are coordi-
nated resulting in the regulation of insulin secretion. Transient in-
hibition of PP-2B, using the immunosuppressant FK506, increased
forskolin stimulated insulin secretion by 2.5-fold 6 0.3 (n 5 6) in rat
islets and RINm5F cells. Surprisingly, forskolin treatment resulted in
the dephosphorylation of the vesicle-associated protein synapsin 1

and increased PP-2B activity by 2.98 6 0.97-fold (n 5 4). One potential
explanation for the observed coordination of PKA and PP-2B activity
is their colocalization through a mutual anchoring protein, AKAP79/
150. Accordingly, RINm5F cells expressing AKAP79 exhibited de-
creased insulin secretion, reduced PP-2B activity and were insensi-
tive to FK506. This suggests that AKAP targeting of PKA and PP-2B
maintains a signal transduction complex that may regulate reversible
phosphorylation events involved in insulin secretion. (Endocrinology
142: 1218–1227, 2001)

INSULIN secretion from pancreatic b cells is regulated by
the intracellular metabolism of nutrients, primarily glu-

cose (1). However, nonnutrient signals can augment this
process. For example, the hormone glucagon-like peptide 1
(GLP-1) is a potent insulin secretagogue but only in the
presence of elevated glucose levels (2–7). These observations
suggest that nutrient and nonnutrient signaling pathways
are integrated in the regulation of insulin secretion. One
mechanism integrating these signals is the activation of spe-
cific kinases and phosphatases resulting in the reversible
phosphorylation of b cell proteins (8–11). This concept is
supported by a recent study where activation of kinases,
including protein kinase C (PKC), protein kinase A (PKA),
and the calcium, calmodulin-dependent kinase (CaM K II)
and concomitant inhibition of protein phosphatases lead to
enhanced insulin secretion in b cells (12). Furthermore, tran-
sient inhibition of the calcium, calmodulin-dependent phos-
phatase, PP-2B, by the immunosuppressant drug cyclosporin
(CsA) increased insulin secretion (13). This finding contrasts
a body of evidence suggesting that long-term treatment with
the immunosuppressants CsA or FK506 impairs insulin se-
cretion (14) and results in the development of diabetes (15).
Both observations highlight a role for phosphatases, partic-
ularly PP-2B, in regulating insulin secretion. Furthermore,
these studies show contrasting effects for transient vs. sus-
tained inhibition of PP-2B on insulin secretion. This suggests
that PP-2B activity must be tightly regulated to ensure that

reversible phosphorylation events can occur repeatedly. This
idea is supported by parallel studies in neurons where pro-
teins involved in exocytosis/endocytosis are targets for re-
versible protein phosphorylation by PKA, PKC, and PP-2B.
The dephosphorylation of these proteins by PP-2B allows for
repeated exocytotic events stimulated by activation of the
kinase (16).

In this study, we demonstrate that changes in insulin se-
cretion are associated with phosphorylation of b cell sub-
strates by PKA followed by dephosphorylation by PP-2B.
These findings extend our previous observations that sub-
cellular targeting of PKA through an A-Kinase Anchoring
Protein (AKAP) facilitates hormone mediated insulin secre-
tion (2). We now show that the coordinate action of PKA and
PP-2B may be due in part to their recruitment into a signaling
complex resulting in the activation of PP-2B by PKA, thus
directly linking the activities of these two enzymes. These
observations are consistent with our previous findings that
demonstrate a role for the subcellular targeting of PKA
through associations with AKAPs in GLP-1-mediated insulin
secretion (2). We go on to show that the anchoring proteins,
AKAP79/150 (17, 18) may coordinate the action of PKA and
PP-2B by maintaining a signaling complex that regulates
reversible phosphorylation events. Subcellular targeting of
protein kinases and phosphatases has emerged as a prom-
inent mechanism for regulating reversible phosphorylation
events in neurons, T-Lymphocytes and cardiac myocytes
(19–21). In this paper, we provide evidence that subcellular
targeting of PKA and PP-2B regulates insulin secretion
through reversible phosphorylation events in b cells.

Materials and Methods
Materials

FK506 was a gift from Dr. John Rabkin, Liver, and Pancreas Trans-
plantation, OHSU. Antibodies were obtained for synapsin 1 (Calbiochem,
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La Jolla, CA), pan-calcineurin A (Veritas, Rockville, MA), anti-AKAP150
(Dr. J. D. Scott) and antiphosphoserine and antiphosphothreonine
(Zymed Laboratories, Inc. San Francisco, CA). Insulin RIA kits were pur-
chased from Linco Research, Inc. (St. Charles, MO). All other reagents
including cyclosporin A, forskolin and rapamycin were obtained from
Sigma (St. Louis, MO).

Preparation of primary islets and transfected RINm5F cells

Pancreatic islets were isolated by collagenase digestion, hand picked,
and plated in Falcon tissue culture dishes as previously described (22).
Islets were maintained in culture for up to 5 days in RPMI 1640 con-
taining 5 mm glucose and supplemented with streptomycin (100 mg/ml)
and penicillin (100 IU/ml). RINm5F cells at passage 20–25 were trans-
fected with the mammalian expression vectors pcDNA3, pcAKAP79, or
pcHt31 using Lipofectamine (Life Technologies, Inc., Gaithersburg,
MD). Transfected cell lines were selected by growth in media supple-
mented with G418. Cells were maintained in low glucose DMEM (1000
mg/liter d-glucose), with 10% FCS and 0.8 mg/ml G418. Expression of
AKAP79 and Ht31 was monitored by immunoblotting.

