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We previously identified and characterized a glutamate-
and magnesium-sensitive PP2A-like phosphatase (GAPP),
which dephosphorylated and activated acetyl-CoA car-
boxylase (ACC) in the islet ����� cell. Herein, we studied
potential regulatory mechanisms by which GAPP is acti-
vated by glutamate and magnesium, and also quanti-
tated the degree of activation, by glutamate- and mag-
nesium, of ACC in normal rat islets and islets derived
from the diabetic Goto–Kakizaki (GK) rat, a model for
type 2 diabetes in humans. Our findings indicate that
magnesium, but not glutamate, specifically activates
the post-translational carboxylmethylation (CML) of the
36 kDa catalytic subunit of GAPP. Okadaic acid (OKA),
which inhibits GAPP-mediated activation of ACC, also
reduced the magnesium-stimulated CML of the cataly-
tic subunit of GAPP in all the ����� cell preparations studied.
These data suggest that the CML step may be necessary
for magnesium- and glutamate-mediated activation of
ACC. We also observed a marked attenuation in magne-
sium- and glutamate-facilitated activation of ACC activ-
ity in islets derived from the GK rat. Together, our find-
ings raise an interesting possibility that inhibition of
GAPP-catalyzed inactivation of ACC (and subsequent
reduction in the generation of long-chain fatty acids)
could contribute toward the abnormalities in insulin
secretion demonstrable in this animal model for type
2 diabetes.
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Introduction

The molecular and cellular mechanisms underlying nutri-

ent-induced insulin secretion from the pancreatic � cell

remain partially understood. Previous data, however, favor

the postulation that phosphorylation and dephosphorylation

of endogenous proteins play modulatory roles in � cell stim-

ulus–secretion coupling (1–5). The phosphorylation status

of proteins is regulated by a balance of activities of protein

kinases and phosphatases. Although several earlier studies,

including our own, examined the roles for protein kinases

in insulin secretion, very little has been studied with regard

to the localization and regulation of protein phosphatases

in the pancreatic � cell (1–7).

The protein phosphatase 2A (PP2A) is a major serine–

threonine phosphatase, which has been implicated in the

regulation of many cellular events, including insulin secre-

tion from the pancreatic � cell (7–11). Typically, PP2A core

enzyme is a dimer consisting of a 36-kDa catalytic subunit

(PP2Ac) and a 65-kDa regulatory subunit. This dimer reacts

with one of the third variable component, structural B sub-

unit, culminating in the formation of the PP2A holoenzyme.

Even though the precise function of the variable subunit(s)

is unclear, it is speculated that it influences substrate speci-

ficity and/or subcellular localization of a given PP2A (12–

14). Reversible post-translational modifications of PP2Ac,

including phosphorylation and carboxylmethylation (CML)

have been described as regulatory mechanisms for PP2A in

multiple cell types, including the pancreatic islet (11,15–18).

The phosphorylation of tyrosine307 in the catalytic subunit

has been shown to inhibit the phosphatase activity (19,20).

Moreover, our recent findings in the � cell suggested that

methylation of the carboxy terminal leucine309 residue in the

catalytic subunit leads to a significant increase in the cata-

lytic activity of PP2A, presumably via increased holoenzyme

assembly (11). Recent data from Sjoholm and co-workers

(6,21–23) and from our own laboratory (24) have suggested

important regulatory roles for PP2A in nutrient-induced

insulin secretion. Together, these data indicated that inhibi-

tion of protein phosphatase activation leads to stimulated
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Palavinel (3058).p65 3/14/2005, 11:53 AM71



Glutamate-Activated Protein Phosphatase in the ����� Cell / Palanivel et al.72 Endocrine

insulin secretion, presumably by retaining key exocytotic

proteins in their active phosphorylated state (6,21–24).

Interestingly, protein phosphatases may also positively

modulate functions of several key proteins that are involved

in the intermediary metabolism of the islet � cell. For exam-

ple, the catalytic function of ACC, a lipogenic enzyme, is

regulated by phosphorylation–dephosphorylation (25,26).

ACC is inactivated by phosphorylation at multiple serine

residues [�79, �1200, and �1215] by AMP kinase (27,28).

