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Phosphodiesterase type 2A (PDE2A) hydrolyzes cyclic nucleo-
tidescAMPandcGMP, thusefficientlycontrollingcNMP-depend-
ent signaling pathways. PDE2A is composed of an amino-terminal
region, two regulatory GAF domains, and a catalytic domain.
Cyclic nucleotide hydrolysis is known to be activated by cGMP
binding to GAF-B; however, other mechanisms may operate to
fine-tune local cyclic nucleotide levels. In a yeast two-hybrid
screening we identified XAP2, a crucial component of the aryl
hydrocarbon receptor (AhR) complex, as amajorPDE2A-interact-
ing protein. We mapped the XAP2 binding site to the GAF-B
domain of PDE2A. PDE assays with purified proteins showed that
XAP2 binding does not change the enzymatic activity of PDE2A.
To analyze whether PDE2A could affect the function of XAP2, we
studied nuclear translocation of AhR, i.e. the master transcription
factor controlling the expression of multiple detoxification genes.
Notably, regulation of AhR target gene expression is initiated by
tetrachlorodibenzodioxin (TCDD)binding toAhRandby a poorly
understood cAMP-dependent pathway followed by the transloca-
tionofAhRfromthecytosol into thenucleus.BindingofPDE2Ato
XAP2 inhibited TCDD- and cAMP-induced nuclear translocation
of AhR in Hepa1c1c7 hepatocytes. Furthermore, PDE2A attenu-
ated TCDD-induced transcription in reporter gene assays. We
conclude that XAP2 targets PDE2A to the AhR complex, thereby
restricting AhR mobility, possibly by a local reduction of cAMP
levels. Our results provide first insights into the elusive cAMP-de-
pendent regulation of AhR.

Cyclic nucleotide phosphodiesterases (PDEs)4 catalyze the
hydrolysis of cAMP and/or cGMP. In conjunction with adeny-

lyl and guanylyl cyclases PDEs regulate the amplitude and dura-
tion of cell signaling events mediated by cyclic nucleotides. In
this context PDEs are involved in a broad range of biological
responses such as cardiac contractility, platelet aggregation,
lipolysis, glycogenolysis, smoothmuscle contraction, ion chan-
nel conductance, and apoptosis (1). Sequence analyses suggest
that 11 different families ofmammalian PDEs exist, andmost of
these families contain more than one gene product. Further-
more, many of these genes can be alternatively spliced in a tis-
sue-specific manner to give rise to several different isoenzymes
with altered regulatory properties, subcellular localization, and
different substrate specificities. The distinct cellular localiza-
tion and biophysical characteristics of the various PDEs suggest
that each PDE is individually regulated and plays distinct roles
in specific physiological processes (2).
PDE2A is activated by cGMP and degrades both, cAMP and

cGMP. PDE2A is highly expressed in the brain and heart, but it
is also found in lung, kidney, liver, and adrenal gland (3). One of
the first specific functions attributed to PDE2A is the regulation
of aldosterone production in adrenal zona glomerulosa cells (4).
Recently, PDE2A was found to attenuate spatially confined
pools of cAMP in cardiac myocytes, thereby affecting contract-
ile function (5). Moreover, PDE2A appears to increase perme-
ability of endothelial layers and thus to impair endothelial bar-
rier function (6). PDE2A is composed of an amino-terminal
domain of unknown function, two central GAF domains (A and
B), and a carboxyl-terminal catalytic domain (7, 8). Structural
analysis of the PDE2A GAF domains revealed that only the
GAF-B domain is involved in cGMP binding, whereas the ami-
no-terminal GAF-A domain is required for dimerization (7).
Here we report that PDE2A associates with XAP2, amember

of the immunophilin protein family. XAP2 (also known as
ARA9 or AIP) is a 38-kDa protein that is initially identified as a
protein binding to the hepatitis B virus X protein (9) and in
parallel also as a binding partner of the aryl hydrocarbon recep-
tor (AhR) (10–12). XAP2 shares sequence identity with
FKBP52, an immunophilin of the FK506 binding proteins and
an established component of the glucocorticoid receptor com-
plex. Although XAP2 contains an immunophilin homology
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domain within its amino-terminal region, no binding to immu-
nosuppressant drugs is found (10). The carboxyl terminus of
XAP2 contains multiple tetratricopeptide repeat (TPR) motifs
that mediate protein-protein interactions (13), and XAP2 has
been shown to engage in a multiprotein complex together with
a dimer of Hsp90, p23, and AhR (14, 15). AhR is a ligand-acti-
vated transcription factor and belongs to the basic helix-loop-
helix Per/ARNT/Sim family of proteins (16, 17). The activity of
the AhR is regulated by structurally diverse xenobiotics such as
the high affinity ligand 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) (18). Upon ligand binding, the AhR translocates to the
nucleus and dimerizes with the structurally related protein
ARNT. The resultant complex interacts with enhancer ele-
ments upstream of target promoters and drives the transcrip-
tion of a host of xenobiotic metabolizing enzymes (19).
Recently, cAMPhas been described as amediator of AhR trans-
location, acting as a repressor rather than an activator of AhR-
dependent gene expression (20); however, the underlying
molecular pathways have remained elusive. Here we identify a
functional interaction between PDE2A and AhR pathways that
is mediated by XAP2, an essential component of the AhR com-
plex, providing a direct link between cAMP- and TCDD-de-
pendent pathways.

