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Abstract

We have examined the expression of A-kinase anchoring protein (AKAP) in the three major salivary glands, i.e. the parotid gland (PG),

submandibular gland (SMG), and sublingual gland (SLG), of the rat to elucidate the functional relevance between saliva secretion and

Naþ,Kþ-ATPase regulation by protein kinase A (PKA)-dependent phosphorylation, since an AKAP subtype, AKAP-150, is known to be

involved in the regulation of the ATPase in PG. Although AKAP-150 and its mRNA were clearly detected in the PG, they were hardly

detectable in either the SMG or SLG. The membrane-bound form of the RII regulatory subunit of PKA, an index for the total amount of

AKAP subtypes and therefore of the anchored PKA holoenzyme, was also undetectable in membranes from the SMG and SLG but was

found in the PG; though a substantial and comparable amount of Naþ,Kþ-ATPase was present in all of these membrane preparations.

Incubation with [g-32P]ATP revealed that Naþ,Kþ-ATPase in the PG membranes was quickly phosphorylated upon the addition of cAMP,

whereas the ATPases in the membranes from SMG and SLG were not; though they were readily and equally phosphorylated by the

exogenously added PKA catalytic subunit. AKAP-150 in the basolateral membranes of PG acinar cells was co-immunoprecipitated with

RII by an anti-RII antiserum; and AKAP-150 and Naþ,Kþ-ATPase were immunohistochemically co-localized predominantly on the

basolateral membranes, suggesting a possibility that the ATPase might directly interact with the AKAP to form an ATPase/AKAP/PKA

complex or associate with the AKAP, such association being mediated via some scaffolding molecule. Expression of AKAP-150 and

quick down-regulation of Naþ,Kþ-ATPase by AKAP-anchored PKA in response to cAMP elevation are characteristics specific to PG

among the three major salivary glands, suggesting the presence of PG-specific regulatory mechanisms for saliva production/secretion.

# 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Naþ,Kþ-ATPase is a typical membrane-bound enzyme,

and consists of at least two subunits, the catalytic a subunit

and the glycosylated b subunit [1–6]. By utilizing the

energy of one molecule of ATP, Naþ,Kþ-ATPase produces

an electrochemical gradient/membrane potential across the

plasma membrane by pumping three Naþ ions out of and

two Kþ ions into the cell [7,8]. Naþ,Kþ-ATPase is also

important for homeostasis of epithelial fluid and electrolyte

secretion. In the PG, for example, fluid secretion is
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regulated by the combined action of four membrane trans-

port systems, i.e. Naþ,Kþ-ATPase, Naþ-Kþ-2Cl� cotran-

sporter, and Ca2þ-activated Kþ channel in basolateral

membranes, and an apical conductive pathway for Cl�,

presumably involving Ca2þ-activated Cl� channel [9].

Naþ,Kþ-ATPase activity in intact cells was reported to

be inhibited by a protein phosphatase inhibitor, phospho-

DARPR-32 (phosphorylated form of a dopamine and

cAMP-regulated 32-kDa protein) [10]. Purified Naþ,

Kþ-ATPase was shown to be phosphorylated in vitro by

the catalytic subunit of PKA, resulting in a decrease in its

activity [11]. Naþ,Kþ-ATPase was also phosphorylated in

vivo when cells were treated with forskolin [12,13] and

cAMP analogues [14,15]. Thus, Naþ,Kþ-ATPase is

thought to be down-regulated by cAMP via PKA-depen-

dent phosphorylation [11].

cAMP is known to be one of the major intracellular

messengers, and its level is elevated by a wide variety of

intercellular signaling molecules, such as hormones, neu-

rotransmitters, and growth factors [16–18]. However, since

the PKA catalytic subunit has rather broad substrate spe-

cificity, various proteins can be phosphorylated in vitro by

the kinase regardless of the physiological significance.

Non-specific phosphorylation of cellular proteins was also

observed in vivo by the treatment of cells with membrane-

permeable cAMP analogues or forskolin [11–15]. There-

fore, for transducing physiological signals, the cAMP/

PKA-dependent phosphorylation system must have some

mechanism for the preferential phosphorylation of its

specific target substrate in vivo. Coghlan et al. [19],

Mochly-Rosen [20], and Scott et al. [21–23] demonstrated

the role of AKAP, a specific protein that anchors the PKA

regulatory subunit RII (and thereby the catalytic subunit

bound to RII) on the membrane near its specific target

proteins. Since then various AKAP subtypes have so far

been identified in various types of cells and shown to

associate with cellular and intracellular membrane struc-

tures [23,24]. Recently, Dodge and Scott [25] expanded the

role of AKAPs to members of multiunit complexes, kinase/

phosphatase scaffolding units, containing both upstream

activators and downstream targets.

In a previous study [26], we demonstrated that Naþ,

Kþ-ATPase in basolateral membrane vesicles prepared

from acinar cells of the rat PG was much more efficiently

phosphorylated by endogenous membrane-bound PKA

upon the addition of cAMP than by the addition of an

excess of exogenous PKA catalytic subunit and that the

endogenous PKA was associated with the membrane by

being anchored via AKAPs.

In the present study, we examined the mRNA and

protein levels of three AKAP subtypes, i.e. AKAP-95,

AKAP-150, and AKAP-220, in the SMG, SLG, and

PG of rats to investigate the role of AKAPs in the

Naþ,Kþ-ATPase regulation and saliva production/secre-

tion in those glands. Localization of both AKAP-150 and

Naþ,Kþ-ATPase in PG acinar cells was also examined by a

histochemical method. Expressions of AKAP-95 and

AKAP-220 genes were very low in all three salivary

glands. Although AKAP-150 was clearly detected in whole

PG homogenates and in membranes prepared from the PG,

both AKAP-150 mRNA and AKAP-150 protein were

unexpectedly quite low in both the SMG and SLG. The

results of the present study indicate that AKAP-150

expression and the regulation of Naþ,Kþ-ATPase by

AKAP-150-anchored PKA are characteristics rather spe-

cific to the PG among the three major salivary glands.

