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Arginine vasopressin (AVP) increases the water per-
meability of renal collecting duct principal cells by in-
ducing the fusion of vesicles containing the water chan-
nel aquaporin-2 (AQP2) with the plasma membrane
(AQP2 shuttle). This event is initiated by activation of
vasopressin V2 receptors, followed by an elevation of
cAMP and the activation of protein kinase A (PKA). The
tethering of PKA to subcellular compartments by pro-
tein kinase A anchoring proteins (AKAPs) is a prerequi-
site for the AQP2 shuttle. During the search for AKAP(s)
involved in the shuttle, a new splice variant of AKAP18,
AKAP18�, was identified. AKAP18� functions as an
AKAP in vitro and in vivo. In the kidney, it is mainly
expressed in principal cells of the inner medullary col-
lecting duct, closely resembling the distribution of
AQP2. It is present in both the soluble and particulate
fractions derived from renal inner medullary tissue.
Within the particulate fraction, AKAP18� was identified
on the same intracellular vesicles as AQP2 and PKA.
AVP not only recruited AQP2, but also AKAP18� to the
plasma membrane. The elevation of cAMP caused the
dissociation of AKAP18� and PKA. The data suggest that
AKAP18� is involved in the AQP2 shuttle.

Many hormones influence cellular functions by elevating
intracellular cAMP, thereby activating protein kinase A
(PKA).1 The inactive PKA holoenzyme is a tetramer consisting

of a dimer of regulatory subunits each of which binds a catalytic
subunit. Binding of cAMP to the regulatory subunits results in
dissociation of the catalytic subunits that then phosphorylate
their substrates (1–3). As PKA and many of its substrates are
present throughout the cell, it is unclear how a raise of cAMP
and the subsequent activation of PKA elicits a timely and
spatially orchestrated cellular response. One mechanism is the
compartmentalization of PKA, mediated by protein kinase A
anchoring proteins (AKAPs), a family of distinct but function-
ally conserved proteins. AKAP-mediated tethering of PKA to
subcellular compartments is thought to localize PKA to
specific sites and limit its access to a subset of substrates
(4–6). The activation of AKAP-anchored PKA by cAMP in
discrete microdomains has recently been visualized in neonatal
cardiomyocytes (7).

AKAP18 comprises a family of splice variants including
AKAP18�, -�, and -� (Fig. 1). AKAP18� (8), also known as
AKAP15 (9, 10), consists of 81 amino acid residues. It anchors
PKA to the basolateral plasma membrane of epithelial cells
through a canonical RII-binding domain and interacts with
L-type Ca2� channels in skeletal muscle cells and cardiomyo-
cytes through a leucine zipper motif, thereby facilitating L-type
Ca2� channel phosphorylation by PKA (9–14). The phospho-
rylation increases the open probability of the channel.
AKAP18� may also potentiate insulin secretion from pancre-
atic �-cells (8). In addition, AKAP18� interacts with brain Na�

channels, thereby enabling channel phosphorylation and down-
regulation by PKA (15, 16). AKAP18� consists of 104 amino
acid residues. Its cellular function is unclear. AKAP18� and
AKAP18� share an identical membrane targeting domain, con-
sisting of the N-terminal residues Gly-1, Cys-4, and Cys-5,
modified by myristoylation and dual palmitoylation, respec-
tively (8, 17). Compared with AKAP18�, AKAP18� possesses
an additional 23-amino acid domain, directing it to the apical
plasma membrane in polarized epithelial cells (17). AKAP18�

consists of 326 amino acid residues. Its distribution has so far
been investigated in mouse oocytes and cellular fractions de-
rived from rat kidney. In the kidney it is not only present in the
particulate but also in the soluble fraction, in contrast to most
AKAPs. AKAP18� is assumed to associate in a regulated man-
ner via an interacting protein with subcellular compartments
(17). In mouse oocytes, AKAP18� targets regulatory type I (RI)

* This work was supported by Deutsche Forschungsgemeinschaft
Grants Ro597/6, Ro597/9, and He1818/3, the Fonds der Chemischen
Industrie, and European Union Grants QLK3-CT-2002-02149 and
QLRT-2000-00987. The costs of publication of this article were defrayed
in part by the payment of page charges. This article must therefore be
hereby marked “advertisement” in accordance with 18 U.S.C. Section
1734 solely to indicate this fact.

‡‡ To whom correspondence should be addressed: Forschungsinstitut
für Molekulare Pharmakologie, Campus Berlin-Buch, Robert-Rössle-
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PKA subunits to the nucleus, suggesting an involvement in
transcriptional regulation (18).

Arginine vasopressin (AVP) is one of the numerous hormones
acting through a receptor coupled to the Gs/adenylyl cyclase
system. Binding of AVP to its cognate V2 receptor, located in
the basolateral plasma membrane of renal collecting duct prin-
cipal cells, results in the redistribution of the water channel
aquaporin-2 (AQP2) from intracellular vesicles to the plasma
membrane (AQP2 shuttle; for review see Refs. 19–21). This
process constitutes the molecular basis of AVP-stimulated wa-
ter reabsorption. Inactivating mutations in the V2 receptor or
AQP2 gene cause nephrogenic diabetes insipidus, a disease
characterized by a massive loss of water (for review see Ref.
22). On the molecular level, AVP stimulates the elevation of
cAMP followed by activation of PKA. PKA phosphorylates
AQP2 at serine 256 (Ser-256). A mutation of this site (S256A)
or inhibition of PKA prevents the AQP2 shuttle, indicating that
the phosphorylation of AQP2 by PKA is an essential step (23–
27). Three or more monomers in an AQP2 tetramer need to be
phosphorylated at Ser-256 for the translocation to the plasma
membrane to occur (28). Ser-256 is also a substrate for Golgi
casein kinase and its phosphorylation by this kinase is required
for Golgi transition (29). Phosphorylation of Ser-256 does not
seem to have a functional consequence because the water per-
meability of AQP2 hardly changes upon phosphorylation
(30, 31).

Besides phosphorylation of Ser-256, other maneuvers lead to
a translocation of AQP2 to the plasma membrane. Inhibition of
the small GTPases of the Rho family by bacterial toxins or
disruption of F-actin with cytochalasin D in the absence
of cAMP-elevating agents resulted in the accumulation of
AQP2 at the plasma membrane of primary cultured rat inner
medullary collecting duct (IMCD) cells and CD8 cells (32, 33),
a rabbit cortical collecting duct cell line stably expressing rat
AQP2 (34). The AVP- or forskolin-induced elevation of cAMP in
IMCD and CD cells, however, also caused inhibition of RhoA
and this is a prerequisite for the AQP2 shuttle (32, 33, 35). The
underlying mechanism is PKA-mediated phosphorylation of
RhoA (36). Another mechanism leading to accumulation of
AQP2 in the plasma membrane in a phosphorylation-indepen-
dent manner is inhibition of endocytosis by the GTPase-defi-
cient dynamin mutant K44A or the cholesterol-depleting agent
methyl-�-cyclodextrin. Both agents led to an accumulation of
the phosphorylation-deficient AQP2 mutant S256A at the
plasma membrane IMCD cells (37).