It is reactivated upon dephosphorylation by a PP2A-like

activity. Using isolated hepatocytes, Gaussin et al. (29) de-

scribed a predominantly cytosolic, magnesium- and gluta-

mate-activated protein phosphatase that dephosphorylates

and activates ACC. Based on its subcellular distribution and

sensitivity to inhibitors, GAPP appears to be similar to PP2A.

Although such regulatory mechanisms for ACC activation

have been described in other cell types, it is not clear whether

similar mechanisms are operable in the islet � cell for the reg-

ulation of ACC. Along these lines, we have recently charac-

terized a glutamate- and magnesium-sensitive protein phos-

phatase 2A (PP2A)-like phosphatase, which catalyzed the

dephosphorylation and activation of ACC in the islet � cell

(30). Based on further experimental evidence, we have impli-

cated this phosphatase in insulin secretion (30). As a logi-

cal extension to our above studies (30), in the present report

we studied: (a) the glutamate- and magnesium-mediated

activation of ACC in multiple insulin-secreting cells, includ-

ing normal rat islets; (b) potential effects of glutamate and

magnesium on the CML of PP2Ac to determine whether such

a post-translational modification step is involved in GAPP-

mediated activation of ACC; and (c) the degree of activa-

tion and functional status of glutamate- and magnesium-

mediated activation of ACC in islets derived from the GK

rat, an animal model for type 2 diabetes in humans.

Results

Glutamate and Magnesium Activate

ACC in Insulin-Secreting Cells

Our earlier studies demonstrated significant activation

of ACC activity by glutamate and magnesium in lysates de-

rived from normal rat islets and human islets (30). We also

reported that such a stimulation of ACC activity by magne-

sium and glutamate is mediated via activation of an OKA-

sensitive PP2A-like phosphatase, which dephosphorylated

ACC (30). Data in Fig. 1 demonstrate that a combination of

glutamate and magnesium markedly increased the activity

of ACC in lysates derived from RIN, HIT, INS, and �TC3

cells. Such an activation by magnesium and glutamate ranged

between 4.5- and 7.5-fold in these cells.

Magnesium, But Not Glutamate,

Increases the Carboxylmethylation

of PP2Ac in INS Cells and Normal Rat Islets

Using OKA, which specifically inhibits the PP2A fam-

ily of protein phosphatases in nM concentrations, we have

reported earlier that glutamate- and magnesium- mediated

activation of ACC involves the intermediacy of a PP2A-

like protein phosphatase (30). Further evidence for such a

formulation was obtained by immunoneutralization stud-

ies in which preincubation of � cell lysates with an antiserum

directed against PP2Ac markedly reduced the ability of

glutamate and magnesium to stimulate the ACC activity.

Together, these data pointed out that the putative phospha-

tase might belong to the PP2A subfamily. Data from mul-

tiple laboratories (31,32), including our own (11), demon-

strated that the catalytic subunit of PP2A (PP2Ac) under-

goes post-translational methylation at its carboxyl terminal

leucine and that such a signaling step promotes the forma-

tion of holoenzyme assembly and subsequent increase in

the catalytic activity of this protein. Therefore, in the next

series of experiments, we examined whether glutamate- and

magnesium-mediated activation of ACC involves their reg-

ulation of the CML of PP2Ac.

Data in Fig. 2A indicate no significant effect of glutamate

on the CML of PP2Ac. In contrast, magnesium markedly

(nearly 2.5-fold) stimulated the CML of PP2Ac. Further-

more, a combination of glutamate and magnesium exerted no

additional stimulatory effects on the CML of PP2Ac beyond

the effects seen in the presence of magnesium alone. In addi-

tion, a profound inhibition in the CML of PP2Ac was seen

in the presence of OKA under all experimental conditions

Fig. 1. Glutamate- and magnesium-mediated activation of ACC
in insulin-secreting cells. ACC activity was assayed in lysates from
various insulin-secreting cells (RIN, HIT-T15, INS, and �TC-3).
Glutamate (50 mM) and/or magnesium (10 mM) were included in
the assay mixture. ACC activity units were expressed as n moles
of malonyl–CoA formed per minute per mg � cell protein. Data in
open bars represent control values, and those in solid bars repre-
sent values obtained in the presence of glutamate and magnesium.
Data are mean ± SEM from two independent experiments carried
out in triplicate. *Represents p < 0.05 vs control values obtained
in the absence of glutamate and magnesium.
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studied. These findings further strengthen our formulation

that the C-terminal domain of PP2Ac is critical for GAPP

function because OKA binds specifically to this region, there-

by impeding the CML step (9,11). It may also be pointed out

that OKA markedly reduced glutamate- and magnesium-

mediated stimulation of ACC activity under identical con-

ditions in which it inhibited the CML of PP2Ac (Fig. 2A).