2. Materials and methods

2.1. Animals

Male Wistar strain rats were purchased from Tokyo

Laboratory Animals Science Co, Ltd. All experiments were

carried out in accordance with the guidelines for animal

experiments of Kyoto University (1988). All animals were

sacrificed at 10 weeks of age in all of the experiments.

2.2. Preparation of membrane vesicles from

salivary glands

Membrane vesicles of the PG were prepared by the

method of Manganel and Turner [27]. The tissue was

homogenized for 10 s at power level 5 in 10 mM

HEPES/Tris (pH 7.4), 10% sucrose, 1 mM EDTA, and

0.1 mM phenylmethylsulfonylfluoride (PMSF) with a

Polytron (Kinematica Model PT-2000 and aggregate

PTA Type 10S). The homogenate was centrifuged at

2500 g for 5 min at 48, after which the supernatant was

filtered through a fine 155-mm nylon mesh and centrifuged

at 22,000 g for 20 min at 48. The pellet was suspended in

the same buffer to 10 mL/g of starting parotid tissue.

Percoll was added to this suspension for a final concentra-

tion of 16%. This material was centrifuged in 15-mL

aliquots at 41,500 g for 40 min at 48. The small band on

top of the dense white band was collected and diluted

10-fold with 10 mM HEPES buffer containing 100 mM

mannitol, 100 mM KCl, and 1 mM EDTA after which the

suspension was adjusted to pH 7.4 with Tris. The mem-

brane vesicle suspension was then washed and stocked

after having been resuspended in the same buffer. Mem-

brane vesicles of SMG and SLG were prepared by the

method of Jorgensen [1]. Protein content was determined

by use of a protein assay kit (Bio-Rad) with BSA serving as

a standard [28].

2.3. Phosphorylation of Naþ,Kþ-ATPase in

membrane vesicles

Membrane vesicles were incubated for 30 s at 378
with 40 mM [g-32P]ATP (10 Ci/mmol) in a 40-mL incu-

bation mixture containing 20 mM CH3COONa, 60 mM
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CH3COOK, 60 mM KCl, 10 mM (CH3COO)2Mg, 1 mM

EGTA, 100 mM mannitol, 0.0025% Triton X-100, 10 mM

HEPES (adjusted to pH 7.4 with Tris), and 10 mM cAMP

(or 16 U PKA catalytic subunit). After the reaction had

been stopped by the addition of 200 mL of 18% trichlor-

oacetic acid, the resulting precipitate was washed with

distilled water and boiled with SDS–PAGE buffer contain-

ing 0.0625 M Tris–HCl (pH 6.8), 1% SDS, and 2.5%

2-mercaptoethanol. The sample was applied to an SDS–

PAGE (4–20% gradient gel) according to Laemmli [29].

The phosphorylation pattern of membranes was examined

by autoradiography.

2.4. Detection of [E2-P] complex of Naþ,Kþ-ATPase

Radioactive phosphate labeling of the [E2-P] complex

(form of Naþ,Kþ-ATPase transiently phosphorylated at

Asp-371 of its a subunit [4]) was carried out as described

earlier [30,31]. Eight micrograms of membrane vesicles

was incubated at 208 for 5 min with 10 mM Tris (pH 7.25),

3 mM MgCl2 containing 0.005 mg/mL SDS. The mem-

brane vesicles were incubated for 20 s at 08 with 40 mM [g-
32P]ATP (10 Ci/mmol) in a 40-mL incubation mixture also

containing 140 mM NaCl, 4 mM ouabain, or 70 mM KCl.

The reaction was stopped by adding SDS–PAGE sample

buffer. These samples were blotted onto a PVDF filter after

having been separated by SDS–PAGE. An autoradiogram

was prepared from the blotted filter.

2.5. RNA preparation

Total RNAs were prepared by the method of Chomc-

zynski and Sacchi [32] using AGPC. Approximately

100 mg amounts of rat salivary glands and brain were

separately homogenized in 2 mL of guanidinium thiocya-

nate denaturing solution with the Polytron-aggregate. The

homogenate was mixed with 0.2 mL of 2 M CH3COONa

(pH 4.0), 2 mL of water-saturated phenol, and 0.4 mL of

49:1 chloroform/isoamyl alcohol, stood for 15 min on ice,

and then centrifuged. RNAs in the aqueous phase were

precipitated with isopropanol. These RNAs were dissolved

in denaturing solution again and reprecipitated with iso-

propanol. RNA precipitates were washed with 75% EtOH,

air-dried, and dissolved in water.

2.6. Reverse transcriptase–polymerase chain reaction

(RT–PCR) and DNA sequencing

RT–PCR was carried out with an RNA PCR Kit (AMV)

Ver. 2.1 Code # R019A (Takara Shuzo Co, Ltd. Biomedical

Group). Based on the cDNA sequences registered in the

Query Gene Bank Database, National Center for Biotech-

nology, primer pairs were designed and prepared for three

AKAP subtypes of rats, i.e. AKAP-95, AKAP-150, and

AKAP-220. Primers used to detect isoforms of rat AKAP

were the following: AKAP-95, 50-GCTATGCATGTGGCC-

TCTTT-30 (nucleotide positions 220–239) and 50-TACA-

GGGCCTGGAGTCGTAG-30 (399–418); AKAP-150, 50-
CAGGAAGCAAGTGTGCTTGA-30 (1239–1258) and 50-
GCGCAGTCTCTCCTGATTTC-30 (1418–1437); AKAP-

220, 50-CGTGACCTTCACAGCAAAGA-30 (5352–5371)

and 50-TCCTGAGGGACGAAACAAAG-30 (5532–5551).

The glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

primer pair used to examine the quality and amounts of

prepared mRNA was the following: 50-TCCCTCAA-

GATTGTCAGCAA-30 (506–525) and 50-AGATCCA-

CAACGGATACATT-30 (795–814) [33]. Total RNA

(1.25 mg each) from salivary glands was used for the RT–

PCR, and PCR was performed with a Gene Amp 9600 PCR

System (Perkin Elmer) according to the following schedule:

denaturation, annealing, and elongation at 948 for 30 s, 608
for 30 s, and 728 for 90 s, respectively, for 30 cycles.

For the sequence analysis, PCR products were ream-

plified with the above primers in the presence of a dye

terminator (BigDye Terminator Cycle Sequencing FS

Ready Reaction Kit, #4303573, Perkin Elmer). The

DNA sequences were analyzed with an ABI PRISMTM

310 Genetic Analyzer (Perkin Elmer).

2.7. Preparation of anti-a1 antiserum

An anti-a1 antiserum was prepared by the method

described previously [26,34,35]. In brief, membrane-bound

Naþ,Kþ-ATPase was prepared from whole kidneys of male

rats by the method of Jorgensen [1]. The a1 subunit was

then separated from the membrane-bound Naþ,Kþ-ATPase

by SDS–PAGE (5% acrylamide) using Laemmli’s buffer

system [29]. Anti-a1 antiserum was obtained by immuniz-

ing a rabbit with the a1 subunit protein.

2.8. Western blot analysis of Naþ,Kþ-ATPase, AKAPs,

and PKA RII regulatory subunit

Samples were subjected to SDS–PAGE, and the sepa-

rated proteins were electrophoretically transferred onto

PVDF membrane filters in 200 mM glycine, 25 mM Tris,

10% methanol [36]. The filters were then stained immu-

nochemically with the anti-a1 antiserum, anti-AKAP-95, -

150, or -220 antiserum, or anti-RII antiserum. In brief,

filters were blocked with 5% skimmed milk in T-TBS

(10 mM Tris–HCl, pH 7.4, containing 150 mM NaCl and

0.05% Tween 20) at room temperature for 45 min and then

incubated for 2 hr with the anti-a1 antiserum, anti-AKAP

antisera, or anti-RII antiserum in T-TBS containing 5%

skimmed milk. After having been washed with T-TBS,

these filters were incubated for 1 hr with anti-rabbit IgG

goat serum-horseradish peroxidase (HRP) to stain the

Naþ,Kþ-ATPase a subunit or incubated with anti-goat

IgG donkey serum-HRP to stain AKAPs and the PKA

RII regulatory subunit. The filters were then washed, and

the signal was detected with ECLþ plus Western blotting

detection reagents (Amersham).

K. Kurihara et al. / Biochemical Pharmacology 66 (2003) 239–250 241



2.9. Co-immunoprecipitation of AKAP-150 with PKA

regulatory subunit

Membrane vesicles were solubilized in lysis buffer (1%

Triton X-100, 0.5% Nonidet P-40, 150 mM NaCl, 5 mM

EDTA, 50 mM NaF, 40 mM sodium pyrophosphate, 50mM

KH2PO4, 10 mM sodium molybdate, 2 mM sodium ortho-

vanadate, 6 mM dithiothreitol, 300 mM PMSF, 100 mM

L-tosylamido-2-phenylethyl-chloromethyl ketone, 1.5 mM

pepstatin, 1.5 mM leupeptin, and 20 mM Tris–HCl, pH

7.4). Anti-RII antibody was preconjugated to protein G

beads as follows: protein G beads were first washed with

lysis buffer containing 1% ovalbumin. Then, the beads

were incubated for 1 hr with anti-RII antibody or preim-

mune goat serum in the lysis buffer containing ovalbumin

and washed with the same buffer. The protein G beads

preconjugated with anti-RII IgG were mixed with the

lysate of membranes and incubated for 4 hr at 48. The

beads were collected by centrifugation (10,000 g for 1 min

at 48) and washed three times with lysis buffer, with the

tube being exchanged for a new one for the last wash. The

final pellet of beads was extracted with SDS–PAGE sample

buffer and then applied to SDS–PAGE. The separated

proteins were transferred to a PVDF filter electrically,

and AKAP-150 was detected by Western blot analysis

with anti-AKAP-150 antibody.

2.10. Immunohistochemical study

Male Wistar strain rats of 200–250 g body weight were

anesthetized by an intraperitoneal injection of sodium

pentobarbital (50 mg/kg body weight) and sacrificed by

transcardial perfusion with cold physiological saline. They

were then further fixed by transcardial perfusion with 4%

paraformaldehyde in 0.1 M phosphate buffer (pH 7.2).

After perfusion, PG was dissected out and immersed in

the same fixative for 4 hr at 48. The tissue blocks, after

having been rinsed overnight in phosphate buffer contain-

ing 30% sucrose, were cut on a cryostat into 15-mm

sections and then mounted onto gelatin-coated slides.

The sections were treated first with 0.03% Triton X-100

in PBS. After having been washed in PBS, they were

incubated with a mixture of anti-AKAP-150 goat poly-

clonal and anti-Naþ,Kþ-ATPase a1 rabbit polyclonal

antibodies [26,34,35] diluted at 1:200 overnight at room

temperature, following pretreatment with 5% normal

porcine serum (Dakopatts). For immunodetection, the

sections were incubated with the mixture of Cy3-con-

jugated anti-goat IgG and FITC-conjugated anti-rabbit

IgG (Jackson Immuno Research Laboratories, Inc.) at

1:100 for 1 hr. After having been washed in PBS, the

sections were mounted in glycerol for observation under

a fluorescence microscope (BX-50/BX-FLA, Olympus).

By use of the appropriate excitation filters, the immu-

nostained portions of the cells were visualized in red for

Cy3, green for FITC, and yellow for both. For a control,

normal rabbit serum or PBS was used instead of the

primary antibody.