Insulin secretion assay

Insulin secretion from rat islets and RINm5F cells was measured in
static culture using Krebs Ringer HEPES Buffer, KRBH (10 mm HEPES,
pH 7.4, 0.1% BSA, 130 mm NaCl, 5.2 mm KCl, 1.3 mm KH2PO4, 1.6 mm
MgCl, 2.8 mm CaCl2, 20 mm NaHCO3 and 2.8 mm glucose). Islets or
RINm5F cells were pretreated for 30 min at 37 C with FK506, cyclosporin,
rapamycin or DMSO as indicated. Cells were stimulated with 16.8 mm
glucose, 6 forskolin and 6 FK506. Media was collected and centrifuged
at 15,000 RPM 3 10 min. The supernatant was stored at 220 C before
determining insulin content by RIA using rat insulin as a standard (Linco
Research, Inc.). Total insulin content was determined by incubating
RINm5F cells and RINm5F cells expressing AKAP79 with 0.22M HCL
and 95% ETOH at 220 C for 60 min. The protein content of the super-
natant was determined using a colorimetric assay kit (Bio-Rad Labora-
tories, Inc.).

PP-2B and PKA assays

RINm5F and rat islets were incubated with FK506 or DMSO for 30
min at 37 C in KRBH. The cells were stimulated with 16.8 mm glucose 6
10 mm forskolin for 30 min at 37 C. Following the stimulation, the cells
were rinsed with PBS and incubated with 200 ml of lysis buffer (50 mm
Tris, pH 8.0, 150 mm NaCl, 1% NP-40, 2 mg/ml Pepstatin/leupeptin, 1
mm 4-(2-Aminoethyl)benzenesulfonyl Fluoride (AEBSF) and 10 mm
IBMX) on ice for 60 min. Cells were scraped, pelleted, and sonicated.
PKA activity was measured by the filter paper method of Corbin and
Rieman (23) using Kemptide (LRRASLG) as a peptide substrate. PP-2B
activity was measured in triplicate (24) in a 20 ml reaction mixture
containing 40 mm Tris-HCL pH 7.5, 0.1 m KCl, 0.1 mm CaCl2, 6 mm
magnesium acetate, 0.5 mm DTT, 0.1 mg/ml BSA, 1.5 mm calmodulin
and 32P-RII peptide (20 mm) as the substrate at 30 C.

Subcellular fractionation

RINm5F cells were grown to near confluency (5 3 105 cells per dish)
and rinsed with KRBH. The cells were treated for 30 min with KRBH,
10 mm forskolin, or 10 mm forskolin 1 10 mm FK506. The media was
removed and the cells washed 3 times with PBS. The cells were scraped
and lysed with lysis buffer [20 mm HEPES, pH 7.4, 0.2% Triton X-100,
20 mm NaCl, 5 mm EDTA, 1 mm DTT, 2 mg/ml leupeptin, 2 mg/ml of
pepstatin, 1 mm benzamidine and 0.1 mm phenylmethylsulfonyl fluo-
ride (PMSF)] and dounce homogenized. A supernatant and particulate
fraction were obtained by centrifugation at 40,000 3 g for 30 min. Protein
concentration performed by a colorimetric assay (Bio-Rad Laboratories,
Inc.). Twenty micrograms of protein from each fraction were separated
by SDS-PAGE.

Affinity purification

Cell lysates were used for immunoprecipitations, calmodulin puri-
fication, and cAMP purification. The cell lysates used for these exper-

iments were prepared by plating RINm5F cells in 150-cm plates and
culturing until approximately 80% confluency. The cells were washed
twice with KRBH and incubated in either KRBH 1 DMSO or 10 mm
FK506 for 30 min at 37 C. The cells were stimulated for the stated period
of time. Cells were washed 3 times in PBS and incubated in lysis buffer
(20 mm Tris-HCl, pH 7.9, 250 mm NaCl, 50 mm NaF, 5 mm EGTA, 0.1
mm PMSF, 10 mg/ml leupeptin, 10 mg/ml pepstatin, 1 mm Benzamidine
and 1% vol/vol NP-40) for 15 min on ice. The lysate was cleared by
centrifugation at 15,000 rpm for 10 min. Lysates were incubated with
either 2 mg of antibody (for the immunoprecipitations), calmodulin
Sepharose (for the calmodulin purification) or cAMP agarose (for the
cAMP affinity purification) as previously described (2). Affinity columns
were washed 7 times and eluted by boiling with SDS-PAGE buffer
(unless stated otherwise). The C-subunit was eluted from the protein A
Sepharose column by incubating the column with pH 7.4, 20 mm HEPES
buffer containing 75 mm cAMP for 15 min at room temperature. PKA
assays were performed as described above. All other protein elutions
were subjected to SDS-PAGE electrophoresis, transferred to PVDF mem-
branes and probed for the specified protein.