These data further support the hypothesis that CML of the

catalytic subunit of GAPP may be necessary for its activa-

tion and subsequent dephosphorylation of ACC. Virtually

identical effects of magnesium and glutamate were seen on

the CML of PP2Ac in lysates derived from normal rat islets

(Fig. 2B). Together, our findings indicate that one of the pri-

mary effects of magnesium, but not glutamate, include acti-

vation of the CML of the catalytic subunit of GAPP. These

findings also support earlier reports of divergent mechanisms

of regulation of ACC activation by glutamate and magne-

sium in other cell types (see Discussion below).

Glutamate- and Magnesium-Mediated Activation

of ACC is Markedly Reduced in Islets Derived

from the Goto–Kakizaki Rat

Together, our above findings indicate that glutamate and

magnesium activate ACC, which catalyzes the formation of

malonyl–CoA, a precursor in the biosynthesis of long-chain

fatty acids, which have been implicated in physiological

insulin secretion (33,34). Therefore, in the current study, we

examined the functional activation of ACC by glutamate

and magnesium in islets derived from the GK rat, a model

for type 2 diabetes to determine whether insulin secretory

abnormalities demonstrable in these animals are attributa-

ble at least in part to potential defects in glutamate- and mag-

nesium-mediated activation of ACC. Data in Fig. 3 dem-

onstrate significant stimulation by magnesium and glutamate

of ACC activity in islet lysates from the control Wistar rats.

However, glutamate and magnesium failed to augment ACC

activity in islet lysates from the GK rat, suggesting poten-

tial abnormalities in GAPP-mediated ACC activation in GK

islets.

Fig. 2. Magnesium, but not glutamate, stimulates the carboxyl-
methylation of PP2Ac in INS-1 cells (A) and normal rat islets in
an OKA-sensitive manner (B). The carboxylmethylation of the
36-kDa catalytic subunit was measured in lysates from INS-1 cells
(A) or normal Sprague–Dawley rat islets (B) using 3HS-adenosyl-
methionine as the methyl donor. Degree of the carboxylmethy-
lation was determined by vapor-phase equilibration assay (see
Methods for additional details). Magnesium (10 mM), glutamate
(50 mM), and/or OKA (50 nM) were present as indicated. Data are
expressed as percentage of control and are mean ± SEM from
three individual experiments in triplicate. *Represents p < 0.05 vs
control.

Fig. 3. Glutamate- and magnesium-mediated activation of ACC
is markedly reduced in islets derived from the GK rat. ACC activ-
ity was assayed in lysates derived from Wistar (control) and GK
rats as described under Methods. Glutamate (50 mM) and/or mag-
nesium (10 mM) were included in the assay mixture. ACC activity
units were expressed as n moles of malonyl–CoA formed per min-
ute per mg islet protein. Data in open bars represent control values
and those in solid bars represent values obtained in the presence
of glutamate and magnesium. Data are mean ± SEM from three
individual determinations. *Represents p < 0.05 vs control values
obtained in the absence of glutamate and magnesium.
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The CML of the Catalytic Subunit of PP2A

Is Also Markedly Reduced in Islets Derived

from the Goto–Kakizaki Rat

In the next series of experiments, we asked if the reduc-

tion in glutamate- and magnesium-stimulated ACC activity

in the GK islets is due to alterations in the CML status of the

catalytic subunit of PP2A in the GK islet. To examine this

relative degree of CML, PP2Ac was quantitated in lysates

from Wistar and GK islets using [3H]SAM as the methyl

donor (see Methods for additional details). Data in Fig. 4

indicate a marked reduction (30%) in the CML of PP2Ac in

the GK islet. Together, our findings suggest potential alter-

ations in glutamate-and magnesium-mediated functional

activation of ACC in the diabetic GK islet. It appears that the

CML status of the catalytic subunit of the putative phospha-

tase could contribute to such a functional defect in the dia-

betic islet (see below).