EXPERIMENTAL PROCEDURES

Materials—The full-length PDE2A cDNA (clone IRAKp-
961N0275Q2, GenBankTM accession number BC040974) was
obtained from RZPD (Berlin, Germany). 8-Br-cAMP and db-
cAMP were from Biolog (Bremen, Germany), and TCDD and
forskolin were from Sigma. Horseradish peroxidase-coupled
goat anti-rabbit and goat anti-mousewere fromDianova (Ham-
burg, Germany).
Two-hybrid Screening—The complete PDE2A cDNA was

cloned into the SfiI and SalI sites of the pGBKT7 vector (Clon-
tech, Takara Bio Europe, St-Germain-en-Laye, France). This
construct encodes a fusion between the amino-terminal end of
PDE2A and the Gal4 DNA-binding domain (bait). The screen
was performed with a human brain two-hybrid cDNA library
(Matchmaker Two-Hybrid System 3, Clontech) cloned into the
XhoI and EcoRI sites of the pACT2 vector and expressing pro-
teins as fusions with the Gal4 protein activation domain. This
library was transformed into Saccharomyces cerevisiae strain
AH109 expressing the PDE2A bait construct. Positive clones
were initially selected for growth in the absence of adenine,
histidine, leucine, and tryptophane. Library plasmid DNA was
isolated from the positive clones and re-transformed into yeast
strain AH109 containing the bait, and the re-transformed pos-
itive clones were further assayed for the PDE2A interaction.
Cell Culture and Transfection—COS-1 and HeLa cells were

cultured inDulbecco’smodified Eagle’smedium supplemented
with 10% fetal calf serum (PAA, Pasching, Austria) and 1% pen-
icillin/streptomycin (PAA). Transient transfections of COS-1
cells were performed with DEAE-dextran. Briefly, 6 � 105 cells
were seeded per 10-cm dish. On the following day, cells were
washed with phosphate-buffered saline, and expression plas-
mids were applied in 5.7 ml of serum-free in Dulbecco’s modi-
fied Eagle’s medium mixed with 300 �l of DEAE-dextran (1
mg/ml stock) and 12 �l of chloroquine (100 mM stock). After

incubation for 2 h, the transfection mixture was removed, and
cells were cultured inDulbecco’smodified Eagle’smediumwith
10% fetal calf serum for 48 h prior to harvesting.HeLa cells were
transiently transfected using Metafectene (Biontex, Martin-
sried, Germany) according to the manufacturer’s instructions.
The mouse hepatoma cell line (Hepa1c1c7), a kind gift from
Barbara Oesch-Bartlomowicz (University of Mainz, Mainz,
Germany), was propagated in �-minimum Eagle’s medium
(Invitrogen) supplemented with 10% fetal calf serum and 1%
penicillin/streptomycin, and transfections were performed
with FuGENE 6 (RocheDiagnostics) according to themanufac-
turer’s instructions. All cells were maintained as monolayers in
an atmosphere of 5% CO2 and 95% air under saturating humid-
ity at 37 °C.
Generation of Mammalian Cell Expression Constructs—The

PDE2A cDNA was cloned into the EcoRV and HindIII sites of
the pSG8 vector (21) to generate a fusion construct with an
amino-terminal vesicular stomatitis virus (VSV) glycoprotein
epitope sequence. A similar expression plasmid was generated
to encode only the GAF-B domain of PDE2A. The circular site-
directed mutagenesis method was used to introduce stop
codons into the full-length PDE2A cDNA in pSG8 to obtain
constructs expressing the amino terminus (N-PDE2A), whole
GAF-A, and GAF-A/B domains amino-terminally fused to a
VSV tag. The complete XAP2 cDNA (GenBankTM accession
number U31913) was cloned into the HindIII and XhoI sites of
pcDNA4/TO (Invitrogen) with a FLAG epitope tag immedi-
ately downstream of the last codon of the XAP2 cDNA and
into pcDNA3.1-Myc containing a Myc epitope at the amino
terminus. The FLAG-AhR (human) construct was a kind gift
of Gary H. Perdew (Pennsylvania State University), and the
p1646p1Luc3 reporter plasmid was provided by Alvaro Puga
(University of Cincinnati).
Pulldown Experiments—The XAP2 cDNA was cloned into