Phosphoprotein determination

RINm5F cells were grown to near confluency in 150-mm dishes. The
cells were rinsed in prewarmed KRBH without bovine-serum albumin
and treated with DMSO or FK506 for 30 min at 37 C. The media was
replaced with KRBH containing 10 mm IBMX and 16.8 mm glucose plus
10 mm forskolin or 100 mm FK506 if indicated for 30 min. At the end of
the incubation period, cells were rinsed with PBS, scraped and pelleted
by centrifugation. The cells were lysed by adding 100 ml of RIPA buffer
containing 2 mg/ml pepstatin/leupeptin, 1 mm AEBSF and 10 mm IBMX
on ice for 60 min followed by 15 sec sonication (33). A 30 ml aliquot of
cell lysate was denatured in Laemmli sample buffer and subjected to
SDS-PAGE. Proteins were transferred to PVDF membranes and blocked
for a minimum of 1 h in Tris-buffered saline containing 50 mm NaCl,
0.1% (vol/vol) Tween 20 and 5% (wt/vol) BSA. Blots were incubated
with primary antibody at the recommended concentration of 1 mg/ml
(Zymed Laboratories, Inc., San Francisco, CA). Blots were incubated
with secondary antibody for 2 h at room temperature. Proteins were
visualized by chemiluminescence. In vitro phosphorylation of synapsin
1 immunoprecipitates was performed in a 30 ml reaction volume con-
taining 5 mCi 32P g-ATP and 0.07 mg PKA catalytic subunit for 60 min
at 30 C in the presence or absence of 15 mm PKI. The reaction was stopped
by adding 5 ml of 0.5 m EDTA and boiling in SDS-PAGE sample buffer.
Phosphoproteins were identified by autoradiography.

Confocal microscopy

RINm5F cells were grown on no. 1 coverslips until 30% confluent. The
cells were rinsed in PBS three times and fixed with 3.7% formaldehyde
for 5 min at 20 C. After washing, the cells were permeablized with
ice-cold acetone for 1 min. The cells were washed and blocked with PBS
containing 0.1% BSA for 10 min. AKAP 79 was visualized using a rabbit
polyclonal antibody (J. D. Scott) and a Texas-Red conjugated antirabbit
secondary antibody. The regulatory subunit of PKA was visualized
using a goat-anti-RII antibody (J. D. Scott) and a FITC conjugated an-
tigoat secondary antibody. The cells were incubated with the primary
and secondary antibodies for 60 min at 20 C. The cover-slips were
mounted with Prolong (Molecular Probes, Inc.) and confocal sections
were taken using a laser-scanning confocal microscope (Carl Zeiss).

Statistical analysis

Data are represented as means 6 se. The data were evaluated for
significance by a two-sided nonpaired Student’s t test using Prism soft-
ware (GraphPad Software, Inc., San Diego, CA).

Results
Inhibition of PP-2B increases cAMP mediated
insulin secretion

The immunosuppressant drugs FK506 and cyclosporin A
(CsA) are selective inhibitors of PP-2B activity and are often
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used to investigate the cellular function of PP-2B (25). Using
these drugs we determined the effects of PP-2B signaling in
primary intact rat islets and transformed b cells (RINm5F).
Rat islets were preincubated with FK506 for 30 min at 37 C
and static insulin secretion was measured by RIA following
30 min of stimulation with either glucose or glucose 1 for-
skolin. FK506 treatment increased forskolin stimulated in-
sulin secretion by 2.5-fold 6 0.5 (n 5 6) over controls (Fig.
1A). Likewise, transformed b cells, RINm5F cells, treated
with FK506 and forskolin had a 2.11-fold 6 0.3 (n 5 6)
increase in insulin secretion over RINm5F cells treated with

forskolin (Fig. 1B). Insulin secretion was increased to a sim-
ilar magnitude [(2.48-fold 6 0.7 (n 5 3)] using a more phys-
iologic agonist, GLP-1 (1 nm) (Fig. 1C). Importantly, insulin
secretion from rat islets was increased to a similar extent
[2.6-fold 6 0.5 (n 5 4)] upon application of another PP-2B
inhibitor, CsA (Fig. 1D). Further control experiments were
performed using a structurally related macrolide, rapamy-
cin, that binds the immunophilin FKBP12 but does not inhibit
PP-2B (26, 27). As expected, pretreatment of rat islets with
excess rapamycin (10 mm) blocked the FK506 affect on cAMP-
mediated insulin secretion but rapamycin did not affect glu-
cose-mediated insulin secretion independent of FK506 (Fig.
1E). This observation is consistent with a role for rapamycin
as a competitor with FK506 for binding to FKBP12 (28, 29).
Collectively, these experiments confirm that short-term in-
hibition of PP-2B activity by FK506 or CsA is responsible for
an increase in cAMP-mediated insulin secretion from rat
islets or transformed b cells.

Although transient inhibition of PP-2B by CsA increases
glucose-mediated insulin secretion (13), prolonged inhibi-
tion of PP-2B inhibits insulin release (14, 30). Therefore, rat
islets were pretreated with FK506 over a time course of 24 h
to determine whether cAMP-mediated insulin secretion was
dependent on the duration of PP-2B inhibition (Fig. 2). There
was no significant difference in basal secretion between the
islet groups (Fig. 2, zero time point). However, treatment of
islets with FK506 for 1 h increased forskolin and glucose
mediated insulin secretion [2.7-fold 6 0.4 (n 5 4)] over the
non-FK506-treated islets (Fig. 2 and 1 h time point). How-
ever, three hours of FK506 treatment inhibited cAMP medi-
ated insulin release and this inhibition was maintained dur-
ing the remaining 24 h of FK506 treatment (Fig. 2). Therefore,
we confirmed that prolonged inhibition of PP-2B with FK506
results in a loss of insulin secretion (14, 15). However, we
now demonstrate that the FK506-mediated inhibition of in-