Discussion

One of the major aims of the current study was to under-

stand potential regulatory mechanisms involved in gluta-

mate- and magnesium-mediated activation of ACC activity

in the islet � cell. Salient features of our current study are

(a) glutamate- and magnesium-mediated activation of ACC

is demonstrable in all insulin-secreting cells studied; (b)

the mechanism of activation of ACC by magnesium, but not

glutamate, might involve the post-translational CML of the

catalytic subunit of GAPP, which we have shown to dephos-

phorylate and activate ACC; and (c) glutamate- and mag-

nesium-mediated activation of ACC is markedly reduced

in islets derived from the GK rat, an animal model for type

2 diabetes in humans.

Using HIT-T15 cells, we demonstrated previously (30)

that a combination of glutamate and magnesium stimulates

a PP2A-like protein phosphatase activity, and that such a

phosphatase mediates the dephosphorylation and activation

of ACC. Such a phosphatase was sensitive (30) to classical

inhibitors of PP2A, such as OKA and microcystine (9,11,

35). Furthermore, an antiserum directed against PP2Ac sig-

nificantly attenuated GAPP-mediated activation of ACC

(30). Together, these data suggested that GAPP represents

a PP2A-like phosphatase. The current study not only exam-

ined its regulation by post-translational CML, but also iden-

tified a potential defect in this activity in islets harvested

from the diabetic GK rat.

Several previous studies (31,32), including our own in

the pancreatic � cell (11), suggested important roles for post-

translational CML of the catalytic subunit in the functional

regulation of PP2A-like protein phosphatases. Although

activation of its catalytic activity per se by CML is still

debated (17,36,37), it is widely believed that this modifica-

tion facilitates the formation of PP2A holoenzyme (17,38).

In the present study, we have provided evidence to indicate

that magnesium, but not glutamate, stimulates the CML of

PP2Ac. Even though our earlier studies (30) in � cells have

demonstrated significant potentiating effects of glutamate

on GAPP-mediated activation of ACC, a combination of

glutamate and magnesium had no appreciable effects on the

CML of PP2Ac. These findings raise an interesting possi-

bility that glutamate could exert regulatory effects on ACC

at a step distinct from the CML, including direct alloste-

ric effects on ACC. Such a formulation is compatible with

earlier data from Boone’s laboratory, which suggested that

glutamate might induce ACC activation through comple-

mentary actions of phosphatase activation as well as a direct

allosteric ligand for dephosphorylated ACC (39). Additional

studies are required to further verify these postulations in

isolated � cells.

Our current findings also suggest significant abnormali-

ties in the glutamate- and magnesium-mediated activation

of ACC in islets derived from the GK rat. We observed very

little stimulation of ACC in the presence of magnesium and

glutamate in GK islets. To the best of our knowledge, this

study is the first to demonstrate potential defects in PP2A-

like enzymes in the diabetic � cell. It remains to be verified

whether the abnormalities in such an activation step, which

is mediated by GAPP, lie at the level of PP2A subunit expres-

sion or at the level of CML of PP2Ac in diabetic rat islets.

Based on the evidence that we described herein (Fig. 4), it is

likely that the CML status of PP2Ac could contribute toward

the observed defect in glutamate- and magnesium-mediated

activation of ACC in the GK islet. Future studies will need

Fig. 4. The CML of PP2Ac is reduced in islets derived from the
GK rat. The CML of PP2Ac was quantitated in lysates from Wistar
and GK islets using [3H]SAM as the methyl donor (see Methods
for additional details). Relative degree of incorporation of methyl
groups into the carboxyl terminal leucine of PP2Ac was quanti-
tated by base-labile methanol assay. Data are expressed as units;
defined as the amount of base-labile methanol released per µg
islet protein. They represent mean ± SEM from three individual
measurements. *Represents p < 0.05 vs control values obtained
using Wistar islet lysates.
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to examine whether such reductions are attributable to de-

creased expression and/or functional activation of leucine

carboxylmethyltransferase in the diabetic � cell.