the SmaI and NotI site of the pGEX4T-3 vector (GE Health-
care) to generate a fusion between glutathione S-transferase
(GST) and the amino terminus of XAP2. Additionally, XAP2
truncated constructs encoding GST fusions to the amino-ter-
minal (amino acids 1–169; to create GST-N-XAP2) or carbox-
yl-terminal (amino acids 170–330; to create GST-C-XAP2)
regions of XAP2 were generated. Escherichia coli BL21(DE3)
were transformed with these constructs, and protein expres-
sion was induced with 0.4 mM isopropyl �-D-thiogalactopyran-
oside for 3 h at 37 °C. The recombinant proteins were purified
with glutathione 4B-Sepharose beads (GE Healthcare). COS-1
cells transfected with expression constructs for VSV-PDE2A
were lysed by scraping in 500 �l of ice-cold lysis buffer (50 mM
Tris-HCl, pH 7.5, 150mMNaCl, 1%TritonX-100, 5mMMgCl2,
including the following protease inhibitors: 1.12 mM dithio-
threitol, 50�Mchloroquine, 2�g/ml aprotinin, 1�g/ml leupep-
tin, and 1 �g/ml phenylmethylsulfonyl fluoride). Lysates were
centrifuged for 20 min at 13,000 � g and 4 °C, and the cleared
supernatants were collected. GST pulldown experiments were
carried out by incubating 10 �l of glutathione-Sepharose beads
saturated with GST-XAP2, GST-N-XAP2, or GST-C-XAP2
with 500 �l of cleared COS-1 cell lysates for 4 h at 4 °C. Beads
were washed five times with lysis buffer before adding 10 �l of
3� SDS sample buffer and boiling for 5 min. Proteins were
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separated on 10%SDS-PAAgels and identified by immunoblot-
ting with anti-VSV antibody (clone P5D4 obtained from Sigma).
For activity assays the GST fusion proteins were eluted from the
beads with 800 �l of 10mM reduced L-glutathione (Sigma).
Immunoprecipitation—Cells were harvested and lysed by

scraping in 500 �l of ice-cold lysis buffer. Lysates were centri-
fuged for 20 min at 13,000 � g and 4 °C, and supernatants were
used to precipitate XAP2-FLAG using 5 �l of anti-FLAG M2
affinity gel (Sigma) at 4 °C for 2 h. Immunoprecipitates were
washed four times with 1 ml of lysis buffer, and coprecipitated
VSV-PDE2A was detected by immunoblotting with anti-VSV
antibody. For immunoprecipitation of endogenous proteins
male CD rats were anaesthetized by ether and decapitated.
Brain tissue was immediately isolated and homogenized in
immunoprecipitation (IP) buffer (50 mM Tris, pH 8, 150 mM
NaCl, 1 mM EDTA, 1% IGEPAL, 0.1 mM phenylmethylsulfonyl
fluoride, and protease inhibitors complete Mini (Roche Diag-
nostics)). Insoluble material was removed, and supernatants
were incubated with either rabbit IgG as control, XAP2 anti-
body (Abcam, Cambridge, UK), or PDE2A antibody (FabGen-
nix Inc., Frisco, TX) for 1 h at 4 °C. Then protein G (for XAP2
sample) or protein A (for control and PDE2A sample)-Sepha-
rose 4B fast flow beads (GE Healthcare) were added for 1 h.
immunocomplexes were washed three times with IP buffer and
twicewith phosphate-buffered saline, and precipitated proteins
were detected by immunoblotting.
PDE2A Activity Assay—COS-1 cells (5 � 10 cm dishes)