The finding by Lande et al. (31) that AQP2-bearing vesicles
contain PKA activity led us to investigate whether anchoring of
PKA to AKAPs is required for the AQP2 shuttle. Using primary
cultured rat IMCD cells as a model system (38) and the mem-
brane-permeable anchoring inhibitor peptide S-Ht31, we have
shown that the anchoring of PKA to AKAPs is a prerequisite for
the AQP2 shuttle (26, 39). We report here the identification and
characterization of a new splice variant of AKAP18, AKAP18�,
and provide evidence for its involvement in the AQP2 shuttle.

EXPERIMENTAL PROCEDURES

Screening of an Expression cDNA Library, PCR, RACE-PCR, and
DNA Sequence Analysis—A rat kidney Uni-ZAP XR expression cDNA
library (Stratagene, La Jolla, CA) was screened, using the RII overlay
technique (40). A partial cDNA clone (clone 9.1) was isolated. To obtain
the upstream coding sequence, 5�-RACE PCR was carried out using rat
heart Marathon-Ready cDNA as template and the Advantage cDNA
polymerase mixture (BD Biosciences, Heidelberg, Germany). The for-
ward primers were supplied with Marathon-Ready cDNA; the reverse
primer annealed with bp 438–414 or 462–438 of AKAP18�. RACE-PCR
products were cloned into the vector pGEM-T Easy (Promega, Madison,
WI) and sequenced by primer walking starting with vector sequencing
primers. Homology searches were performed via the World Wide Web at

GenBankTM, National Center for Biotechnology Information, sequence
translations and alignments at the Human Genome Center, Baylor
College of Medicine (BCM Search Launcher).

Generation of Glutathione S-Transferase Fusion Proteins—For gen-
erating a plasmid encoding a fusion protein consisting of the full-length
AKAP18� and gluthatione S-transferase (GST), the coding region of
AKAP18� was amplified from rat heart Marathon-Ready cDNA (BD
Biosciences) by PCR. A fragment encoding AKAP18� amino acid resi-
dues 124–353 was generated by PCR using the full-length AKAP18� as
template. All forward and reverse primers contained EcoRI and XhoI
restriction sites, respectively. The cDNAs were cloned into the vector
pGEX-4T-3 (Amersham Biosciences, Freiburg, Germany) to yield GST-
AKAP18� and GST-AKAP18�-(124–353). GST fusion proteins were ex-
pressed in Escherichia coli (strain BL21), affinity purified as recom-
mended by the supplier of the pGEX-4T-3 vector (Amersham
Biosciences), and used for Western blotting (see below) and RII overlay
assays (see below).

Surface Plasmon Resonance Measurements—Surface plasmon reso-
nance measurements were carried out as described (41), using a Biacore
2000 instrument (Biacore Intl. AB, Uppsala, Sweden). In brief, CM-5
chips (research grade, Biacore AB), coated with 8-aminohexylamino-
cAMP (Biolog, Bremen, Germany), were used to capture cAMP-free
human regulatory PKA RI�, RI�, RII�, or RII� subunits (surface con-
centration of 120–200 resonance units for each subunit). All subsequent
interaction studies were performed in running buffer (20 mM MOPS,
150 mM NaCl, pH 7.0, containing 0.005% surfactant P20) at 20 °C.
Unspecific binding was subtracted using blank runs performed on an
NHS/EDC-activated and ethanolamine-deactivated surface, and a sur-
face immobilized with 8-aminohexylamino-cAMP with no R-subunit
was captured. The fusion proteins GST-AKAP18� and GST-AKAP18�-
(124–353) (see above) were injected into the flow chamber of the Biacore
instrument (flow of 30 �l/min) in a series of dilutions (12 nM to 1 �M; for
300 s) to determine association and dissociation rates. After injection,
the dissociation phase in the absence of AKAPs was monitored for 600 s.
After subtraction of signals obtained from blank runs, kinetic constants
from the raw data were calculated by non-linear regression or equilib-
rium binding analysis using Biaevaluation software version 3.1 (Bia-
core). Equilibrium binding constants (KD) were calculated from the
respective rate constants on the basis of a Langmuir 1:1 binding model.
The nonlinear regressions were fitted using global fit analysis.

Fluorescence Resonance Energy Transfer (FRET) Measurements—
For generating a plasmid encoding a fusion protein of AKAP18� with
the cyan fluorescent protein (CFP), AKAP18�-CFP, full-length
AKAP18� was amplified by PCR using GST-AKAP18� (see above) as
template and forward and reverse primers containing EcoRI and
BamHI restriction sites, respectively, and subcloned into the vector
pECFP-N1 (BD Biosciences). The cDNA encoding human PKA regula-
tory subunit type II� (RII�) was a generous gift of Dr. K. Tasken
(University of Oslo, Norway). For generating plasmids encoding a fu-
sion protein of RII� and the yellow fluorescent protein (YFP), RII�-
YFP, full-length RII� was amplified using a forward primer with a
restriction site for XhoI and a reverse primer with a restriction site
for BamHI. The cDNA was subcloned into the vector pEYFP-N1 (BD
Biosciences). To substitute a leucine for a proline residue (AKAP18�-
L308P) in the RII-binding domain of AKAP18�-CFP, site-directed
mutagenesis was performed using the QuikChange Site-directed Mu-
tagenesis Kit (Stratagene, La Jolla, CA). All constructs were se-
quenced prior to expression.

HEK293 cells (ATCC, Manassas, VA) were grown to 40–60% conflu-
ency on poly-L-lysine-coated 30-mm coverslips in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum. CD8 cells
were grown as described (29, 34, 35). HEK293 and CD8 cells were
transiently co-transfected with the plasmids encoding RII�-YFP and
either AKAP18�-CFP or AKAP18�-L308P-CFP (1–2 �g of plasmid
DNA) using LipofectAMINE (Invitrogen, Groningen, The
Netherlands).

In HEK293 cells FRET was measured with an epifluorescence mi-
croscope (Axiovert 200M, Carl Zeiss, Göttingen, Germany) equipped
with a digital camera (Hamamatsu Photonics, Herrsching am Ammer-
see, Germany) using a monochromator Polychrome IV (TILL-Photonics,
Martinsried, Germany). Data were recorded with the Openlab 2.25
Software (Improvision, Coventry, England). In CD8 cells FRET was
measured with an epifluorescence microscope (TE 2000S, Nikon Instru-
ments, Florence, Italy) equipped with a CCD camera (MicroMax
512BFT, Princeton Instruments, Princeton, NJ) using a DeltaRAM
Highspeed Multiwavelength Illuminator for excitation (Photon Tech-
nology International, Lawrenceville, NJ). Data were recorded and pro-
cessed with the MetaMorph/MetaFluor software (Universal Imaging
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Corp., Downington, PA). CFP and YFP were excited at 425 or 488 nm,
respectively; fluorescence emitted from CFP and YFP was measured at
480/30 and 535/26 nm, respectively. FRET from CFP to YFP was
determined by excitation of CFP (425 nm) and measurement of fluores-
cence emitted from YFP (535/26 nm). The maximum FRET capability of
the system was defined by determining FRET from CFP to YFP in a
fusion protein consisting of the two proteins (42). Background fluores-
cence from a region with no cells was subtracted from the data. A ratio
of 535/480 nm �0.6 was considered a positive FRET signal. As a
negative control CFP and YFP were expressed as soluble proteins by
co-transfection of vectors pECFP-N1 and pEYFP-N1. The specificity of
FRET signals from RII�-YFP to AKAP18�-CFP was tested by meas-
uring FRET in the presence of the membrane-permeable anchoring
inhibitor peptide S-Ht31 (100 �M; see “Introduction”) or the inactive
peptide S-Ht31-P (control). In addition, FRET signals were verified by
measurement of donor recovery after acceptor bleaching. For this pur-
pose, YFP was bleached by pulses of light at 488 nm, and the CFP
emission at 480/30 nm was measured simultaneously.