2.11. Reagents

ATP-Tris salt and PKA catalytic subunit (P-8289) were

purchased from Sigma Chemical Co. Precast Tris-glycine

and tricine polyacrylamide gels were obtained from

Novex. Anti-AKAP-95, -150, -220 antibodies and anti-

goat IgG-HRP were purchased from Santa Cruz Biotech-

nology, Inc. Anti-PKA RII subunit antibody was obtained

from Upstate Biotechnology. HT-31 peptide (Asp-Leu-

Ile-Glu-Glu-Ala-Ala-Ser-Arg-Ile-Val-Asp-Ala-Val-Ile-

Glu-Gln-Val-Lys-Ala-Ala-Gly-Ala-Tyr) and HT-31P pep-

tide (Asp-Leu-Ile-Glu-Glu-Ala-Ala-Ser-Arg-Pro-Val-Asp-

Ala-Val-Pro-Glu-Gln-Val-Lys-Ala-Ala-Gly-Ala-Tyr; Carr

et al. [37]) were synthesized by Sawady Technology Co,

Ltd.

3. Results

3.1. mRNAs and proteins for AKAPs in

PG, SMG, and SLG

By the RT–PCR method we examined the mRNA levels

for AKAP subtypes AKAP-95, AKAP-150, and AKAP-

220, in the three major salivary glands of rats. With all of

the primer pairs for those AKAP subtypes, DNA products

of the expected sizes (199, 199, and 200 bp for AKAP-95,

AKAP-150, and AKAP-220, respectively) were obtained

when RT–PCR was carried out with RNAs prepared from

rat brain used as a positive control. In the PG, mRNAs for

all three subtypes of AKAP were detected, though the

mRNAs of the other AKAPs, especially AKAP-220, were

less abundant than the AKAP-150 mRNA (Fig. 1A). In the

SMG and SLG, mRNA levels for all of the AKAP subtypes

were quite low compared with those in the PG, when

1.25 mg of total RNA from each gland was used for the

RT–PCR analysis; only AKAP-95 mRNA was faintly

detected in the SLG sample. The amounts of the GAPDH

PCR product appeared to be same among the salivary

glands (Fig. 1B). The DNA sequence of each PCR product

seen in Fig. 1 was analyzed and confirmed to be identical

with the corresponding portion of the cDNA sequence for

AKAP-95, AKAP-150, or AKAP-220 (data not shown).

We also examined the expression of AKAP proteins in

the salivary glands by immunoblotting with antibodies

against AKAP-95, AKAP-150, and AKAP-220 (Fig. 2).

Anti-AKAP-150 antibody revealed a specific signal at

molecular mass of 150 kDa on blotted membranes bearing

both whole PG homogenate and membrane vesicles pre-

pared from the PG. On the other hand, a signal for the

AKAP-95 protein was faintly detected on the blotted

membrane containing whole PG homogenate, but not on

that containing membrane vesicles, indicating that though
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PG cells produced a small amount of AKAP-95 (compared

with that of AKAP-150), it was not sorted to the basolateral

membranes. AKAP-95 was also faintly detected in the

SLG, but not detected in the SMG. AKAP-220 was not

detectable in the homogenates (corresponding to 1 mg wet

tissue weight) of any of the salivary glands.

3.2. Membrane-bound RII and Naþ,Kþ-ATPase in

PG, SMG, and SLG

Next we examined the vesicles for the membrane-bound

form of the RII regulatory subunit of PKA to assess the

total amount of AKAP of any subtypes and to assess the

amount of membrane-anchored PKA holoenzyme in mem-

brane vesicles from the salivary glands. Membrane-bound

RII was clearly detected in the membrane vesicles from the

PG (Fig. 3A). However, it was not detectable in those from

the SMG and SLG (Fig. 3A). On the other hand, substantial

Fig. 1. Expressions of AKAP-95, -150, and -220 (A) and expression of GAPDH (B) in SMG, SLG, and PG of rats. Total RNA (1.25 mg each) from salivary

glands was used for the RT–PCR, and PCR was performed as follows: denaturation, annealing, and elongation at 948 for 30 s, 608 for 30 s, and 728 for 90 s,

respectively, for 30 cycles. PCR was carried out with first-strand DNAs prepared from RNAs of SMG, SLG, and PG. RNA prepared from rat brain was used

as a positive control. Predicted sizes of the PCR products for AKAP-95 [38], -150�, -220 [39], and GAPDH [33] cDNAs were 199, 199, 200, and 309 bp,

respectively. �cDNA sequence of AKAP-150 has been submitted by Takai Y, Irie M, Toyoda A, and Hata Y to the Query Gene Bank Database at the National

Center for Biotechnology.

Fig. 2. Western blot analysis of AKAP-95, -150, and -220 proteins in homogenates of rat SMG, SLG, and PG, and in membrane vesicles purified from rat

PG. Ten microliters of 10% (w/v) homogenate (SMG, 101 mg protein; SLG, 81.3 mg protein; and PG, 104 mg protein) or 2 mg of protein of membrane vesicles

prepared from PGs was separated by SDS–PAGE (4–20% gradient gel). Proteins were transferred to a PVDF filter and then immunostained as described in

Section 2, except that the following antibodies, 5000-fold diluted anti-AKAP-95, -150, or -220 antibodies and 10,000-fold diluted anti-goat IgG-HRP

produced by Santa Cruz Biotechnology, Inc., were used as first and second antibodies, respectively.

Fig. 3. Analysis of membrane-bound RII regulatory subunit of PKA and

Naþ,Kþ-ATPase in membrane vesicles from SMG, SLG, and PG.

Membrane vesicle proteins (25, 25, and 5 mg from SMG, SLG, and PG,

respectively) were separated by SDS–PAGE, transferred to PVDF filters,

and then analyzed with antibodies against the RII regulatory subunit of

PKA (A) and a subunit of Naþ,Kþ-ATPase (B) as described in Section 2.
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and comparable amounts of Naþ,Kþ-ATPase were con-

tained in all these membrane preparations (Fig. 3B). From

these results, the amount of membrane-anchored PKA

holoenzyme in both the SMG and SLG was estimated to

be quite low, if the proteins were present at all.