Considerable degree of controversy still exists with regard

to a “second messenger” role[s] for glutamate in physiolog-

ical insulin secretion (40,41). Recent data from MacDonald’s

laboratory estimated (42) intracellular glutamate levels to

be around 10 mM (recalculated based on estimated intraislet

volume of 1 nL and a protein concentration of 0.5 µg/islet).

Furthermore, it has been shown that exposure of isolated

islets to stimulatory glucose concentrations had minimal

effects on intracellular glutamate levels (42), albeit data from

other laboratories suggest the contrary (43). Nonetheless,

estimated intracellular glutamate levels exceeded 80–100

mM in islets exposed to glutamine in the absence or presence

of leucine (recalculated based on data given in ref. 42). Our

current findings of regulation of GAPP-mediated activation

of ACC raise an interesting loci for glutamate’s action in iso-

lated � cell. We also suggest that it is not constitutively active

in the islet, but requires an appropriate signal, including

magnesium-mediated activation of its CML, for full func-

tional activation of GAPP. Also, it should be kept in mind

that such an activity is also finely controlled by other fac-

tors endogenous to the islet � cell, including the membrane-

associated, heat-resistant, and trypsin-sensitive factors that

we have identified to be present in the � cell membrane

fraction (30).

In conclusion, our current studies indicate that glutamate-

and magnesium-mediated (i.e., GAPP-catalyzed) activation

of ACC is operable in all insulin-secreting cells studied.

Furthermore, our data suggest that activation of GAPP by

glutamate and magnesium may, in part, be due to activation

of its post-translational CML. Based on earlier data, we sug-

gest that the role of glutamate is rather bimodal, in that it

activates the phosphatase activity and also serves as a direct

allosteric ligand for the dephosphorylated ACC as originally

proposed by Boone et al. (39). Finally, our data suggest a

significant functional impairment in glutamate- and mag-

nesium-mediated activation of ACC in the diabetic islet,

which, in turn, could lead to an inhibition of biosynthesis

of malonyl–CoA, a precursor for long-chain fatty acids, and

subsequent insulin secretion. It is important to note that we

observed comparable levels of ACC activity in the control

and GK rat islets, and its ability to undergo activation by

glutamate and magnesium, however, was markedly reduced

in the GK islet. At least based on the information that we

have at hand, it seems likely that the reduction in the acti-

vation of ACC in the diabetic islet may be due to alterations

in the complexation of ACC with its putative phosphatase

holoenzyme complex; such an interaction might well be

under the control of the CML status of its catalytic subunit.

Future studies will need to address these aspects governing

potential interactions and cross-talk between ACC and its

kinase-phosphatase cascade.

Materials and Methods

Materials

[14C]Bicarbonate (50 mCi/mmol) and adenosyl-L-[3H-

methyl]methionine 3H[SAM] were from NEN Life Science

Products (Boston, MA). Okadaic acid was from Biomol (Ply-

mouth Meeting, PA). Acetyl–CoA was from Sigma (St. Louis,

MO). All other reagents used in this study were of highest

purity available.

Sources of Clonal ����� Cells

and Isolation of Cytosolic Fractions

HIT cells (passage 72) and RIN cells were purchased from

American Type Culture Collection (Manassas, VA, USA).

INS-1 cells were provided by Dr. GuoDong Li (Cardiovas-

cular Research Institute, National University of Singapore,

Singapore). �TC3 cells were provided by Dr. Shimon Efrat

(Sackler School of Medicine, Tel Aviv University, Tel Aviv,

Israel). Clonal � cells were cultured as previously described

(44,45). The cytosolic fractions from insulin-secreting cells

were obtained by centrifugation of homogenates at 105,000g

for 90 min (Ultima TL-100, Beckman, Palo Alto, CA) as

described in refs. 46 and 47.