RNA Isolation and Northern Blotting—A multiple tissue Northern
blot was sequentially hybridized with a PCR-generated, [�-32P]dCTP-
labeled cDNA fragment of AKAP18� (bp 20 to 164), and [�-32P]dCTP-
labeled �-actin according to the supplier’s recommendations (BD
Biosciences).

Total RNA from rat renal inner medulla and residual kidney tissue
was isolated using peqGold RNApure (peqLab Biotechnologie, Erlan-
gen, Germany). Northern blotting was carried out using a sodium
phosphate-buffered gel system (43). The blot was sequentially hybrid-
ized with a [�-32P]dCTP-labeled EcoRI/HindIII fragment of the
AKAP18� cDNA (bp 320–1723) and [�-32P]dCTP-labeled �-actin. La-
beling reactions were performed using the Megaprime labeling kit
(Amersham Biosciences). Radioactive signals were detected by autora-
diography (Kodak X-OMAT x-ray films).

Preparation of Affinity Purified Anti-AKAP18� and Anti-AQP2 Anti-
bodies—A rabbit polyclonal antiserum (A18�4) was raised against a
peptide corresponding to amino acid residues 1–33 of AKAP18� (Bio-
genes, Berlin, Germany). An anti-AQP2 antiserum (2051) was raised as
described (44). Specific antibodies were isolated by affinity chromatog-
raphy of the antisera over the peptides used for immunization (coupled
to thiopropyl-Sepharose 6B; Amersham Biosciences).

Preparation of Subcellular Fractions, Immunoprecipitation, and
cAMP-agarose Pull-down—Rat kidney inner medullae were homoge-
nized in lysis buffer (10 mM K2HPO4, 150 mM NaCl, 5 mM EDTA, 5 mM

EGTA, 1% Triton X-100, 0.2% deoxycholate, 1 mM benzamidine, 0.5 mM

phenylmethanesulfonyl fluoride, 3.2 �g/ml trypsin inhibitor I-S, 1.4
�g/ml aprotinin). The lysates were cleared by centrifugation (30,000 �
g, 4 °C, 30 min). For immunoprecipitations affinity-purified antibody
A18�4 or the corresponding preimmune serum and protein A-conju-
gated agarose (Sigma Deisenhofen, Germany) were added. For cAMP-
agarose pull-down experiments the lysates were incubated with cAMP-
agarose (4 °C, 3 h; Biolog, Bremen, Germany) in the absence or presence
of cAMP (50 mM; Ref. 45). Proteins bound to protein A- or cAMP-
conjugated agarose were washed four times with lysis buffer and eluted
with Laemmli sample buffer (95 °C). To obtain particulate and soluble
fractions, renal inner medullae, homogenized in phosphate-buffered
saline (PBS) and cleared from cell debris and nuclei (4,000 � g, 4 °C, 10
min), were centrifuged (150,000 � g, 4 °C, 1 h). The supernatant and
the pellet, resuspended in lysis buffer, were considered soluble and
particulate fractions, respectively. Proteins were analyzed by Western
blotting and RII overlay assay (see below).

Immunoisolation of Intracellular Vesicles—Affinity-purified A18�4
antibody was coupled to Eupergit C1Z methacrylate microbeads
(Roehm Pharma, Darmstadt, Germany) according to the procedure
described (46), yielding AKAP18AB beads. Non-saturated binding sites
were blocked by incubation with glycine. As a control, beads were coated
with glycine alone (glycine beads). Rat renal inner medullae were
homogenized in homogenization buffer (250 mM sucrose, 3 mM imidazol,
pH 7.5). Nuclei and cell debris were removed by centrifugation (3,000 �
g, 4 °C, 15 min), and the resulting postnuclear supernatants were
incubated with AKAP18AB or glycine beads while rotating (45 min,
4 °C). The beads were recovered by centrifugation (3,000 � g, 4 °C, 5
min) through a sucrose cushion (0.8 M). The supernatants were dis-
carded and the pellets were washed by 5 rounds of resuspending in PBS
and subsequent centrifugation (3,000 � g, 4 °C, 5 min). The final pellets
were resuspended in Laemmli sample buffer and subjected to Western
blotting (see below).

Western Blotting and RII Overlay—Western blotting was carried out
as described (35). In brief, AKAP18� was detected with the affinity-
purified antibody A18�4 and horseradish peroxidase-conjugated goat

anti-rabbit F(ab)2 fragments as secondary antibody (Dianova,
Hamburg, Germany). PKA RII� subunits were detected using commer-
cially available monoclonal antibodies (BD Biosciences) and secondary
horseradish peroxidase-conjugated goat anti-mouse antibodies (Chemi-
con International, Hofheim, Germany). AQP2 was detected using rabbit
antiserum 2051 and horseradish peroxidase-conjugated goat anti-rab-
bit F(ab)2 fragments as secondary antibody (26, 44). The commercially
available antibodies directed against AQP4 (Biotrend Chemikalien,
Cologne, Germany), calreticulin (Dianova), and �-tubulin (Oncogene
Research Product, Calbiochem, Cambridge, MA) were applied according
to the manufacturer’s instructions and detected with the secondary
horseradish peroxidase-conjugated antibodies given above. Signals
were visualized with the Lumi-Imager F1 (Roche Diagnostics, Mann-
heim, Germany). RII overlays were carried out using radioactively
labeled RII subunits (26, 40).

Detection of AQP2 and AKAP18� in Primary Cultured IMCD Cells—
Primary cultured rat IMCD cells were obtained from rat renal inner
medullae and cultured as described (38, 47). The culture medium was
routinely supplemented with 500 �M dibutyryl cAMP for the mainte-
nance of AQP2 expression. Dibutyryl cAMP was removed 16 h prior to
experiments, which were performed 6 days after seeding.

AQP2 was detected using polyclonal goat anti-AQP2 antibody (Santa
Cruz, Heidelberg, Germany) and Cy5-conjugated donkey anti-goat an-
tibody (Dianova). AKAP18� was detected with affinity-purified rabbit
antibody A18�4 (1:50) and Cy3-conjugated mouse anti-rabbit antibody
(Dianova). As a control, antibody A18�4 was preincubated with a 1,000-
fold molar excess of the peptide used for the immunization. Signals
were visualized by confocal laser scanning microscopy (LSM 510; Carl
Zeiss). For quantification of the effects of AVP on the localization of
AQP2 and AKAP18�, the ratio of intracellular/plasma membrane fluo-
rescence signal intensities was calculated as described (26, 32, 35). For
all groups, mean � S.E. values were calculated. Statistical analyses
were performed using the Student’s t test and one-way analysis of
variance (26, 32, 35).