3.3. Phosphorylation of Naþ,Kþ-ATPase in membranes

from PG, SMG, and SLG by exogenous PKA

As shown in Fig. 4, when membranes prepared from

SMG, SLG, and PG were incubated with the exogenous

PKA catalytic subunit in the presence of [g-32P]ATP,

several membrane proteins were labeled with 32P. The

phosphorylation of these proteins was inhibited by PKI

peptide, a specific inhibitor of PKA [40], indicating

the dependency of the reaction on the PKA added. In all

of these membrane preparations a 92-kDa protein was

commonly phosphorylated, and was identified as the a1

subunit of Naþ,Kþ-ATPase based on its reactivity toward a

polyclonal antiserum raised against the a1 isoform of the

Naþ,Kþ-ATPase a subunit [26].

This identity was further confirmed by assessing the

ability of Naþ,Kþ-ATPase to form a transient phosphoen-

zyme [E2-P] complex, which is stabilized by ouabain, by

incubating the Naþ,Kþ-ATPase in a solution of ATP and

Naþ without Kþ [30]. The [E2-32P] complex of Naþ,

Kþ-ATPase was formed by incubating membrane vesicles

with [g-32P]ATP, 140 mM Naþ, and 4 mM ouabain without

Kþ at 08, and analyzed by autoradiography of the blotted

proteins after SDS–PAGE of the membrane vesicles. A
32P-protein band was observed at the position of 92 kDa

(Fig. 5A, þOuabain), which coincided with the protein

phosphorylated by the exogenous PKA catalytic subunit

(Fig. 5B, exogenous PKA-dependent phosphorylation).

Fig. 4. Phosphorylation of proteins in the membrane vesicles from SMG, SLG, and PG of rats by exogenously added PKA catalytic subunit. Membrane

vesicles (40, 40, and 8 mg prepared from SMG, SLG, and PG, respectively) were incubated with [g-32P]ATP for 30 s as described in the text along with the

following additive(s): none (None); 16 U PKA catalytic subunit (PKA); 16 U PKA catalytic subunit plus 10 mM [5–24]PKI peptide (PKA þ PKI). The

reaction was terminated by the addition of trichloroacetic acid and subsequent heat treatment with SDS–PAGE buffer after a rinse with water. Protein

phosphorylation was analyzed by autoradiography after the membrane proteins had been separated by SDS–PAGE. The arrow marked ‘‘92’’ indicates the

position of 32P-labeled 92-kDa protein, which was identified as the Naþ,Kþ-ATPase a subunit based on the examination shown in Fig. 5.

Fig. 5. [E2-P] complex of Naþ,Kþ-ATPase and identification of 92-kDa phosphoprotein in membrane preparations by Western blot/immunostaining analysis.

(A) [E2-P] complex: SDS-treated membranes from PG were incubated with [g-32P]ATP at 08 for 20 s in the presence of 140 mM NaCl þ 4 mM ouabain

(þOuabain) or in the presence of 70 mM KCl (þKþ). These samples were blotted onto a filter after SDS–PAGE. [E2-P] complexes were detected by

autoradiography using the blotted filter. (B) Western blot analysis of 92-kDa phosphoprotein obtained with exogenous PKA-dependent phosphorylation:

membrane vesicles were incubated with [g-32P]ATP for 30 s at 378 in the absence (None) or presence of 16 U/40 mL exogenous PKA (exoPKA). The

membrane proteins were blotted onto a PVDF filter after separation by SDS–PAGE, and autoradiography was carried out on the blotted filter. (C)

Immunostaining: the filter bearing the blotted protein phosphorylated by exogenous PKA (None and exoPKA) was immunostained with anti-a1 antiserum by

the method described in text.
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The [E2-32P] complex disappeared when membrane vesi-

cles were incubated in the presence of 70 mM Kþ (Fig. 5A,

þKþ), indicating one of the very specific characteristics of

Naþ,Kþ-ATPase that differentiates it from other ATPases

or protein kinases. The 92-kDa protein phosphorylated by

the exogenous PKA was recognized by anti-a1 antiserum

on the same filter used for phosphorylation (Fig. 5C,

immunostaining).

3.4. Phosphorylation of Naþ,Kþ-ATPase in membranes

by endogenous PKA

We further examined the ability of the membrane pre-

parations to phosphorylate Naþ,Kþ-ATPase by endogen-

ous PKA responding to the elevation (addition) of cAMP.

As expected from the results shown in Fig. 3A, Naþ,

Kþ-ATPase (92-kDa protein) in membranes from either

the SMG or SLG was not labeled with [g-32P]ATP upon the

addition of cAMP (Fig. 6A). The cAMP-dependently

phosphorylated 92-kDa protein in the PG was confirmed

to be Naþ,Kþ-ATPase by comparison with the protein

phosphorylated by the exogenous PKA (Fig. 6B, PKA

and cAMP). The cAMP-dependent phosphorylation of

the Naþ,Kþ-ATPase was inhibited by [5–24]PKI peptide

(Fig. 6B, cAMP þ PKI), a specific inhibitor of PKA [40],

confirming that this phosphorylation was performed by

endogenous PKA anchored on the membranes. This result

was due to neither the lack of substrate protein nor that of

susceptibility of SMG and SLG Naþ,Kþ-ATPases to the

kinase, since the membrane vesicles contained a substan-

tial amount of Naþ,Kþ-ATPase (Fig. 3B) and since the

ATPase of all three glands had been readily phosphorylated

by the PKA catalytic subunit exogenously added (Fig. 4).

Thus, only the PG membranes had a substantial amount of

endogenous PKA able to phosphorylate Naþ,Kþ-ATPase

in the same membranes upon the addition of cAMP

(Fig. 6A, PG).