FIG. 1. Inhibition of PP-2B increases cAMP mediated insulin secre-
tion. A, Native rat islets (20 islets per well) were treated with 10 mM
FK506 for 30 min followed by 30 min of stimulation with 16.8 mM
glucose 610 mM forskolin. B, RINm5F cells (1 3 105 per well) were
treated with 10 mM FK506 for 30 min followed by 30 min of treatment
with 10 mM forskolin. C, Insulin secretion from static cultures of rat
islets treated with 1 nM GLP-1 and 10 mM FK506 for 30 min. D,
RINm5F cells treated with 5 mM CsA for 30 min followed by 30 min
of treatment with 10 mM forskolin. E, Native rat islets (20 per well)
were treated with FK506, rapamycin, or KRBH for 30 min followed
by stimulation with 16.8 mM glucose 6 10 mM forskolin for 30 min. All
treatment groups were performed in triplicate, the number of exper-
iments is indicated for each bar graph. Cell treatments are indicated
below each bar. Insulin was measured by RIA in the culture media
and data are shown as pmol/ml. Statistical significance was deter-
mined by t test usingPrism, GraphPad Software, Inc. *, P , 0.01 for
immunosuppressant and forskolin treatment vs. forskolin alone.

FIG. 2. Prolonged treatment with FK506 inhibits forskolin stimu-
lated insulin secretion. Native rat islets (20 per well) were pretreated
with 10 mM FK506 or DMSO for 30 min. Media was collected before
stimulation with glucose or forskolin and is shown as the zero time
point. Other islets were pretreated with 10 mM FK506 for 1, 2, 3, and
24 h. Islets were stimulated with 16.8 mM glucose 6 10 mM forskolin
for 30 min. Mean 6 SE insulin secretion for glucose only (Œ), forskolin
only (‚), Glucose 1 FK506 (m) and Forskolin 1 FK506 (□) are shown.
Statistical significance was determined by t test using Prism, Graph-
Pad Software, Inc. *, P , 0.01 for forskolin and FK506 vs. forskolin
alone.

1220 TARGETED REVERSIBLE PHOSPHORYLATION Endo • 2001
Vol. 142 • No. 3

 at University of Washington Health Sciences Library on January 30, 2009 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


sulin secretion occurs with nonnutrient stimuli (cAMP) as
well as with nutrient stimuli (glucose).

Synapsin 1 is a target for PKA/PP-2B
reversible phosphorylation

Although the transient inhibition of PP-2B enhanced for-
skolin stimulated insulin secretion the molecular mechanism
of this process is unknown. We hypothesized that certain b
cell proteins would be phosphorylated in response to fors-
kolin activation of PKA and dephosphorylated by PP-2B.
Inhibiting PP-2B would temporarily increase the phosphor-
ylation state of these proteins resulting in increased insulin
secretion. To evaluate this possibility, we identified proteins
reversibly phosphorylated by PKA and PP-2B using an-
tiphosphoserine and antiphosphothreonine antibodies as
previously described (31). Forskolin stimulation of RINm5F
cells decreased the serine phosphorylation of an 84-kDa pro-
tein whereas forskolin and FK506 treatment increased the
serine phosphorylation (Fig. 3, A and B). No change in phos-
phorylation was identified in phosphothreonine containing
proteins following treatment with either forskolin or FK506
(data not shown). Therefore, the 84-kDa phosphoprotein ful-
filled the criterion for a b cell PKA and PP-2B substrate. The

mobility of this protein was similar to synapsin 1, a recently
identified 84-kDa b cell phosphoprotein (32) that is a sub-
strate for PKA (33) and PP-2B (13).

To confirm that our 84-kDa phosphoprotein was synapsin
1, we immunoprecipitated synapsin 1 from RINm5F lysates
under a variety of treatment conditions. Western blot anal-
ysis of each immunoprecipitate confirmed that equal
amounts of synapsin 1 protein were present in each lane (Fig.
3, lower panel). Serine phosphorylation of the immunopre-
cipitated band was decreased following forskolin treatment,
whereas forskolin and FK506 treatment increased the serine
phosphorylation (Fig. 3C, lanes 1 and 3). Differences in the
serine phosphorylation of the synapsin 1 protein were de-
termined by densitometry (Fig. 3D), and these changes par-
alleled those found in whole RINm5F lysates (Fig. 3A). Col-
lectively, these results suggest that synapsin 1 underwent
reversible phosphorylation following forskolin treatment of
b cells.

To confirm that phosphorylation of synapsin 1 was me-
diated through the activation of PKA, experiments were
repeated in the presence of the PKA inhibitor, PKI (34).
Synapsin 1 immunoprecipitates were incubated with the cat-
alytic subunit of PKA in the presence or absence of FK506 and

FIG. 3. Synapsin 1 is a target for PKA/
PP-2B reversible phosphorylation. A,
Antiphosphoserine blot of RINm5F ly-
sates treated with forskolin or FK506.
MW markers are indicated on the left.
An arrow indicates an 84-kDa band
that changes with treatment. B,
Changes in the 84-kDa band intensity
were quantitated by scanning densi-
tometry using NIH image software. *,
P , 0.01 for forskolin and FK506 vs.
forskolin alone. C, Synapsin 1 immuno-
precipitates were immunoblotted with
the antiphosphoserine antibody in the
upper panel (aPS) or antisynapsin 1 an-
tibody in the lower panel (aSynapsin).
D, Changes in the phosphorylation of
synapsin 1 were quantitated by densi-
tometric analyses of 5 individual immu-
noblots using NIH image. *, P , 0.01 for
forskolin and FK506 vs. forskolin alone.
E, Radiolabeled In vitro phosphoryla-
tion of synapsin 1 immunoprecipitated
from RINm5F cell lysates in the pres-
ence or absence of PKI. An arrow indi-
cates an 84-kDa band corresponding to
synapsin 1. Cell treatments are indi-
cated below the blot or graph. *, P ,
0.01 for forskolin and FK506 vs. fors-
kolin alone.
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PKI. Synapsin 1 phosphorylation was greater in the presence
of FK506 and PKA than when PKI was also present (Fig. 3E).
These findings suggest that activation of PKA is necessary for
the forskolin-mediated phosphorylation and dephosphory-
lation of b cell synapsin 1.