For immunogold electron microscopy IMCD cells were grown on
Transwell filters, fixed (0.25% glutaraldehyde, 3% formaldehyde), cryo-
substituted in a Leica AFS freeze-substitution unit, and embedded in
LR-White. Briefly, the samples were sequentially equilibrated over 4
days in methanol at temperatures gradually increasing from �90 to
�45 °C. The samples were infiltrated with LR-White for 72 h at �20 °C,
and polymerized for 1 h at �20 °C and 2 h at 4 °C. Sections (60 nm)
were cut on a Reichert Ultracut S, placed on nickel grids, and blocked
with glycine. The sections were incubated with goat anti-AQP2 anti-
body (1:10; Santa Cruz) and affinity-purified rabbit anti-AKAP18�
A18�4 antibody (1:25) for 1 h at room temperature. The sections were
washed with PBS and incubated with donkey anti-goat antibody (1:20;
Dianova) and donkey anti-rabbit antibody (1:10; Dianova) coupled to
12- and 18-nm gold grains, respectively (Dianova). Thereafter, sections
were stained with uranyl acetate and lead citrate. The sections were
analyzed with a 80-kV electron microscope (902A, LEO, Obercochem,
Germany) equipped with a slow scan CCD camera (Megaview III, Soft
Imaging System, Germany) and the analySIS software (Soft Imaging
System). The percentages of vesicles containing AQP2, AKAP18�, or
both were determined by analyses of images from two independent
experiments. Unlabeled vesicles were disregarded. For quantification of
the effects of AVP on the localization of AQP2 and AKAP18�, gold
particles/�m of plasma membrane were determined in images obtained
from two independent experiments. For all groups the means were
calculated.

Detection of AQP2 and AKAP18� in Kidney Sections—Sprague-Daw-
ley rats were supplied with drinking water containing 180 mM sucrose
for 48 h to achieve a good hydration status. Desmopressin (dDAVP; 1
�g/ml saline) or saline alone (control) were administered subcutane-
ously. After 2 h, the rats were sacrificed by in vivo perfusion fixation
under phenobarbital anesthesia. The kidneys were removed, cut into
slices, shock frozen, and embedded.

Cryo-sections (2–4 �m) were prepared and blocked with PBS con-
taining 5% skim milk, pH 7.4. Sections were incubated with affinity-
purified antibody A18�4 (2 h at room temperature and then overnight
at 4 °C), followed by incubation with fluorescein isothiocyanate-
conjugated mouse anti-rabbit antibody (Dianova). As a control, anti-
body A18�4 was preincubated with a 1,000-fold molar excess of the
peptide used for the immunization. The sections were washed with
PBS and sequentially incubated with goat anti-AQP2 antibody (1:
200, 2 h, room temperature; Santa Cruz) and Cy3-conjugated donkey
anti-goat antibody (Dianova). Nuclei were stained with 4�,6-diamino-
2-phenylindole (Sigma) diluted in PBS. After washing with PBS,
sections were analyzed using a Leica DMLB epifluorescence micro-
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scope equipped with a CCD camera (Leica Microsystems, Wetzlar,
Germany).

RESULTS

Molecular Cloning of AKAP18�, a New Splice Variant of
AKAP18—To identify AKAPs involved in the AQP2 shuttle, a
rat kidney cDNA expression library was screened using the RII
overlay technique. One of the cDNAs isolated was 2655 bp long
and encoded an open reading frame of 262 amino acids. The
lack of a start codon indicated an incomplete cDNA. 5�-RACE
PCR with Marathon cDNA from rat heart as template yielded
a full-length cDNA (2975 bp). The start codon is located within
a Kozak consensus sequence (gcgaccATGg; Ref. 48), and the
stop codon (bp 1116–1118) is followed by a polyadenylation
signal (bp 2938–2945, aataaa) and a poly(A) tail (stretch of 17
adenosines), starting 15 bp downstream of the polyadenylation
signal. The complete cDNA encodes a protein of 353 amino
acids (Fig. 1; GenBankTM accession number AY350741). Blast
homology searches (GenBankTM, NCBI) revealed amino acid
sequence identities in the overlapping regions of 76.6% with
human AKAP18�, 76.6% with AKAP18�, 75% with AKAP18�
(17), and 100% with mouse AKAP18� (8). The data indicate
that the isolated cDNA represents a new splice variant of
AKAP18, which we named AKAP18� (Fig. 1; GenBankTM ac-
cession number AY350741).

Recombinant AKAP18� Functions as an AKAP—AKAP18�
contains an amino acid sequence (residues 301 to 314; Fig. 1)
identical with the amino acid sequence of the RII-binding do-
mains of AKAP18�, -�, and -� (8, 17). Using truncated versions
of AKAP18� in RII overlay assays, the RII-binding domain of
AKAP18� was mapped to a region between amino acids 299
and 353. Thus, it is most likely identical with the RII-binding
domain of AKAP18�, -�, and -� (data not shown).

The kinetics (association and dissociation rates) for the bind-
ing of full-length AKAP18� fused to GST and GST-AKAP18�-
(124–353) to RII� and RII� subunits were determined by sur-
face plasmon resonance measurements (Fig. 2; Ref. 41). The KD

values determined for the binding of RII� and RII� subunits to
full-length AKAP18� were 31 and 20 nM, respectively (Table I).
Several AKAPs, including AKAP-Lbc/Ht31, AKAP79, and
AKAP95, bind RII subunits with KD values of 1.3–50 nM (41,
49, 50) and are considered as high affinity AKAPs. In contrast,
AKAPs such as gravin or the members of the ezrin radixin
moesin family bind RII subunits with lower affinity (�M range)

and are considered low affinity AKAPs (51). Thus, AKAP18� is
a high affinity AKAP. The KD for the binding of GST-AKAP18�-
(124–353) to the RII subunits (9 and 4 nM for RII� and RII�,
respectively) is 4–5 times lower than that of full-length
AKAP18�. This may result from steric hindrance by the N-
terminal portion of the full-length protein, limiting access of
RII subunits to the C-terminal RII-binding site (41).

Endogenous AKAP18� Functions as an AKAP—Fig. 3A
shows an RII overlay assay. Antibody A18�4 (see “Experimen-
tal Procedures”) immunoprecipitated a prominent 50-kDa RII-
binding protein from rat renal inner medulla homogenates
(Fig. 3A, left panel). The protein was not detectable if the RII
overlay assay was carried out in the presence of the anchoring
inhibitor peptide Ht31 (right panel) and, thus, most likely
represents the endogenous AKAP18�. The immunoprecipitate
contained an additional RII-binding protein of about 55 kDa
corresponding in size to RII subunits that are expected to
co-immunoprecipitate with AKAP18�. Membrane-bound RII
subunits are detectable because of dimerization with the radio-
actively labeled RII subunits of the probe (52). The proteins
were not precipitated by the preimmune serum.

To further test the AKAP function of AKAP18�, cAMP-aga-
rose pull-down experiments with rat renal inner medulla ho-
mogenates were carried out (Fig. 3, B and C). Cyclic AMP-
agarose efficiently pulled down RII� subunits (Fig. 3B, lane 1)
and a protein recognized by antibody A18�4 (Fig. 3C, lane 1).
The precipitated protein corresponded in size to recombinant
AKAP18� (lane 3), suggesting that it represents the endoge-
nous AKAP18�. If antibody A18�4 was preincubated with the
peptide used for immunization, the precipitated AKAP18� was
not detected and the recombinant AKAP18� only weakly (lanes
4 and 6). As a further control, cAMP-agarose pull-down exper-
iments were carried out in the presence of cAMP. Under this
condition, neither RII subunits (Fig. 3B, lane 2) nor AKAP18�

were detectable (Fig. 3C, lanes 2 and 5).
AKAP18� Is Present in the Soluble and Particulate Fractions

Prepared from Rat Renal Inner Medullae—Cyclic AMP-agarose
efficiently pulled down RII� subunits from soluble and partic-
ulate (150,000 � g pellet) fractions of rat renal inner medulla
(Fig. 4, upper panel). AKAP18� was abundantly present in the
precipitates from the soluble fraction and was merely detecta-
ble in the particulate fraction (Fig. 4, lower panel). The preim-
mune serum did not recognize a protein in the precipitate (data
not shown).