transfected with pSG8-PDE2A or with empty pSG8 vector
(mock) were harvested in 1 ml of lysis buffer and immunopre-
cipitated with 10 �l of mouse anti-VSV antibody for 2 h fol-
lowed by incubation with 200 �l of protein A/G-PLUS agarose
beads (Santa Cruz Biotechnology, Heidelberg, Germany) for
1 h. Beads were washed four times with 20 mM Tris-HCl buffer
(pH 7.5). Catalytic activity of PDE2A was assayed using the
PDElightTM kit (Cambrex Bio Science, Verviers, Belgium)
according to the manufacturer’s instructions. Briefly, PDE2A-
induced hydrolysis of cAMP generated AMP, which was phos-
phorylated to ATP. ATP is the energy source for the luciferin/
luciferase oxidation reaction resulting in light emission. The
emitted light is directly proportional to the level of AMP pres-
ent in the reaction, which is a function of PDE activity. 5 �l of
PDE2A beads (�2.5 nM final concentration) were incubated
with 125 nM of each GST fusion protein: GST-XAP2, GST-N-
XAP2, GST-C-XAP2 or GST in 20 mM Tris-HCl, pH 7.5, 5 mM
MgCl2 buffer for 10min at room temperature followed by addi-
tion of 25 �M cAMP and incubation for 1 h at 30 °C. The reac-
tion was stopped, and luminescence was measured using a
96-well microplate reader Wallac Victor3 1420 multilabel
counter (PerkinElmer).
AhR Translocation and Co-localization Experiments—

0.15 � 105 Hepa1c1c7 cells were seeded per chamber (1.8 cm2)
of a 4-chamber slide, allowed to grow for 48 h, and transfected
without or with the expression vector for VSV-tagged PDE2A.
24-h posttransfection, cells were incubated with 2 mM 8-Br-
cAMP, 20 �M forskolin, or 5 nM TCDD for 1 h at 37 °C, fixed
with 3.7% paraformaldehyde, and permeabilized with 0.2% Tri-
ton-X-100 in phosphate-buffered saline. Then cells were incu-
batedwith anti-AhRM20 (1:50; Santa Cruz Biotechnology) and

anti-VSV P5D4 (Sigma) for 2 h followed by incubation with
Cy3-conjugated anti-goat IgG and Cy2-conjugated anti-mouse
IgG (Jackson ImmunoResearch, Newmarket, England) for 1 h.
For co-localization experiments, HeLa and Hepa1c1c7 cells
were transfected with pSG8-VSV-PDE2A and pcDNA3.1-
Myc-XAP2. After 1 day, cells were fixed and permeabilized as
described above and stained with anti-VSV and anti-Myc
(Santa Cruz Biotechnology) primary antibodies for 1 h at
37 °C followed by staining with Cy-conjugated antibodies as
described. Chamber slides were mounted in GEL/mount
(Biomeda, Foster City, CA), and cells were analyzedwith aZeiss
LSM 510 confocal laser scanning microscope equipped with a
Plan-Apochromat 63/1.4 oil differential interference contrast
objective lens and LSM 510 META software (Carl Zeiss, Göt-
tingen, Germany). For quantitative evaluation of PDE2A,
effects on AhR translocation of 70–200 cells from at least three
independent experiments were analyzed. Cells exhibiting cyto-
solic as well as nuclear staining of AhR were assigned to the
“spread” group, whereas cells having a stronger or exclusive
nuclear AhR staining were assigned “nuclear”.
Reporter Assay—0.3 � 104 Hepa1c1c7 cells were seeded per

well of a 96-well plate. After 48 h cells were transfected with 10
ng of pRL-SV40 (Promega GmbH, Mannheim, Germany), 225
ng of either pGL3-Basic (Promega) or p1646p1Luc3, and 75 ng
of either pSG8 or PDE-pSG8. 24-h posttransfection, cells were
stimulated with 5 nM TCDD for 4 h. The luminescence was
measured using the Dual-Luciferase assay system (Promega)
according to the manufacturer’s instructions. The relative light
units were normalized to the expression of the Renilla lucifer-
ase. Data were collected from four independent experiments
performed in quadruplicate. To verify expression of PDE, lysed
cells were collected after each experiment, proteins were pre-
cipitated using acetone, solubilized in SDS sample buffer, and
analyzed by SDS-PAGE and immunoblotting.

RESULTS

Yeast Two-hybrid Screening for PDE2A Interaction Partners
and Identification of XAP2—To identify proteins that interact
with PDE2A we performed a yeast two-hybrid screening. We
used human PDE2A as bait and an adult human brain cDNA
library as prey. A total of 236 clones were isolated and
rescreened by retransformation and X-Gal staining. The
remaining 141 positive clones were sequenced, cDNA artifacts
and extracellular proteinswere excluded, and six out of 25 puta-
tive PDE2A binding partners were selected for further analysis.
We expressed the candidate proteins in E. coli as GST fusion
proteins coupled to the carboxyl terminus of GST. Pulldown
assays were performed using lysates from mammalian COS-1
cells transfected with PDE2A expression vectors. Two of these
GST fusion proteins bound to PDE2A, and one of these was
XAP2, a 330 amino acid protein of the immunophilin family
(Fig. 1, A and B). For control, unfused GST was used revealing
that GST alone did not pull-down PDE2A (Fig. 1, A and B).
PDE2A Interacts with XAP2 in IntactMammalian Cells—To

confirm that PDE2A and XAP2 bind to each other in intact
cells, we performed co-immunoprecipitation experiments. For
this purpose, the VSV epitope was fused to the amino terminus
of PDE2A, and XAP2 was amino-terminally tagged with a
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FLAG epitope. Both proteins were expressed in COS-1 cells,
either alone or in combination, and XAP2 was precipitated
using anti-FLAG. Analysis of the precipitates by immunoblot-
ting with anti-VSV revealed the presence of PDE2A only in
precipitates from cells expressing both PDE2A and XAP2 (Fig.