Activation of PKA increases PP-2B activity

Given the observation that the activities of PKA and PP-2B
were coordinated resulting in the reversible phosphorylation
of synapsin 1, we hypothesized that activation of PKA may
result in increased PP-2B activity. To understand the inter-
action between PP-2B and PKA activities in b cells we mea-
sured kinase and phosphatase activities in FK506 and fors-
kolin treated RINm5F whole cell lysates. FK506 treatment
decreased both basal and forskolin treated cellular PP-2B
activity (Fig. 4A). However, application of forskolin and ac-
tivation of PKA was associated with a 2-fold (P , 0.001)
increase in cellular PP-2B activity compared with basal levels
(Fig. 4A). As expected, forskolin treatment also increased
PKA activity (Fig. 4B). However, inhibition of PP-2B activity
did not significantly change PKA activity (Fig. 4B). These
data support a role for PKA activation in the activation of
PP-2B; however, the cellular mechanism that coordinates the

activities of PKA and PP-2B is currently unknown. Previous
studies have suggested that colocalization of PKA and PP-2B
can regulate their enzymatic activities (35).

To evaluate a role for enzyme targeting in coordinating the
activities of PKA and PP-2B, we treated RINm5F cells with
cell soluble PKI or the peptide Ht31 that disrupts PKA an-
choring (36). Both inhibiting PKA targeting (Fig. 4C, lane 3)
and inhibiting the catalytic activity of PKA (Fig. 4C; lane 4)
blocked the dephosphorylation of the 84-kDa band seen fol-
lowing forskolin application (Fig. 4C, lane 2). These data
suggest that targeted PKA is needed for the activation of
PP-2B. To confirm this finding, we measured forskolin stim-
ulated PP-2B activity in RINm5F cells constitutively express-
ing the anchoring inhibitor protein, Ht31 (Fig. 4D). Forskolin
stimulated PP-2B activity (Fig. 4D) was significantly lower in
the Ht31 cells compared with RINm5F cells transfected with
vector alone (pcDNA). Together, these data support a role for
targeted PKA in PP-2B activation and reversible phosphor-
ylation of synapsin 1 in b cells.

Association of PP-2B and PKA in pancreatic b cells

In neurons, both PKA and PP-2B are colocalized by the
PKA targeting protein AKAP79/150 (18, 20). Given the as-

FIG. 4. Forskolin treatment increases
PP-2B activity. A, PP-2B activity was
assayed in triplicate as described by
Blumenthal et al. (27) using 32P-RII
peptide as the substrate in RINm5F cell
lysates following 30 min of forskolin
stimulation. Mean 6 SE from three sep-
arate experiments is shown in mmol/
min/mg. *, P , 0.005 for forskolin and
FK506 vs. forskolin alone. B, PKA cat-
alytic activity was assayed in three sep-
arate experiments using Kemptide as
the substrate. Cell treatments are in-
dicated below each bar. *, P , 0.01 for
forskolin and FK506 vs. FK506 alone.
C, Antiphosphoserine blot of RINm5F
cell lysates treated with forskolin,
FK506, the PKA anchoring inhibitor
protein Ht31 or the PKA catalytic in-
hibitor, PKI. D, Forskolin stimulated
PP-2B activity measured in lysates of
RINm5F cells overexpressing the PKA
anchoring inhibitor protein, Ht31. *,
P , 0.01 for Ht31 OE vs. pcDNA trans-
fected cells. Differences between the
means were determined by nonpaired T
testing, GraphPad Software, Inc.
(Prism).
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sociation we found between PKA and PP-2B in b cells, we
hypothesized that AKAP79/150 may target these two en-
zymes in pancreatic b cells. To investigate this possibility, we
looked for an association between these two enzymes. Ini-
tially, we identified AKAP150, the rat homologue of
AKAP79, in pancreatic b cells by calmodulin affinity chro-
matography. AKAP150 was identified in the eluate by both
a radiolabeled RII binding assay (RII overlay) and by im-
munoblotting (Fig. 5A). AKAP150 is the upper band seen in
both the immunoblots and radiolabeled overlays whereas
the lower band is a presumed breakdown product. Subse-
quently, we identified an association between PP-2B and
PKA in b cells using two complementary biochemical meth-
ods. First, we isolated PKA binding proteins from RINm5F
lysate using a cAMP affinity purification method as previ-
ously described (36). PP-2B was identified in the lysate, flow-
through (FT) and eluate by immunoblotting with a specific
PP-2B antibody (Fig. 5B). Secondly, we immunoprecipitated

PP-2B from RINm5F lysates and measured PKA activity.
PKA specific activity was approximately 30-fold 6 2 (n 5 4)
greater in the PP-2B immunoprecipitate than in a preimmune
immunoprecipitate (Fig. 5C). Finally, AKAP150 was identi-
fied in the eluate of a PP-2B immunoprecipitation from
RINm5F cells but not in the preimmune elution (Fig. 5D).
Together, these data strongly support an association between
a subset of PKA and PP-2B in b cells probably via
AKAP79/150.