Isolation of Islets from Control and Diabetic Rats

Pancreatic islets were isolated from male Sprague–Daw-

ley rats (200–250 g body weight) by collagenase digestion

method as we previously described (48). Islets were manu-

ally picked twice under stereomicroscopic control to avoid

any contamination by exocrine acinar tissue. GK rats were

generously provided by Dr. Robert Farese (Tampa, FL). They

were provided to our laboratory (at the Veterans Affairs

Medical Center, Madison, WI) at the age of 8 wk and were

then housed at our animal care facility. Offspring were

allowed to reach the ages of 8–14 wk, when they were stud-

ied in parallel with age- and sex-matched Wistar rats (Har-

lan, Indianapolis, IN). As indicated in (ref. 48) islets were

isolated by collagenase digestion from control (Wistar) and

diabetic (GK) rats. In brief, pancreases were inflated with

collagenase solution (1 and 2 U/mL for Wistar and GK rats,

respectively) in Hanks’ balanced salt solution supplemented

with 1% fetal bovine serum. After digestion with collage-

nase, islets were washed twice, passed through mesh (92-

µm pore size), and then purified on a Ficoll gradient. Islets

were then hand picked twice under stereomicroscopic con-

trol, to exclude extraislet debris. Also, as indicated in our

earlier studies (48), we made certain to isolate islets with

grossly normal size and appearance to minimize any extrin-

sic artifacts of the isolation procedure and abnormal pan-

creatic morphology. Islets from control Wistar and diabetic

GK rats were homogenized in a buffer consisting of 230 mM

mannitol, 70 mM sucrose, and 5 mM HEPES, pH 7.4, con-

taining 1 mM EGTA, 1 mM DTT, and 2.5 µg/mL each of leu-

peptin and pepstatin. All the experimental protocols involv-

ing the use of isolated islets from control Wistar rats and the
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diabetic GK rats were approved by the appropriate Animal

Care and Use Committee.

Assay of Acetyl–CoA Carboxylase

ACC activity was assayed in � cell lysates by the [14C]bi-

carbonate fixation assay as we described in ref. 30. The reac-

tion mixture [total volume; 200 µL] consisted of 60 mM

HEPES, pH 7.5, 1.2 mM DTT, 300 µM acetyl–CoA, 3 mM

sodium citrate, fatty-acid-free bovine serum albumin (1 mg/

mL final concentration), and � cell protein, as indicated in

the text. Magnesium and glutamate were included in the

appropriate concentrations noted in the text. The reaction

was initiated by the addition of [14C]sodium bicarbonate

(18 mM final, 2 µCi per tube) and was carried out at 37°C

for 30 min. The reaction was terminated by the addition of

perchloroacetic acid. The contents of the tube were mixed

vigorously and left on ice for 15 min, then spun at 9300g

for 8–10 min in an Eppendorf centrifuge. Next, 200 µL of

the supernatant was transferred into a scintillation vial and

dried under mild heat. Residue in the vial was dissolved in

400 µL distilled water, and radioactivity was quantitated

by scintillation spectrometry. The specific activity of ACC

was expressed as nanomoles of malonyl–Co A formed per

min/mg protein.

Carboxylmethylation of PP2Ac

The reaction mixture (100 µL) consisted of 100 mM Tris-

HCl, pH 7.5, 1 mM EDTA, 4 mM DTT, and � cell protein

(25–30 µg). The reaction was initiated by the addition of
3HSAM (100 µCi/mL; 0.7 µM) and continued for 60 min at

37°C as indicated in the text. The reaction was terminated

by the addition of SDS-PAGE sample buffer, and labeled

proteins were separated by SDS-PAGE and identified by

base-labile methanol release assay (see below).

Vapor-Phase Equilibration Assay

The �-carboxyl methyl group on the leucine-309 residue

of modified PP2Ac is base labile (18,31,49,50). To quan-

tify this labeling, individual lanes of dried gels were cut in

to slices (3–5 mm) and placed in 1.5 mL Eppendorf tubes

(without caps) containing 350–500 µL of 1 N NaOH. Tubes

were then placed in 20 mL scintillation vials containing 5

mL scintillant (Ultima Gold, Packard Instrument Co, Mer-

iden, CT), and the vials were then capped and left at 37°C

overnight to facilitate the base-catalyzed hydrolysis of me-

thyl esters and the equilibration of released [3H]methanol.

After the incubation, the tubes were gently removed from

the vials, and the sides of the tubes were rinsed (into the

vials) with an additional 2 mL scintillant; the radioactivity

was quantitated by scintillation spectrometry (51,52).

Other Methods

Protein was assayed by a dye-binding method as described

in ref. 53. Significance of differences between the control

and experimental groups was determined by Student’s t-test.

A p value <0.05 was considered significant.
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