1C). We confirmed the binding in a
reverse experiment using anti-VSV
to precipitate PDE2A followed by
blotting for XAP2 with anti-FLAG
(data not shown). To verify the
interaction of PDE2A and XAP2 at
the level of endogenous proteins we
performed co-immunoprecipitation
experiments in lysates prepared
from brain tissue. Analysis of the
total lysate by immunoblotting
confirmed the expression of both,
PDE and XAP2 (Fig. 1D, first lane).
Using a specific antibody against
XAP2 we could precipitate endog-
enous XAP2. Immunoblotting of
the XAP2 precipitates with a
PDE2A antibody revealed the pres-
ence of endogenous PDE2A (Fig.
1D, third lane). In a reverse experi-
ment using anti-PDE2A for immu-
noprecipitation we could detect
XAP2 in the precipitates by immu-
noblotting.Nounspecific binding of
the proteins occurred in a control
experiment using nonspecific IgG
(Fig. 1D, second lane). These results
clearly confirm the interaction of
PDE2A with XAP2.
PDE2A and XAP2 Colocalize in

Cells—Next we investigated the
subcellular localizations of PDE2A
and XAP2 by immunofluorescence.
Because our antibodies to FLAG
generated a strong unspecific back-
ground in immunofluorescence
stainings we created a Myc-tagged

construct of XAP2. HeLa cells were cotransfected with VSV-
tagged PDE2A andMyc-tagged XAP2 followed by fixation and
immunostaining with tag-specific primary antibodies and
labeled secondary antibodies. Both proteins localized to the
cytosol in a reticular pattern (Fig. 2). Occasionally, staining of
regions close to the plasma membrane could be observed. The
subcellular distributions of PDE2A andXAP2were similar, and
the overlay revealed an extensive colocalization of the two pro-
teins (Fig. 2C). A similar result was obtained after transfection
and staining of PDE2A and XAP2 in mouse Hepa1c1c7 cells
(data not shown). To exclude cross-reactivity of secondary anti-
bodies we stained transfected cells with a single primary anti-
body at a time followed by both secondary antibodies. Only the
appropriate secondary antibody bound to its target primary
antibody confirming specificity of the probes (data not shown).
Together these experiments show that PDE2A and XAP2 may
interact in vitro and in intact cells.
The GAF-B Domain of PDE2A Mediates Binding to XAP2—

To determine the domain of PDE2A involved in binding to
XAP2 we generated various constructs of PDE2A containing
either the amino terminus of PDE2A, the amino terminus and

FIGURE 1. PDE2A and XAP2 interact in pulldown and co-immunoprecipitation assays. A, expression of
XAP2 as GST fusion protein. XAP2, amino-terminally fused to GST and GST alone, was purified from E. coli using
GSH-Sepharose beads, subjected to SDS-PAGE, and stained with Coomassie Brilliant Blue. B, pulldown assay
using either GST-XAP2 or GST. COS-1 cells were transfected with VSV-tagged PDE2A. 48 h after transfection the
cells were lysed (PDE2A input) and incubated with GST-XAP2 or GST, using the same amounts as shown in A, for
4 h at 4 °C. The beads were washed five times with lysis buffer before adding 3� SDS buffer and boiling.
Proteins were separated by SDS-PAGE, immunoblotted and stained with mouse anti-VSV followed by horse-
radish peroxidase-coupled secondary antibody and chemiluminescence detection. PDE2A migrates as a 110-
kDa protein. C, co-immunoprecipitation of PDE2A and XAP2. COS-1 cells were co-transfected with VSV-tagged
PDE2A and FLAG-tagged XAP2. Cells were lysed 48 h after transfection cells, and XAP2 was immunoprecipi-
tated with anti-FLAG M2 affinity gel for 2 h at 4 °C. The immunoprecipitates were washed and analyzed by
immunoblot using mouse anti-VSV antibody (upper panel). Likewise, total cell lysates were separated by SDS-
PAGE and immunoblotted (center and lower panels). Data are representative of at least five independent
experiments. D, co-immunoprecipitation of endogenous PDE2A and XAP2 from rat brain. Brain tissue was
lysed, and PDE2A or XAP2 proteins were precipitated using specific antibodies for 1 h at 4 °C followed by
protein A or G bound to Sepharose beads for 1 h (IP). Precipitated proteins were solubilized, separated by
SDS-PAGE, and immunoblotted with PDE2A and XAP2 antibodies (IB). As control nonspecific antibodies (IgG)
were used. In the first lane, expression of PDE2 and XAP2 in total brain lysate is shown. Data are representative
of three independent experiments.