AKAP79 inhibits PP-2B in pancreatic b cells

If AKAP targeting of PKA and PP-2B was involved in the
regulation of insulin secretion, then overexpression of the
AKAP would alter the effects of PKA and PP-2B on b cell
function. To test this hypothesis, we expressed AKAP79, the
human homologue of AKAP150, in RINm5F cells. RINm5F
cells expressing AKAP79 (79OE) or vector alone (pcDNA)

FIG. 5. Association of PKA and PP-2B in pancreatic b cells. A, Purification of calmodulin binding proteins from RINm5F cells. RIN cell lysates
(Lys), and calmodulin column flow-through (FT) and eluates were subjected to SDS-PAGE. Blots were probed with either radiolabeled RII a
(RII Overlay) or anti-AKAP150 antibody (AKAP 150 Immunoblot). Arrow indicates AKAP150. MW markers are indicated along left side of blot.
B, cAMP binding proteins were purified from RINm5F cells by cAMP affinity chromatography. PP-2B was detected in the lysate (Lys), flow
through (FT) and in the cAMP elution (Elute). An arrow indicates the A subunit of PP-2B. C, PP-2B was immunoprecipitated from RINm5F
lysates with affinity-purified antibodies to PP-2B A subunit. PKA specific activity, mean 6 SE, was measured in the cAMP eluate using Kemptide
as the substrate. *, P , 0.05 for Pre-I IP vs. PP-2B IP. D, PP-2B was immunoprecipitated from RINm5F cell lysates using anti-PP-2B polyclonal
antibody or preimmune sera (Pre I) as described above. AKAP150 was identified by immunoblotting in the Pre-I FT, PP-2B FT, and PP-2B elute.
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were treated with forskolin and FK506 as described in Fig. 1.
The RINm5F cells expressing AKAP79 had lower forskolin
and forskolin 1 FK506 (Fig. 6A) stimulated insulin secretion
than did wild-type RINm5F or pcDNA controls. Because the
79OE cells had lower forskolin mediated insulin secretion,
we calculated the fold increase in insulin secretion of FK506
1 forskolin over forskolin alone (Fig. 6B). 79OE cells had
significantly lower FK506 fold insulin secretion than did
either RIN wild-type (wt) or vector controls (pcDNA) (P ,
0.05) suggesting that at least part of the 79OE phenotype was
related to changes in PP-2B activity. Other investigators have

shown that AKAP79 binds to PP-2B via residues 108–427
resulting in an inhibition of PP-2B activity (20, 35). Because
constitutive inhibition of PP-2B by FK506 treatment can also
decrease forskolin stimulated insulin secretion (as shown in
Fig. 2) we hypothesized that constitutive expression of
AKAP79 would inhibit PP-2B activity. To test this hypoth-
esis, we measured PP-2B activity in the lysates of cells con-
stitutively expressing AKAP79. Expression of AKAP79 de-
creased PP-2B activity compared with RINm5F or pcDNA
lysates (Fig. 6C). This effect was not secondary to differences
in the amount of PP-2B found in the cell lysates as deter-
mined by immunoblotting with specific PP-2B antibody (Fig.
6D). Changes in insulin messenger RNA and insulin content
have also been associated with immunosuppressant treat-
ment of islets or b cells (30, 37). Therefore, to determine if the
diminished insulin secretion observed in the 79OE cells was
associated with changes in insulin content, we measured
total insulin content in the wild-type RINm5F, pcDNA trans-
fected RIN, and 79 transfected RIN cells. We found no sta-
tistical difference in insulin content of 79OE cells compared
with either the RIN wild-type or RIN pcDNA cells (Fig. 6E).
Therefore, the decrease in forskolin and FK506 mediated
insulin secretion in AKAP79 expressing cells was not sec-
ondary to significant decreases in insulin content. Of interest,
the RIN wild-type cells have slightly diminished insulin se-
cretion, lower PP-2B activity and insulin content compared
with the pcDNA transfected cells. The reason for this dif-
ference is not known, however, we suspect that differences
in the tissue culture conditions (i.e. the presence or absence
of the selecting agent, G418) or passage number could have
produced these changes (38). Importantly, the 79OE and
pcDNA transfected cells were treated identically therefore,
the pcDNA cell line is the appropriate control for the 79OE
cells. Despite the differences in cell culturing, the 79OE cells
had diminished FK506 and forskolin-mediated insulin se-
cretion and PP-2B activity compared with both the RIN Wt
and pcDNA cells. Taken together this data supports a role for
AKAP150/79 as an endogenous inhibitor of PP-2B activity
and suggests that targeting of PP-2B may regulate its
activation.