Treatment with HT-31 peptide, an inhibitor of the

binding of AKAP to RII, decreased the level of cAMP-

dependent phosphorylation of Naþ,Kþ-ATPase in the PG

(Fig. 7), indicating the involvement of AKAP in retaining

the endogenous PKA on the membranes. This was further

confirmed by the result of the experiment with HT-31P, a

variant of HT-31 with no inhibitory effect [37–41], for

Naþ,Kþ-ATPase phosphorylation by the endogenous PKA

was not affected by this peptide (Fig. 7).

3.5. Immunochemical and immunohistochemical

analyses of AKAP-150, RII regulatory subunit,

and Naþ,Kþ-ATPase in PGs

Since both AKAP-150 and RII were present in PG

membranes, as was shown in Figs. 2 and 3, we examined

by co-immunoprecipitation analysis whether these two

molecules actually formed a complex on the membrane.

Proteins solubilized from membrane vesicles were incu-

bated with anti-RII antiserum-coated beads, and the immu-

nocomplexes formed were then examined by Western blot

analysis using anti-AKAP-150 antibody (Fig. 8). AKAP-

150 was detected in the immunocomplexes formed by anti-

RII antibody at the same position (lane 3) as the signal

obtained with membrane vesicles used as a positive control

(lane 4). AKAP-150 was not detected when normal serum

was used to coat the beads (lane 2).

There were large background signals (Fig. 8, lanes 2 and

3) because anti-RII goat antibody was used for immuno-

complex formation and anti-goat IgG-HRP was employed

as the second antibody for the Western blot analysis. These

background signals were also detected with second

Fig. 6. Phosphorylation of Naþ,Kþ-ATPase in membrane vesicles

prepared from SMG, SLG, and PG by membrane-anchored endogenous

PKA. (A) Naþ,Kþ-ATPase phosphorylation by membrane-anchored

endogenous PKA triggered by cAMP. Membrane vesicles (40, 40, and

8 mg from SMG, SLG, and PG, respectively) were incubated for 30 s with

[g-32P]ATP and 10 mM cAMP. Naþ,Kþ-ATPase phosphorylation was

analyzed by SDS–PAGE/autoradiography of the membrane proteins. (B)

Effect of [5–24]PKI peptide on cAMP-dependent Naþ,Kþ-ATPase

phosphorylation in the membrane vesicles from the PG. Eight micrograms

of membranes from PG was incubated with [g-32P]ATP for 30 s as

described in the text along with the following additive(s): none (None);

16 U PKA catalytic subunit (PKA); 10 mM cAMP (cAMP); 10 mM

cAMP þ 10 mM [5–24]PKI peptide (cAMP þ PKI).

Fig. 7. Effects of HT-31 and HT-31P on cAMP-dependent phosphoryla-

tion of Naþ,Kþ-ATPase in the membrane vesicles prepared from SMG,

SLG, and PG. Membranes (20, 20, and 4 mg from SMG, SLG, and PG,

respectively) were incubated for 1 hr at 378 with 20 mM CH3COONa,

60 mM CH3COOK, 60 mM KCl, 10 mM (CH3COO)2Mg, 1 mM EGTA,

100 mM mannitol, 10 mM HEPES (adjusted to pH 7.4 with Tris) in the

presence of 100 mM HT-31P peptide (P) or 100 mM HT-31 peptide (31).

Then, the samples were washed by centrifugation and subsequently

incubated with [g-32P]ATP for the Naþ,Kþ-ATPase phosphorylation

reaction in the presence of 10 mM cAMP, as described in the text. The

arrow marked ‘‘92’’ indicates the Naþ,Kþ-ATPase a subunit.
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antibody alone (lane 1), indicating that they were due to the

goat IgGs used for the immunocomplex formation. These

results indicate that the AKAP-150 formed a complex with

the PKA RII regulatory subunit (and therefore with PKA

RII catalytic subunit complex ¼ PKA holoenzyme) in

basolateral membranes of PG acinar cells in vivo.

Finally, we examined the localization of AKAP-150 and

Naþ,Kþ-ATPase in acinar cells of the rat PG by using an

immunohistochemical method (Fig. 9). Sections of rat PG

were incubated with a mixture of anti-AKAP-150 goat

polyclonal and anti-Naþ,Kþ-ATPase rabbit polyclonal

antibodies followed by a mixture of Cy3-conjugated

anti-goat IgG and FITC-conjugated anti-rabbit IgG to

detect AKAP-150 and Naþ,Kþ-ATPase, respectively. In

acinar cells, Naþ,Kþ-ATPase immunoreactivity, visualized

in green, was localized predominantly on the basolateral

plasma membranes, but not on the apical membrane

(Fig. 9A). AKAP-150 immunoreactivity, visualized in

red, was likewise localized on the basolateral plasma

membranes (Fig. 9B). Furthermore, co-localization of

Naþ,Kþ-ATPase and AKAP-150 immunoreactivities was

visualized as yellow fluorescence (Fig. 9C). These results

indicate that Naþ,Kþ-ATPase and AKAP-150 were co-

localized on the basolateral plasma membrane of acinar

cells. Control sections incubated with PBS instead of the

primary antibody showed no immunoreaction (not shown).