FIGURE 2. Co-localization of PDE2A and XAP2 in HeLa cells. HeLa cells were
co-transfected with Myc-tagged XAP2 and VSV-tagged PDE2A. Cells were
fixed 24 h after transfection, permeabilized, and double-labeled with rabbit
anti-Myc and mouse anti-VSV followed by incubation with carbocyanine-
conjugated secondary antibodies (Cy3-anti-rabbit and Cy2-anti-mouse).
Cells were visualized by confocal microscopy. Panels A and B show staining of
Myc-tagged XAP2 and VSV-tagged PDE2A alone, and panel C is the overlay of
both pictures. Bar, 10 �m. The figure is representative of three independent
experiments.
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the GAF-A domain (GAF-A), the amino terminus, and both
GAF domains (GAF-A/B) or theGAF-B domain alone (GAF-B)
(Fig. 3A). All PDE2Aconstructswere amino-terminally fused to
VSV. The constructs were transfected into COS-1 cells, and
full-lengthGST-XAP2 as well as GST alone as control was used
to precipitate the various PDE2A constructs from cell lysates.
Full-length PDE2A, GAF-A/B, and the GAF-B domain alone
readily bound to XAP2, whereas N-PDE2A and GAF-A alone
failed to bind XAP2 (Fig. 3B). We conclude that the GAF-B
domain of PDE2A is necessary and sufficient to mediate inter-
action with XAP2.
The Carboxyl Terminus of XAP2 Is Required for Binding to

PDE2A—XAP2 is composed of an amino-terminal immu-
nophilin homology domain and a TPR domain at the carboxyl
terminus (Fig. 4A). TPR domains are known to mediate pro-
tein/protein interaction (10). To identify the region involved
in the binding of XAP2 to PDE2A we constructed two GST
fusion proteins containing the amino-terminal half-of XAP2
(N-XAP2) or its carboxyl terminus, including the TPR domain
(C-XAP2). For control GST alone and full-length GST-XAP2
were used. Proteins were expressed in E. coli (Fig. 4B), affinity
purified, and used to pull-down PDE2A from lysates of COS-1
cells transfected with the VSV-tagged full-length PDE2A con-
struct. Fig. 4Bdemonstrates that all constructsmigrated at their
expected molecular weight. Full-length XAP2 and C-XAP2
bound to PDE2A,whereasGST alone andN-XAP2 did not (Fig.
4C). These data suggest that XAP2 interacts with PDE2A via its
carboxyl-terminal domain, most likely via its TPR motif.
Binding of XAP2 Does Not Change the Catalytic Activity of

PDE2A—To monitor for functional consequences of XAP2
binding to PDE2Awemeasured the catalytic activity of PDE2A

in vitro in the presence or absence of XAP2. For this purpose
we expressed VSV-tagged wild-type PDE2A in COS-1 cells.
PDE2Awas purified from cellular lysates by immunoprecipi-
tation using anti-VSV, and the purity of the preparation was
assessed (Fig. 5A). Full-length XAP2 as well as N-XAP2 and
C-XAP2 was expressed as GST fusion proteins in E. coli. To
test the specificity of our PDE assay and to rule out unspe-
cific effects by endogenous esterases from COS-1 cells we
tested PDE activity in various cell lysates. A 20-fold increase
in PDE activity was observed in preparations isolated from
PDE2A-expressing COS-1 cells over mock-transfected
COS-1 cells or buffer alone (Fig. 5B). Addition of cGMP to
the assay did not increase the catalytic activity of PDE2A
(data not shown), indicating that the enzyme was fully satu-
rated with cGMP because of the high cytosolic cGMP con-
centration in COS-1 cells (�10 �M) (22) and the high bind-
ing affinity of PDE2A for cGMP (IC50 � 22 nM) (8). Next, we
measured PDE activities in the absence and presence of
XAP2. To mimic high local concentrations of XAP2 in sub-
cellular compartments, we used a 50-fold molar excess of
XAP2 constructs (125 nM) over PDE2A (2.5 nM). Neither
full-length nor amino- or caboxyl-XAP2 constructs signifi-
cantly changed the catalytic activity of PDE2A (Fig. 5B). We
conclude that XAP2 binds to PDE2A without affecting its
catalytic capacity. By implication we infer that XAP2 does
not interfere with cGMP binding, though this has not been
tested experimentally.
PDE2A InhibitsNuclearTranslocation of theAhRComplex in