Subcellular targeting by AKAP79

We have previously shown that the subcellular location of
PKA can alter insulin secretion in response to GLP-1 (39) and
hypothesized that AKAP79 expression could produce sim-
ilar effects on insulin secretion through changes in PKA
targeting. To test this, we determined the subcellular location
of PKA and AKAP79 in RINm5F cells expressing AKAP79 by
confocal fluorescent microscopy compared with wild-type
RINm5F cells. The regulatory subunit of PKA is predomi-
nantly seen in a perinuclear distribution in wild-type
RINm5F cells (Fig. 7A). In contrast, the regulatory subunit of
PKA is found at the cell periphery in the 79OE cells. The
altered subcellular localization of PKA is associated with
increased AKAP79 targeting at the cell periphery. Minimal
signal for AKAP79 is seen in the wild-type RIN cells con-
sistent with the low levels of expression of AKAP150 in these
cells and the diminished affinity of the AKAP79 antibody for
AKAP150. Together, these data show that AKAP79 expres-

FIG. 6. Overexpression of AKAP79 inhibits PP-2B and blocks FK506
effects in b cells. RINm5F cells overexpressing AKAP 79 were treated
with forskolin or forskolin 1 FK506. A, Thirty minute static insulin
secretion in response to 10 mM forskolin or forskolin 1 FK506. Cell
treatments are indicated below each bar. Mean 6 SE for RINm5F
wild-type cells ( ), RIN transfected with pcDNA vector ( ) and RIN
transfected with AKAP79 (m) are shown. B, Fold increase in FK506-
mediated insulin secretion over forskolin alone. Cell type is indicated
below bar. C, Basal (nonstimulated) PP-2B activity was measured in
cells expressing RIN wild-type (RIN), vector alone (pcDNA) or
AKAP79 (79OE) in triplicate as described earlier. D, Cell lysates were
separated by SDS-PAGE and transferred to PVDF. PP-2B was iden-
tified in the lysates by immunoblotting using an anti-panA cal-
cineurin (PP-2B) antibody. Molecular weight markers are shown on
the left. E, Total insulin content in acid/alcohol extraction of RIN,
pcDNA and 79OE cells was measured by RIA. Insulin content was
expressed per mg of total cellular protein. The number of experiments
is indicated for each bar graph. Statistical significance was deter-
mined by t test using Prism, GraphPad Software, Inc. *, P , 0.01 for
79OE cells vs. the pcDNA cells.
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sion alters the distribution of PKA. However, this does not
completely explain the change in insulin secretion because
expression of AKAP 18 also targets PKA to the periphery of
b cells but results in an increase in PKA mediated insulin
secretion (39). Therefore, we believe that AKAP79 targeting
may also affect the subcellular location of PP-2B, thus pro-
ducing the decrease in insulin secretion. To evaluate this
possibility, we measured AKAP150 and PP-2B in soluble and
particulate fractions of both basal and forskolin stimulated
RINm5F cells (Fig. 7, B and C, upper panels). PP-2B was found
predominately in the soluble fraction. However, forskolin
treatment resulted in a greater portion of PP-2B in the par-
ticulate fraction (Fig. 7B, upper panel). AKAP150 is predom-
inately found in the particulate fraction with a portion mov-
ing into the soluble fraction following forskolin treatment
(Fig. 7C, upper panel). Expression of AKAP79 appears to di-
minish the movement of PP-2B to the particulate fraction
(Fig. 7B, lower panel), whereas AKAP79 was found in both the
soluble and particulate fractions in the AKAP79 OE cells (Fig.
7C, lower panel). The increased amount of AKAP79 in the
soluble fraction may be associated with the decrease in PP-2B
activity and the decreased movement of PP-2B to the par-
ticulate fraction in the 79 OE cells. This suggests that AKAP
targeting of PKA, depending upon cellular conditions, could
modify the subcellular movement of PP-2B and alter the
interaction between the two signaling enzymes.

Discussion

Reversible phosphorylation serves as a mechanism to cou-
ple signals from various stimuli to insulin secretion in pan-
creatic b cells (12). To understand the role of reversible phos-
phorylation in b cells, it is important to identify both the
enzymes involved and the mechanisms regulating the ac-
tivities of the enzymes. In this paper, we show that PKA
activation of PP-2B results in the reversible phosphorylation
of b cell proteins including synapsin 1 and regulates insulin
release. Furthermore, our data supports a role for AKAP
targeting of these enzymes in the regulation of reversible
phosphorylation events involved in insulin secretion.

We initially observed a synergistic effect of forskolin and
FK506 on insulin secretion suggesting that an increase in
PKA and a decrease in PP-2B activities regulate insulin re-
lease. This finding is consistent with the previous observa-
tions that acute activation of kinases or inhibition of phos-
phatases increased insulin secretion (12, 40). In addition, we
found that prolonged (.3 h) PP-2B inhibition results in sup-
pressed PKA mediated insulin secretion reflecting a possible
role for PP-2B in resensitizing the cell for repeated stimula-
tion. Previous studies have demonstrated that dephosphor-
ylation of b cell proteins involved in insulin exocytosis re-
sults in desensitization of the cell to additional stimulations
(41). Chronic inhibition of PP-2B could desensitize b cells