Interaction of AKAP18� and RII� Subunits in Living Cells
(FRET Technique)—A fusion protein consisting of CFP and
YFP was expressed in HEK293 cells and FRET from CFP to
YFP was determined to define the maximum FRET signal
obtainable in this system (Fig. 5A, upper left panel). The FRET
signal is depicted as the ratio of 535/480 nm in false colors
(ratio � 1.2–1.5, Fig. 5A). Co-expression of soluble CFP and
YFP did not yield a positive FRET signal (ratio � 0.6, Fig. 5A,
middle left panel), indicating that CFP and YFP need to be in
close proximity (�10 nm) and physically associated for FRET
to occur.

Subsequently, the FRET technique was applied to visualize
the interaction of AKAP18� with regulatory RII subunits in
HEK293 cells (Fig. 5, B–E). The cells were co-transfected with
plasmids encoding RII�-YFP and AKAP18�-CFP. Fig. 5B
shows a mainly cytosolic distribution of RII� and AKAP18�

fusions (upper left and right panels, respectively). The lower left
panel shows the FRET signal (fluorescence emitted by YFP in
the same cells shown in the upper panel after excitation of CFP
at 425 nm). The FRET ratio (ratio 535/480 nm � 1.2–1.5) is
depicted in false colors (lower right panel). The membrane-
permeable (stearated) anchoring inhibitor peptide S-Ht31 (100

FIG. 1. Schematic representation of AKAP18 isoforms. Amino
acid residues (one-letter code) are indicated by numbers. The membrane
targeting domains of AKAP18� and -� (black) and the RII-binding sites
(RII) of all isoforms are identical. Amino acids 1–245 of AKAP18� and
27–272 of AKAP18� are homologous (gray). The N terminus of
AKAP18� (amino acids 1–26, horizontal stripes) is unique to this
isoform.
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�m; Ref. 26) significantly decreased the FRET signal in a
time-dependent manner (ratio � 0.55 � 0.14; mean � S.E.;
seven independent experiments; Fig. 5, C and E). The inactive
(proline-containing) peptide S-Ht31-P (100 �m; Ref. 26) did not
influence the FRET signal (ratio � 1.32 � 0.16; eight independ-
ent experiments; Fig. 5, D and E).

The peptide S-Ht31 did not change the FRET signal in
HEK293 cells expressing the CFP-YFP fusion protein, neither
did it induce a FRET signal from soluble CFP to soluble YFP or
from AKAP18�-CFP to soluble YFP (Fig. 5A). The specificity of
the FRET signal was also verified by measuring donor recovery
after acceptor bleaching (CFP fluorescence increased by 9.9%
after bleaching of YFP, data not shown). Thus, the FRET signal
stems from the interaction of AKAP18� with RII� subunits.

The substitution of leucine 308 in the putative RII-binding
domain of AKAP18� by proline reduced the FRET signal com-
pared with the one obtained with wild-type AKAP18�-CFP

(ratio � 0.79 � 0.07; three independent experiments). The data
confirm that the RII-binding domain of AKAP18� is identical
with that of the other AKAP18 variants.

Tissue Expression Pattern of AKAP18�—The AKAP18� ex-
pression pattern was investigated by multiple rat tissue North-
ern blot analysis utilizing bp 20–164 of the AKAP18� cDNA as
a probe (Fig. 6A, upper panel). Three major transcripts of 	2.3,
3, and 3.5 kb were detected in most tissues. The length of the
3-kb transcript is similar to that of the AKAP18� cDNA (2975
bp), and thus most likely represents the corresponding mRNA.
The 2.3- and 3.5-kb mRNAs may represent additional AKAP18
isoforms. The expression levels of the 3-kb putative AKAP18�

transcript was highest in the heart. In brain, lung, liver, kid-
ney, and testis it was expressed at comparable levels. In spleen
and skeletal muscle the transcript was hardly detectable. The
2.3-kb transcript was expressed in heart at a similar level as
the 3-kb transcript. It was, as the 3.5-kb transcript, weakly
expressed in spleen and skeletal muscle. Similar to the puta-
tive AKAP18� mRNA, the 2.3- and 3.5-kb mRNAs were ex-
pressed at comparable levels in brain, lung, liver, kidney, and
testis. The minor differences in signal intensities observed are
most likely because of unequal loading of mRNA, as is sug-
gested by the �-actin control (Fig. 6A, lower panel).

As AVP mainly exerts its antidiuretic action in the renal
inner medulla (main expression site of AQP2), we compared
levels of the 3-kb putative AKAP18� mRNA in rat renal inner
medulla and residual kidney tissue. A cDNA probe (bp 320–
1732 of AKAP18�), potentially hybridizing to AKAP18�, -�, -�,
and -�, detected a 3- and 	2.3-kb transcript in the inner me-
dulla (Fig. 6B, upper panel). Both mRNAs were weakly detect-
able in residual kidney tissue. The 3.5-kb transcript detected in
the poly(A)� RNA preparation from kidney (see Fig. 6A) was

FIG. 2. AKAP18� functions as an AKAP in vitro. Surface plasmon resonance measurements to determine the association and dissociation
rate constants (see Table I) for the binding of GST-AKAP18� and GST-AKAP18�-(124–353) to human PKA regulatory RII subunits. The plots show
representative experiments for each interaction. Each experiment was repeated at least three times using different protein preparations and
different immobilization rates of the regulatory subunits.

TABLE I
Apparent rate and equilibrium binding constants of the

interaction of human RII� and RII� subunits with full-length
AKAP18� and amino acids 124–353 of AKAP18�

The AKAP proteins were fused to GST. Apparent association (ka) and
dissociation (kd) rate constants were calculated from at least three
independent experiments using global fit analysis as described under
“Experimental Procedures.”

ka kd KD

mol�1 � s�1 s�1 nM

AKAP18�
RII� 2 � 104 6.7 � 10�4 31
RII� 1.8 � 104 3.5 � 10�4 20

AKAP18�-(124–353)
RII� 2.6 � 104 2.3 � 10�4 9
RII� 1.2 � 104 4 � 10�5 4
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not detected in the preparations of total RNA used for this
experiment (Fig. 6B), most likely because the amount is
too low.