4. Discussion

Membrane transport systems for Naþ, Kþ, and Cl� are

important for electrolyte secretion [9]. Osmotic balance of

cells is also important for water secretion, and Naþ,Kþ-

ATPase is known to be an enzyme that directly regulates

cellular osmolarity [7]. Based on the studies from a number

of laboratories on the secretion of salt and water by many

exocrine epithelia, including salivary glands, the process of

saliva production/secretion is thought to conform to the

following scheme [9,42,43]: Naþ-Kþ-2Cl� cotransporter

located on the basolateral membrane of acinar cells con-

centrates Cl� above the electrochemical equilibrium in the

cytoplasm. Upon the stimulation with secretagogues, Cl�

exits into the lumen through secretagogue-activated Cl�

channels on the apical membrane. The luminal Cl� leads to

the secretion of salt (NaCl) and osmotically obliged water

[43]. Naþ,Kþ-ATPase may contribute to this process

by providing a driving force (Naþ gradient) for the

Naþ-Kþ-2Cl� cotransporter and by controlling the cellular

osmolarity of acinar cells during water transport into the

lumen. Naþ,Kþ-ATPase is known to be down-regulated by

PKA-dependent phosphorylation [10–15]. However, the

actual process as to how Naþ,Kþ-ATPase is specifically

phosphorylated in vivo by PKA in response to signaling

molecules that elevate the intracellular cAMP has not been

definitely clear. We had found earlier that Naþ,Kþ-ATPase

located on the basolateral membranes of PG acinar cells

was regulated by membrane-bound PKA rather than by

free cytosolic PKA and that the association of PKA to the

membrane was mediated by an AKAP [26].

In the present study, in order to elucidate the functional

relevance of the interaction between saliva secretion and

Fig. 8. Co-immunoprecipitation of AKAP-150 in PG acinar cells with

anti-RII antibody. Lysates prepared from membrane vesicles of rat PG

were incubated with protein G beads preconjugated with either preimmune

goat serum (lane 2) or anti-RII goat serum (lanes 1 and 3) to form

immunocomplexes. The immunocomplexes were subjected to SDS–PAGE

(4–20%). Membrane vesicles of the rat PG were used as a positive control

(lane 4) for AKAP-150. After the electrophoresis, immunoprecipitated

proteins and membrane vesicles protein were transferred to a PVDF filter

and stained with anti-AKAP-150 goat antibody and then with anti-goat

IgG-HRP as second antibody, as described in Section 2 (lanes 2–4), or

stained with the anti-goat IgG-HRP alone (lane 1).

Fig. 9. Light photomicrographs showing the same section of acinar cells in rat PGs stained for Naþ,Kþ-ATPase (A), AKAP-150 (B), and both (C). (A)

Localization of Naþ,Kþ-ATPase was visualized in green with a combination of anti-Naþ,Kþ-ATPase rabbit antiserum and FITC-conjugated anti-rabbit IgG.

(B) Localization of AKAP-150 was visualized in red with a combination of anti-AKAP-150 antiserum and Cy3-conjugated anti-goat IgG. (C) Co-localization

of Naþ,Kþ-ATPase and AKAP-150 was visualized in yellow by the double exposure for panels A and B. Note that the immunoreactivity for both Naþ,Kþ-

ATPase and AKAP-150 is localized predominantly on the basolateral cell membranes (arrowheads), but not on the luminal cell membrane (arrows), lumen

(�). Bar ¼ 20 mm.

246 K. Kurihara et al. / Biochemical Pharmacology 66 (2003) 239–250



AKAP/PKA-dependent regulation of Naþ,Kþ-ATPase, we

examined the expression of AKAP subtypes, AKAP-95,

AKAP-150, and AKAP-220, in the three major salivary

glands of rats. mRNA and protein of the AKAP-150 subtype

were clearly detected in the PG, but the other two subtypes

were less abundant there. In both SMG and SLG, AKAP

mRNAs and proteins were, unexpectedly, quite low and

hardly detectable. The membrane-bound form of the RII

regulatory subunit, an index for the amount of total AKAP

protein of any subtypes and for the amount of membrane-

anchored PKA holoenzyme, was also undetectable in mem-

branes from the SMG and SLG, but was present in the

PG, though substantial and comparable amounts of Naþ,

Kþ-ATPase were contained in all of these membrane pre-

parations. As a consequence, only with the membranes

from the PG, in which both the AKAP-150 and mem-

brane-bound RII were clearly detected (Figs. 2 and 3),

was Naþ,Kþ-ATPase phosphorylated by the endogenous

PKA upon the addition of cAMP in the presence of ATP

(Fig. 6B). The failure to find the phosphorylation of the SMG

or SLG enzyme was due to neither the lack of substrate nor

that of susceptibility of either Naþ,Kþ-ATPase to the kinase

(Fig. 3B). Membrane preparations from any of these glands

contained a substantial amount of Naþ,Kþ-ATPase that

could be readily phosphorylated by the PKA catalytic

subunit exogenously added (Fig. 4). Involvement of AKAPs

(most probably AKAP-150 subtype) in the regulation of

Naþ,Kþ-ATPase by the endogenous PKA in PG was also

supported by the results of the experiment with HT-31 and

HT-31P, an inhibitor peptide of AKAP binding to RII and

its variant peptide with no inhibitory action, respectively

(Fig. 7).

Furthermore, AKAP-150 on membrane vesicles from

PG acinar cells was co-immunoprecipitated with RII reg-

ulatory subunit of PKA by an anti-RII antiserum (Fig. 8),

indicating that AKAP-150 is indeed functional and forms

complexes with RII molecules and therefore with the PKA

holoenzyme in vivo. AKAP-150 of parotid acinar cells

appeared to be predominantly located in basolateral mem-

branes; and Naþ,Kþ-ATPase was also present at the same

location, as indicated by the histochemical studies (Fig. 9).

Our results on the distribution of Naþ,Kþ-ATPase agree

with those reported by Iwano et al. [44], who examined

Naþ,Kþ-ATPase in acinar and duct cells of the rat PG.

Involvement of AKAPs had been reported in a number of

PKA-responsive events, such as PKA-mediated inhibition

of phospholipase C activity [45], Naþ,Kþ-ATPase regula-

tion by PKA-dependent phosphorylation [26], PKA-depen-

dent phosphorylation of b2-adrenergic receptors [46], and

PKA phosphorylation of AMPA-responsive glutamate

receptor channels [47–49]. Among those systems involving

AKAP/PKA, in the one for the b2-adrenergic receptor was

demonstrated to be coprecipitated with the AKAP-79 sub-

type and to directly interact with this AKAP subtype [46].