FIG. 7. Subcellular targeting by
AKAP79. A, AKAP79 and the regula-
tory subunit (RII) of PKA are identified
in RINm5F cells transfected with
AKAP79 (79 OE RIN) or in wild-type,
nontransfected RIN (RIN WT) using
fluorescent tagged secondary antibod-
ies to AKAP79 (Texas Red) and RII
(FITC). B, Cytosolic and particulate
fractions of RINm5F cells (upper panel)
or RINm5F cells expressing AKAP79
(lower panel) treated with KRBH or for-
skolin were prepared by centrifugation
and separated by SDS-PAGE. PP-2B
was identified by immunoblotting using
a polyclonal anticalcineurin A antibody.
C, Cytosolic and particulate fractions
were prepared as above from RINm5F
cells (upper panel) or RIN79OE cells
(lower panel) AKAP150 (upper panel) or
AKAP79 (lower panel) were identified
by immunoblotting using specific anti-
bodies to AKAP150 and AKAP79, re-
spectively.
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resulting in decreased insulin secretion. This would explain
the long-term effects of immunosuppressant drugs (CsA and
FK506) on decreased insulin release and development of type
2 DM (15). Furthermore, we showed that the effect of FK506
on insulin secretion could be blocked by cotreatment with
another immunosuppressant, rapamycin (Sirolimus). Al-
though the effect of rapamycin in b cells is not well known,
both rapamycin and FK506 must bind to FKBP12 before they
can activate their target proteins, mTOR and PP-2B, respec-
tively (42). Therefore, rapamycin may compete with FK506
for binding to FKBP12 preventing inhibition of PP-2B by
FK506 (29). The interaction between these immunosuppres-
sant drugs on b cell function is quite important because
recent studies have shown that mixtures of immunosuppres-
sants may affect b cell function following islet cell trans-
plantation (43). Understanding the targets for these drugs in
b cell will provide important insight into the use of immu-
nosuppressants for future islet transplantation.

Our data clearly demonstrates that FK506 treatment in-
hibits PP-2B activity leading to the persistent phosphoryla-
tion of b cell proteins including synapsin 1. Synapsin 1 has
recently been identified as a b cell protein (32) and is phos-
phorylated by PKA and dephosphorylated by PP-2B (13, 33,
44). Therefore, it is not surprising to find changes in the
phosphorylation state of synapsin 1 resulting from PKA ac-
tivation and PP-2B inhibition. However, because we did not
perform peptide mapping of synapsin 1, we cannot distin-
guish between direct PKA phosphorylation of synapsin 1 vs.
an indirect effect of PKA activation on other kinases, such as
CaM K II. Our data does indicate that reversible phosphor-
ylation of synapsin 1 was dependent upon PKA activation of
PP-2B, suggesting that the activities of these enzymes were
closely linked. Although the specific mechanism linking the
activities of PKA and PP-2B is currently unknown, there are
two models that could explain this. First, PKA activation
could increase intracellular calcium and calmodulin concen-
trations and subsequently activate PP-2B. Although such a
mechanism is plausible because PKA has documented effects
on intracellular calcium levels (5), we controlled the concen-
tration of calcium and calmodulin in our evaluation of PP-2B
activity thereby minimizing the effect of PKA mediated in-
creases in calcium. Secondly, PKA could directly phosphor-
ylate PP-2B thus decreasing its phosphatase activity. PP-2B
is a substrate for PKA phosphorylation, but this is readily
blocked by calmodulin, which was present in our assay mix-
ture (45). Therefore, neither model adequately explains the
forskolin stimulated PP-2B activity we found in our b cells
suggesting the presence of an alternative regulatory process.

Because targeting of PP-2B by AKAP79 results in an in-
hibition of PP-2B catalytic activity (18, 20, 35), we speculate
that PKA may affect PP-2B activity by changes in PP-2B
targeting to AKAP79. AKAP79 inhibition of PP-2B would
explain our finding that expression of AKAP79 results in
lower PP-2B cellular activity. AKAP targeting of PKA and
PP-2B also occurs in native b cells confirmed by our finding
AKAP150, the rat homologue of AKAP79, in pancreatic b
cells and showing colocalization of a portion of PKA and
PP-2B in these cells. Furthermore, it is possible that PKA
activation may alter the activity or distribution of PP-2B.
Previously, Dell’Aqua et al. (35) found that PKA and PKC

phosphorylate AKAP79 resulting in an increase in AKAP79
in the cell soluble fraction. Our data confirms this change in
distribution of AKAP79 and 150. In addition, we show that
expression of AKAP79 diminished the translocation of PP-2B
following forskolin stimulation. At this time we do not know
whether the movement of PP-2B or AKAP150 alters revers-
ible phosphorylation events that affect insulin secretion.
However, our data supports an effect of PKA on PP-2B that
is partially regulated via a common targeting protein, AKAP
79/150.

Independent of the mechanism by which PKA affects
PP-2B, our data suggests that the two enzymes are involved
in an intracellular feedback loop whereby a kinase promotes
the activation of a phosphatase resulting in reversible phos-
phorylation of specific proteins. The net effect of such a
feedback loop would be a return to a basal state of phos-
phorylation, resetting the b cell for additional stimulations.
The reciprocal function of these enzymes will ultimately
affect shared substrates including proteins involved in en-
docytosis (46), desensitization of channels (25, 47) or other
mechanisms involved in regulating insulin secretion (37, 48).
Disrupting the equilibrium between the phosphorylation
and dephosphorylation of these substrates could result in
abnormal insulin secretion, which may explain why insulin
secretion was lower in the AKAP79 expressing b cells. For
example, development of Alzheimer’s disease is associated
with increased phosphorylation of Tau resulting from al-
tered targeting of PKA and PP-2B by AKAP79 (49). AKAP
targeting of PKA and PP-2B in b cells represents a mecha-
nism for regulating insulin secretion through balanced re-
versible phosphorylation of specific substrates.

In summary, we have found that insulin secretion can be
regulated by the reversible phosphorylation of b cell proteins
through the targeted effects of PKA and PP-2B.
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