AQP2, PKA Subunits, and AKAP18� Reside on the Same
Vesicles—The presence of AKAP18� in the particulate fraction
of renal inner medullary tissue (Fig. 4) and its abundant ex-
pression in renal inner medulla (Fig. 6) led us to investigate
whether the AKAP is associated with AQP2-bearing vesicles.
To this end we established a procedure to immunoisolate in-
tracellular vesicles from rat renal inner medulla with antibody
A18�4 (AKAP18AB beads; see “Experimental Procedures”).
Compared with the control (glycine beads), AQP2, regulatory
RII� subunits of PKA (Fig. 7A, Western blot) and a prominent
50-kDa AKAP (Fig. 7B, RII overlay) were enriched in the ves-
icle fraction obtained with AKAP18AB beads. The size of the
50-kDa AKAP corresponds to that of recombinant AKAP18�,
suggesting that it represents AKAP18� (first lane, Fig. 7B). The
vesicular fraction did not contain detectable amounts of pro-
teins from other cellular compartments. The water channel
AQP4 (nonglycosylated form), a marker for the plasma mem-
brane, tubulin, a cytoskeletal protein, or calreticulin, a marker
for the endoplasmic reticulum were not detected in the fraction

obtained with AKAP18AB. In a further series of experiments
using a second anti-AKAP18� antibody (A18�3) similar obser-
vations were made (data not shown). The data provide strong
evidence for the association of an AKAP18� fraction with
AQP2-bearing vesicles.

AQP2 and AKAP18� Co-localize in IMCD Cells and Co-trans-
locate to the Plasma Membrane in Response to AVP Stimula-
tion—IMCD cells contain the molecular machinery for the
AQP2 shuttle and respond to AVP by insertion of AQP2 into the
basolateral plasma membrane (Fig. 8) (26, 32, 35, 47, 53, 54).
Whereas in control cells, AQP2 was found mainly intracellu-
larly, it was predominantly located at the plasma membrane in
AVP-treated cells (Fig. 8A). Similarly, AKAP18� was located
intracellularly in control cells and associated with the plasma
membrane in AVP-treated IMCD cells (Fig. 8A). After preincu-
bation of antibody A18�4, selectively recognizing AKAP18�,
with the peptide used for immunization, the signal was
strongly reduced (Fig. 8A, lower panels). Consistent with the
finding that AKAP18� is mainly found in the cytosol (Fig. 4)
and not exclusively on AQP2-bearing vesicles, the redistribu-
tion of AKAP18� in response to AVP was less complete com-
pared with that of AQP2. Quantitative analysis of the immu-
nofluorescence signals confirmed these observations (Fig. 8B).
The co-localization of AQP2 and AKAP18� and their co-trans-
location in response to AVP were also confirmed by immuno-
electron microscopy with sections from control and AVP-
treated IMCD cells (Fig. 8C). Both the anti-AQP2 and anti-
AKAP18� antibodies yielded signals in the nucleus (Fig. 8C).
The anti-AQP2 antibody most likely labeled histone H2A1 (55)
and detection of AKAP18� in the nucleus is likely because of
the nuclear localization signal in the AKAP18� sequence,
which may direct it to the nucleus. If antibody A18�4 was
preincubated with the peptide used for immunization, the sig-
nal was reduced by �90% (data not shown).

Similar observations were made in experiments with kidney
sections derived from control rats and rats treated with the V2
receptor agonist desmopressin (dDAVP; Fig. 8D). Here too,
AQP2 and AKAP18� were located intracellularly in resting
principal cells and mainly at the apical plasma membrane in
dDAVP-stimulated cells. A quantitative evaluation of the in-
tracellular or plasma membrane-derived epifluorescence sig-
nals in tissue sections is not possible because fluorescence
signals from several layers cannot be separated. Taken to-
gether, the data point to a role of AKAP18� in the AQP2
shuttle.

FIG. 4. Detection of AKAP18� in soluble and particulate com-
partments of renal inner medulla. Soluble and particulate fractions
derived from rat renal inner medulla were subjected to cAMP-agarose
pull-down analysis. RII� subunits and AKAP18� were detected by
Western blotting with commercially available anti-RII� and affinity-
purified A18�4 antibodies, respectively.

FIG. 3. AKAP18� functions as an AKAP in vivo. A, lysates from
rat renal inner medulla were prepared and subjected to immunopre-
cipitation (IP) with antibody A18�4 or preimmune serum. The lysates,
precipitates, and recombinant (rec.) AKAP18� were probed in RII over-
lay assays carried out in the absence or presence of the anchoring
inhibitor peptide Ht31. B, cAMP-agarose precipitates were obtained
from rat renal inner medulla lysates in the absence (lane 1) or presence
(lane 2) of cAMP. RII� subunits were detected by Western blotting. C,
cAMP-agarose precipitates were isolated from rat renal inner medulla
lysates in the absence (lanes 1 and 4) or presence of cAMP (lanes 2 and
5). Lanes 3 and 6, recombinant AKAP18�. Western blotting was carried
out with the affinity-purified antibody A18�4 and A18�4 preincubated
with the peptide used for immunization.
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FIG. 5. FRET measurements to visualize the interaction of AKAP18� and regulatory RII� subunits of PKA in living cells. A, as controls,
HEK293 cells were transfected with plasmids encoding a fusion of CFP and YFP (upper panel), co-transfected with plasmids encoding soluble CFP and YFP
(middle panel), or with plasmids encoding AKAP18�-CFP and soluble YFP (lower panel). FRET was determined prior to addition of the anchoring inhibitor
peptide S-Ht31 (0 min) or 40 and 80 min thereafter. Addition of the peptide is indicated by the arrow. FRET is depicted as the ratio of 535/480 nm in false
colors. B, HEK293 cells were co-transfected with plasmids encoding RII�-YFP and AKAP18�-CFP. Expression of RII�-YFP (upper left panel) was detected
by the fluorescence emitted by YFP after excitation at 488 nm. Expression of AKAP18�-CFP in the same cells was detected by the fluorescence emitted by
CFP after excitation at 425 nm (upper right panel). FRET from CFP to YFP (lower left panel) was determined by excitation of CFP and measurement of the
fluorescence emitted from YFP (535/26 nm). The FRET ratio (535/480 nm) is depicted in false colors. C and D, FRET was measured in HEK293 cells
co-expressing RII�-YFP and AKAP18�-CFP (0 min). Thereafter, the anchoring inhibitor peptide S-Ht31 (100 �M; C) or the control peptide S-Ht31-P (100
�M; D) was added and FRET was determined in 10-min intervals over a total of 80 min. E, quantitative evaluation of the effects of the peptides S-Ht31 and
S-Ht31-P on the FRET signal from AKAP18�-CFP to RII�-YFP.
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Cyclic AMP Decreases the Interaction of AKAP18� with Reg-
ulatory PKA Subunits—To obtain further evidence for the in-
volvement of AKAP18� in the AQP2 shuttle, FRET experi-
ments were carried out with a rabbit cortical collecting duct cell
line stably expressing AQP2 (CD8 cells). After stimulation of
CD8 cells with forskolin, a direct activator of adenylyl cyclase,
AQP2 translocates to the apical plasma membrane (29, 33, 34,
56). To monitor the interaction of AKAP18� with PKA, CD8
cells were transiently co-transfected with plasmids encoding
AKAP18�-CFP and RII�-YFP. Excitation of CFP resulted in
FRET from CFP to YFP (Fig. 9A, upper panel, 0 s), showing a
direct interaction between AKAP18� and RII� subunits. Addi-
tion of forskolin (100 �M) reduced the FRET signal by 50%
within 60 s, indicating a dissociation of the proteins. The pres-
ence of forskolin largely prevented the reassociation of
AKAP18� and RII� as the FRET signal only increased by 15%
over the following 600 s (Fig. 9, A and B). Donor recovery after

acceptor bleaching was only observed in cells co-expressing
AKAP18�-CFP and RII�-YFP (data not shown).