Hepa1c1c7 Cells—XAP2 is a well established component of the
AhR complex (10–12). Binding of ligands such as TCDD trig-
gers translocation of the complex to the nucleus. Translocation
is followed by a reorganization of the protein complex, recruit-
ment of the ARNT protein, and finally docking to target genes.
Because cAMPhas been shown to induce nuclear translocation
of the AhR (20), we wondered whether PDE2A affects TCDD-

FIGURE 3. The GAF-B domain of PDE2A interacts with XAP2. A, PDE2A
constructs. The scheme shows the PDE2A domain organization and indicates
the size of deletion constructs used for binding site mapping experiments as
shown in B. B, mapping of the XAP2 binding site of PDE2A. COS-1 cells were
transfected with amino-terminally VSV-tagged PDE2A deletion constructs as
shown in A. Cell lysates were prepared 48 h after transfection (input) and
incubated with GST-XAP2 or GST coupled to beads for 4 h at 4 °C. Beads were
washed five times with lysis buffer before adding SDS buffer and boiling.
Proteins were separated by SDS-PAGE and identified by immunoblotting
with mouse anti-VSV. Shown data are representative of at least three inde-
pendent experiments.

FIGURE 4. XAP2 binds PDE2A through its TPR domain. A, XAP2 con-
structs. The scheme shows the XAP2 domains and the amino- (N-XAP2)
and carboxyl-terminal (C-XAP2) constructs used for pulldown experiments
as shown in B and C. B, expression of XAP2 constructs. SDS-PAGE analysis
of GST fusion proteins used in the pulldown assay; proteins were stained
with Coomassie Brilliant Blue. C, mapping of the PDE2A binding region of
XAP2. COS-1 cells were transfected with VSV-tagged full-length PDE2A.
Cells were lysed 48 h after transfection (PDE2A input) and incubated with
GST-N-XAP2, GST-C-XAP2, GST-XAP2, or GST alone. Precipitated proteins
were analyzed by SDS-PAGE, and bound PDE2A was identified by immu-
noblotting with mouse anti-VSV. Data are representative of at least three
independent experiments.
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induced nuclear translocation of the AhR. For these experi-
ments we used Hepa1c1c7 cells, which are known to express
AhR and XAP2 endogenously (12). After transfection of
PDE2A, cDNA cells were incubated for 1 h with 5 nM TCDD,
and the subcellular localization of AhR was monitored by indi-
rect immunofluorescence. Untreated cells exhibited a diffuse
localization of AhR all over the cytosol and occasionally involv-
ing the nucleus. In some untreated cells expressing PDE2A a
reduced nuclear staining of AhR was observed (Fig. 6, B andC).
As expected, TCDD induced a strong enrichment of AhR in the
nucleus, whereas the cytosol appeared largely devoid of AhR
(Fig. 6, A versus D). In PDE2A expressing cells (Fig. 6, E and F)
AhR staining remained diffused without significant nuclear
accumulation ofAhR inmost cells.Next, we tested the effects of
PDE2A on cAMP-mediated nuclear translocation of the AhR.
In line with previous finding (20), forskolin, an activator of ad-
enylyl cyclase, and cAMP analog 8-Br-cAMP induced nuclear
translocation of AhR (Fig. 6, G and J). Compared with TCDD,
the effects induced by cAMP were not so drastic, and some
degree of cytosolic AhR staining always remained after cAMP
treatments in accordance with previous observation (20). In
PDE2A-expressing cells, cAMP-induced nuclear translocation
of AhRwas strongly reduced (Fig. 6,H and I versus G andK and
L versus J). Quantitative evaluation of these experiments
showed that TCDD, forskolin, and 8-Br-cAMP induced nuclear
translocation of AhR in �80% (78.6–82.6%) of the cells (Table
1). In PDE2A-expressing cells we found that the TCDD-in-
duced nuclear translocation of AhR was substantially reduced

to 43%. Nuclear translocation induced by forskolin or 8-Br-
cAMP in PDE2A-expressing cells was down to 23.5 and 18%,
respectively, of control (Table 1). Thus the presence of PDE2A