Another type of association of AKAP with its target

protein is one that is mediated via scaffolding molecules:

AKAP-79/150 binds with members of the MAGUK family

of scaffolding molecules, which associate with AMPA-type

glutamate receptor channels in the postsynaptic densities

[47–49]. The results of our immunochemical and histo-

chemical studies together with the observation made in our

previous study that Naþ,Kþ-ATPase was quickly and

specifically phosphorylated by membrane-anchored PKA

[26] suggest a possibility that Naþ,Kþ-ATPase somehow

physically interacts with the AKAP-150/PKA complex,

e.g. by directly binding to form a tri-molecular complex

of Naþ,Kþ-ATPase/AKAP/PKA or by associating with

AKAP-150 via scaffolding molecules, such as MAGUKs,

as in the case of the glutamate receptor ion channels.

The expression of AKAP (AKAP-150) and the regula-

tion of Naþ,Kþ-ATPase by AKAP-anchored PKA are

characteristics rather specific to the PG among the three

major salivary glands of the rat. Approximately 70% of

the Naþ,Kþ-ATPase in the basolateral membranes of PG

acinar cells was estimated to be associated with AKAP-

anchored PKA, based on data from our previous study [26].

Thus, Naþ,Kþ-ATPase in PG acinar cells can be consid-

ered to be mainly regulated by signaling molecules that

elevate the level of intracellular cAMP via the action

of PKA/AKAP (most probably theAKAP-150 subtype)

complexes. This regulatory mechanism for the Naþ,

Kþ-ATPase might closely correlate with a property of

PG distinguishing it from SMG and SLG, and suggests

a lack of a rapidly acting regulatory mechanism in the

SMG and SLG for regulation of Naþ,Kþ-ATPase activity

by membrane-anchored PKA in response to a quick and

short-term elevation of intracellular cAMP.

Salivary glands consist of acini, striated ducts, and

convoluted tubules. Primary saliva (acinus fluid) is pro-

duced in acini, and its components are subsequently mod-

ified by duct cells during transport in the duct. There are

two types of cells in an acinus, serous cells and mucous

cells, which produce watery and viscous fluid, respectively.

In the PG acinus, only the serous cells are present; and

therefore watery saliva is secreted from this gland. Mucous

cells are distributed in SLG acini, and thus a slimy viscous

saliva is secreted from the SLG. Both types of cells are

found in SMG acini, and therefore SMG secretes a mod-

erately viscous saliva from mixed cells [50]. Since the PG

contains many more acinar cells compared with the SMG

and SLG, it is used as a convenient model for the study of

the mechanism and regulation of epithelial fluid and

electrolyte secretion. In the PG, Naþ,Kþ-ATPase is abun-

dant in basolateral membrane of acinar cells as well as in

striated duct cells, whereas in the SMG it is predominantly

localized in the striated duct cells. Therefore, it might be

possible that the low levels of AKAP-150 mRNA and

protein are due to the smaller number of acinar cells per

tissue wet weight in the SMG or SLG.

Salivary glands secrete fluid in response to Ca2þ-mobi-

lizing rather than to cAMP-generating agonists [51]. How-

ever, pertaining to the effect of b-adrenergic stimulation on
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PG function, Paulais and Turner [52] demonstrated that

the activity of the Naþ-Kþ-2Cl� cotransporter, which is

thought to play a central role in the salt and water secretion

by many exocrine cells [42,53], was up-regulated by b-

adrenergic agonists. Amylase secretion from the PG was

stimulated by isoproterenol in a cAMP-mediated manner

[54,55]. It was also reported that b-adrenergic receptor

stimulation with relatively large doses of isoproterenol

induced IP3 production and Ca2þ mobilization in PG acinar

cells [56,57]. Thus, it might be possible that b-adrenergic

stimulation causes PG saliva secretion, though its effect

might be less than that elicited by muscarinic stimulation

as reported for the rat SMG [51]. Furthermore, agents that

increase intracellular cAMP in the PG were demonstrated

to markedly enhance carbachol-induced salivary secretion

[58]. Since Naþ,Kþ-ATPase is known to directly regulate

cellular osmolarity [7], it is of interest to note that b-

adrenergic stimulation of PG acini does not result in the

cell shrinkage that typically accompanies fluid secretion by

exocrine cells [52,59], implying a possible role of down-

regulatory mechanism of Naþ,Kþ-ATPase, in concert with

the up-regulation of Naþ-Kþ-2Cl� cotransporter by cAMP,

in controlling the cellular osmolarity during the watery

saliva production/secretion in the PG.

Alternatively, AKAP-150/PKA-dependent regulation of

Naþ,Kþ-ATPase might be related to another characteristic

property of the PG that the saliva secretion as affected by

autonomic nerve system. Food intake in the mouth and

mastication cause both parasympathetic and sympathetic

neuronal stimulation, resulting in the profuse watery saliva

secretion from the PG. A watery saliva secretion was also

observed in the conditioned reflex experiments, as in Pav-

lov’s experiments [50]. There is also a difference in neurons

innervating these salivary glands: the PG is under the control

of the glossopharyngeal nerve, whereas the SLG and SMG

receive fibers from the facial nerve [50]. It might be possible

that the expression of AKAP in the PG is associated with the

actions of the glossopharyngeal nerve to maintain the ionic

balance between the intra- and extracellular fluid during

watery saliva production/secretion.

Naþ,Kþ-ATPase also functions for generating mem-

brane potential in excitable tissues, and AKAP-150 is

known to be abundantly expressed in Purkinje cells and

in neurons in the central nervous system, e.g. in the

olfactory bulb, basal ganglia, cerebral cortex, and other

forebrain regions [37,60–63]. Therefore, elucidating

the functional relevance of the interaction between Naþ,

Kþ-ATPase and AKAP-150 in salivary glands may also

contribute to studies on the regulation of neuronal activity

involving Naþ,Kþ-ATPase in the central nervous system.
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