DISCUSSION

AVP induces a PKA-dependent redistribution of AQP2-bear-
ing vesicles to the plasma membrane of renal principal cells.
The redistribution of AQP2 is inhibited by the uncoupling of
PKA from AKAPs (26). The identity of the AKAP(s) involved,
however, is unknown. We have identified a new splice variant
of AKAP18, AKAP18� (Fig. 1). AKAP18� function as an AKAP
both in vitro and in vivo (Figs. 3–5). In the kidney it is enriched
in the inner medulla and closely resembles the distribution of
AQP2 (Figs. 6 and 8). The by far major portion of AKAP18� is
present in the soluble fraction of renal inner medullary cells
(Figs. 4 and 8); within the particulate fraction AKAP18� re-
sides on the same intracellular vesicles as AQP2 (Fig. 7).
AKAP18� co-translocates with AQP2 to the plasma membrane
upon AVP stimulation of primary cultured IMCD cells and
principal cells in situ (Fig. 8). These findings suggest a role of
AKAP18� in the AQP2 shuttle.

FIG. 6. Expression pattern of AKAP18� and other AKAP18 iso-
forms. A, the mRNA distribution of AKAP18� was assessed by North-
ern blot analysis. A multiple tissue Northern blot (tissues indicated
above each lane) was sequentially hybridized with a radioactively la-
beled cDNA probe (bp 20–164 of AKAP18�) specifically recognizing
AKAP18� and a �-actin probe. B, total RNA was isolated from rat renal
inner medulla (IM) and residual kidney tissue (R). The RNA was
separated by agarose gel electrophoresis, transferred to a nylon filter,
and hybridized with a radioactively labeled cDNA probe corresponding
to bp 320–1723 of AKAP18�, which potentially hybridizes to AKAP18�,
-�, -�, and -�. The RNA was rehybridized with a �-actin probe. Signals
were visualized by autoradiography.

FIG. 7. AQP2, PKA, and AKAP18� reside on the same intracel-
lular vesicles. Rat renal inner medulla was homogenized and nuclei
and cell debris were removed by centrifugation, resulting in the post-
nuclear supernatant (PNS). The postnuclear supernatant was incu-
bated with affinity-purified A18�4 antibody coupled to Eupergit C1Z
methacrylate microbeads (AKAP18AB beads) or control beads (glycine
beads). A, glycosylated (g) and nonglycosylated (ng) AQP2, regulatory
RII� PKA subunits, and as controls, markers for the plasma membrane
(nonglycosylated AQP4, AQP4-ng), the cytoskeleton (�-tubulin), and
the endoplasmic reticulum (calreticulin) were detected by Western blot-
ting. B, AKAPs were detected by RII overlay analysis. rec. AKAP18�,
recombinant AKAP18�.
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FIG. 8. A, the effect of AVP on the subcellular distribution of AQP2 and AKAP18� in IMCD cells. IMCD cells were left untreated (control) or
incubated with AVP (100 nM, 15 min), fixed, and permeabilized. AQP2 was detected by incubation with goat anti-AQP2 antibody and secondary
Cy3-conjugated anti-goat antibodies, AKAP18� with affinity-purified rabbit anti-AKAP18� antibody A18�4 and secondary Cy5-conjugated anti-
rabbit antibodies. As a control, AVP-treated cells were incubated with antibody A18�4 blocked with the peptide used for immunization (lower
panel). Immunofluorescence signals were detected by laser scanning microscopy. The overlay of Cy3 and Cy5 fluorescence signals is shown in the right
panel. Scale bars, 20 �m. B, quantitative analysis of the effect of AVP on the localization of AQP2 and AKAP18� in IMCD cells. IMCD cells were treated
as indicated in A. AQP2 and AKAP18� immunofluorescence signals were detected by laser scanning microscopy. The intracellular and plasma
membrane fluorescence signal intensities were determined and related to nuclear signal intensities. Ratios of intracellular/plasma membrane signal
intensities were calculated (n � 20 cells for each condition tested; mean � S.E.; three independent experiments). Ratios �1 indicate a mainly
intracellular distribution of AQP2 and AKAP18�, and ratios �1 indicate a predominant localization at the plasma membrane.
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In addition to AKAP18�, other proteins are associated with
AQP2-bearing vesicles, for example, the motor protein dy-
nein, the SNARE protein VAMP2, or the SNAP25-associated
protein Hrs-2 (56–58). Whereas VAMP2 and dynein appear
to be exclusively located on the vesicles, Hrs-2 appears to be
present on both the vesicles and at the plasma membrane.
VAMP2 is required for fusion of AQP2-bearing vesicles with
the plasma membrane (56), and Hrs-2 may play a modulatory
role in the fusion process (57). Dynein may be involved in the
vesicular transport of AQP2-bearing vesicles to the plasma

membrane along microtubules (58). None of these proteins
co-translocates with AQP2 to the plasma membrane. In con-
trast, AKAP18� translocates to the plasma membrane after
elevation of cAMP. AKAP18� may not only anchor PKA at the
vesicular membrane to facilitate AQP2 phosphorylation, but
may also be relevant for the transport of AQP2 to the plasma
membrane. In this context it is of interest that AKAP79 is
also involved in the transport of L-type Ca2� channels to the
plasma membrane (59).

Vesicles immunoisolated from rat kidney inner medulla with
antibody A18�4 contain RII� subunits (Fig. 7), indicating that
AKAP18� anchors PKA type II at the vesicular membrane. RII
overlay assays point to the presence of additional AKAPs on
immunoisolated AQP2-bearing vesicles derived from rat renal
inner medulla and primary cultured IMCD cells (data not
shown), and a 90-kDa AKAP was detected on endosomes puri-
fied from rat IMCD cells (60). Thus, several AKAPs are likely to
anchor PKA at AQP2-bearing vesicles. In agreement with Jo et
al. (60), AQP2 was not detectable in cAMP-agarose precipitates
obtained in the presence of detergents (data not shown), sug-
gesting that AQP2 is not part of a protein complex formed by
an AKAP.

The mechanism by which AKAP18� associates with AQP2-
bearing vesicles remains to be determined. AKAP18� lacks the
membrane targeting domain present in AKAP18� and
AKAP18� (see “Introduction”), and palmitoylation was not de-
tected (data not shown). Sequence analysis, however, suggests
the presence of a myristoylation consensus site. Myristoylate,
covalently bound to this site, may mediate attachment to a
membranous compartment. Alternatively, AKAP18� may bind
to membranes through another, so far unknown component as
was proposed for AKAP18� (17). AKAP18� contains a leucine
zipper motif mediating the interaction with L-type Ca2� chan-
nels through a leucine zipper-binding motif (13). The leucine
zipper motif is conserved in AKAP18� and may be required for
an interaction with a leucine zipper-binding motif-containing
protein that is located on AQP2-bearing vesicles. The limited
availability of an AKAP18�-binding protein may limit the as-
sociation of AKAP18� with membranes, explaining the large
portion of cytosolic AKAP18� (Fig. 4).

AKAP18� is a high affinity AKAP (Fig. 2). We found that the
KD for the binding of peptides derived from the RII-binding
domain of AKAP18� to RII subunits is not only determined by
the core region required for RII binding (amino acid residues
301–314). Instead, the KD increased with the length of the
sequence flanking the core region (peptide array studies, data
not shown). Zakhary et al. (61) determined the KD for the
binding of a short synthetic peptide corresponding to the RII-
binding site of AKAP18� to RII� subunits in surface plasmon
resonance measurements (KD � 6.6 �M). The peptides used by
Zakhary et al. (61) lack the region flanking the RII-binding site,
which may explain the discrepancy in the results.

FIG. 9. The effect of elevation of cAMP on the interaction of
AKAP18� and regulatory RII� subunits of PKA. A, CD8 cells were
co-transfected with plasmids encoding RII�-YFP and AKAP18�-CFP.
FRET was measured before and after forskolin (100 �M) was added.
Shown are two representative cells co-expressing RII�-YFP and
AKAP18�-CFP prior to forskolin addition (0 s) and 95 and 600 s there-
after (95 and 600 s). The FRET signal (ratio of 535/480 nm) is depicted
in false colors. B, quantitative evaluation of the effect of forskolin on the
FRET signal (n � 6 cells). Scale bar, 20 �m.

* and #, values significantly different from untreated control cells for the detection of AQP2 and AKAP18�, respectively (p � 0.001). C, immunogold
labeling of AQP2 and AKAP18� in control and forskolin-treated IMCD cells. IMCD cells were left untreated (�forskolin) or incubated with forskolin
(100 �M, 15 min) and processed for immunogold electron microscopy as described under “Experimental Procedures.” AQP2 (3) and AKAP18� (➜ )
were detected by using the same primary antibodies as in A. As secondary antibodies donkey anti-goat IgG, labeled with 12-nm gold particles, and
donkey anti-rabbit IgG, labeled with 18-nm gold particles were used (scale bar, 500 nm). The upper image was assembled from four and the lower
from two separately recorded images, respectively, using analySIS software. The magnified view from the control cell (upper image) shows a
representative vesicle containing AQP2 and AKAP18�. The magnified view from the forskolin-treated cell (lower image) shows a plasma membrane
region with AQP2 and AKAP18�. Upper right panel, intracellular vesicles (n � 127) in images from control cells obtained from two independent
experiments were analyzed for the presence of AQP2 and/or AKAP18�. Shown is the percentage of vesicles containing AQP2, AKAP18�, or both.
Error bars indicate the deviation from the mean. Lower right panel, the number of gold particles/�m of plasma membrane in control and
forskolin-treated IMCD cells was determined (n � 6 cells for each condition). Error bars indicate the deviation from the mean. D, cryo-sections from
rat renal inner medulla of control and dDAVP-treated rats were incubated with affinity-purified anti-AKAP18� antibody A18�4 and secondary
fluorescein isothiocyanate-conjugated anti-rabbit antibodies (middle panels) and subsequently with goat anti-AQP2 and secondary Cy3-conjugated
anti-goat antibodies (left panels). Nuclei were stained with 4�,6-diamino-2-phenylindole. Fluorescence signals were visualized by epifluorescence
microscopy (magnification �300). The overlay of 4�,6-diamino-2-phenylindole, fluorescein isothiocyanate, and Cy3 fluorescence is shown in the
right panels.
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Surface plasmon resonance measurements show that an N-
terminal truncated AKAP18� binds RII subunits of PKA with
higher affinity than the full-length protein. This observation
indicates that steric hindrance by the N terminus limits the
access of RII subunits to the full-length AKAP18� (Fig. 2, Table
I). Masking of the RII-binding site may constitute a regulatory
mechanism for the interaction with PKA. A molecular basis for
the regulation of the interaction between AKAP18� and RII
subunits is at present not known. We have not observed phos-
phorylation of AKAP18� by PKA (data not shown). Thus PKA-
mediated phosphorylation of AKAP18� decreasing its affinity
to RII subunits is not a likely mechanism. It remains, however,
possible that other protein kinases are involved. In this context
it is of interest that AKAP18� possesses consensus sites for
protein kinase C- and casein kinase 2-mediated phosphoryla-
tion. The hypothesis of a regulated interaction between
AKAP18� and RII subunits is consistent with our finding that
the elevation of cAMP in CD8 cells, a cell culture model of renal
principal cells, induces the dissociation of AKAP18� and RII�

subunits of PKA (Fig. 9). The dissociation of RII subunits from
AKAPs associated with the AQP2-bearing vesicle explains that
AKAPs but not RII subunits co-translocate with AQP2 to the
plasma membrane of principal cells (26). Functionally, the
dissociation of RII subunits from AKAPs may constitute a
negative feedback system: the dissociated RII subunits scav-
enge and thereby inhibit free catalytic subunits (3), ensuring
the termination of the cAMP signal. In this context it may be
relevant that AKAP� is present throughout the cytosol (Figs. 4
and 8). Cytosolic AKAP18� may redirect the PKA holoenzyme
to its intracellular target site by binding to a membrane-at-
tached binding protein (see above).

In the present study, the FRET technique was applied to
determine the AKAP function of AKAP18� in vivo. This ap-
proach, however, turned out to be rather valuable to confirm
various properties ascribed to AKAP18� by biochemical means.
The FRET experiments support the view that AKAP18� is
located in the cytosol as the AKAP18�-CFP fusion was present
throughout the cytosol of HEK293 cells, and they confirm the
assumed RII-binding site. In addition, they show a decreased
interaction of AKAP18� with RII� subunits in response to
cAMP elevation in principal cells. The decreased interaction of
AKAP18� and regulatory subunits was also evident in cAMP-
agarose pull-down experiments: cAMP-agarose pull-downs
from AVP-treated primary cultured IMCD cells contained 50%
less AKAP18� than the precipitates from control cells (data not
shown). Potentially, the FRET approach allows visualization of
any AKAP-PKA complex and, by using an organelle marker in
conjunction with the AKAP-PKA complex, it may help to de-
termine the subcellular site of the AKAP-PKA interaction.
Indeed, Oliveria et al. (62) recently used the FRET technique to
study the interaction of AKAP79 with RII subunits and protein
phosphatase 2B at the plasma membrane. Moreover, by tag-
ging several AKAPs with different GFP versions and the cat-
alytic PKA subunit with a GFP version compatible for FRET
measurements with the tagged AKAPs (7, 63, 64), the spatial
and temporal organization of cAMP signaling can be studied
with the FRET technique.

Except for renin secretion from juxtaglomerular kidney cells,
the AVP-induced AQP2 translocation is the only example of an
exocytic process solely triggered by cAMP (54). Some other
exocytic processes such as proton secretion from gastric parie-
tal cells may be triggered by cAMP or Ca2� increases, and yet
others are strictly dependent on Ca2� increases and are only
modulated by cAMP (for review see Ref. 19). AKAPs appear to
be involved in all of these cAMP-controlled exocytic processes:
AKAP18� in the AQP2 shuttle, Ezrin in proton secretion (51),

and AKAP18� in insulin secretion (8). The role of AKAPs in
renin secretion has not been investigated. Dysregulation of
these processes leads to diseases including congenital and ac-
quired nephrogenic diabetes insipidus, hypertension, gastric
ulcers, and diabetes mellitus. The pharmacological interfer-
ence with the function of specific AKAPs may prove a suitable
concept for the treatment of these diseases. With the identifi-
cation of peptides selectively displacing either PKA type I or
type II from the dual specificity AKAP D-AKAP2 (65) or the
generation of AKAPIS (50), a general disruptor of PKA anchor-
ing, prototypical agents are already at hand to modulate an-
chored cAMP signaling.
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