FIGURE 5. XAP2 does not interfere with PDE2A catalytic activity. A, recom-
binant expression of PDE2A. COS-1 cells were transfected with a vector
encoding VSV-tagged PDE2A. Two days after transfection, cells were lysed,
PDE2A was precipitated using anti-VSV and protein A agarose and analyzed
by SDS-PAGE and Coomassie staining. PDE2A migrates at a size of about 110
kDa, the bands at 50 and 25 kDa correspond to the heavy and light chain (hc
and lc) of the antibody used for purification (anti-VSV). The figure is represent-
ative of three independent experiments. B, PDE activity assay. PDE2A purified
from transfected COS-1 cells (5 �l, �2.5 nM final concentration) bound to
protein A agarose beads were incubated for 10 min at room temperature
without or with 125 nM of each of the following GST derivatives: GST-XAP2,
GST-N-XAP2, GST-C-XAP2, or GST alone. Then 25 �M cAMP (final concentra-
tion) was added, and the PDE reaction was carried out for 1 h at 30 °C. As
controls anti-VSV/protein A agarose precipitates from mock transfected
COS-1 cells (mock) and buffer alone (buffer) were analyzed. After that, SDS
loading buffer was added to the reaction mixtures, and the concentration of
PDE2A was monitored by SDS-PAGE and immunoblotting with anti-VSV
(inset). Error bars indicate standard deviation. Shown is one representative
experiment performed in quintuplicate; two additional experiments with
similar results were done in triplicate each.

FIGURE 6. Cellular localization of AhR in PDE2A transfected cells.
Hepa1c1c7 cells were grown on glass coverslips for 48 h before transfection
with VSV-tagged PDE2A. One day post-transfection, cells were treated with 5
nM TCDD (D and E, F), 20 �M forskolin (G and H, I), or 2 mM 8-Br-cAMP (J and K,
L) for 1 h at 37 °C, fixed, permeabilized, and stained with goat anti-AhR (M20)
to visualize endogenous AhR and with mouse anti-VSV to detect transfected
PDE2A. This was followed by incubation with secondary antibodies (Cy3-anti-
goat, Cy2-anti-mouse). PDE2A transfected cells are shown as merge of AhR
(red) and PDE2A (green) stainings (B, E, H, K) or with the AhR staining alone
(C, F, I, L). Untreated cells are presented as controls (A and B, C). Arrows
point to cells that exhibit a reduced nuclear AhR staining in the untreated
state and to cells that have lost the capacity for AhR translocation under
the respective treatment. Bar, 20 �m. The experiments are typical of one
done at least three times.

TABLE 1
AhR translocation in Hepa1c1c7 cells
Quantitative evaluation of AhR translocation induced by treatment with TCDD,
forskolin, or 8-Br-cAMP in untransfected Hepa1c1c7 cells and in cells expressing
PDE2A. Cells were assigned into two groups dependent on the subcellular distribu-
tion of the AhR. The “spread” group comprises of cells with cytosolic as well as
nuclear staining of AhR, whereas the cells of the “nuclear” group have a predomi-
nant or exclusive nuclear AhR staining. n indicates the number of analyzed cells.
Shown data are derived from at least three independent experiments.

AhR
localization AhR

translocation
Spread Nuclear

%
Untransfected cells
Untreated (n � 202) 195 7 3.5
TCDD (n � 207) 36 171 82.6
Forskolin (n � 187) 40 147 78.6
8-Br-cAMP (n � 194) 38 156 80.4

PDE2A-transfected cells
Untreated (n � 174) 170 4 2.3
TCDD (n � 177) 100 77 43.5
Forskolin (n � 119) 91 28 23.5
8-Br-cAMP (n � 72) 59 13 18.0
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significantly interferes with the nucleo-cytosolic distribution
pattern of AhR.
PDE2A Attenuates Gene Expression Induced by TCDD in

Hepa1c1c7 Cells—To test whether the reduced nuclear trans-
location of the AhR interfered with its function in the nucleus
we performed reporter gene assays. We transfected a reporter
construct containing the cytochrome P450 (Cyp1a1) natural
promoter, including six dioxin responsive elements, fused to
luciferase into Hepa1c1c7 cells. As shown before (20), treat-
ment with TCDD increased the expression of the reporter gene
(Fig. 7). Expression of PDE2A resulted in amoderate but signif-
icant reduction of TCDD-dependent induction of the reporter
(Fig. 7). In cells expressing a control plasmid lacking theCyp1a1
promoter, no significant changes in reporter gene activity were
observed (Fig. 7).We conclude that inhibition of nuclear trans-
location of AhR by PDE2A correlates with reduced AhR
function.

DISCUSSION

PDE2A is one of themajor phosphodiesterases that regulates
cyclic nucleotide levels through positive feedbackmechanisms,
i.e. increasing cGMPconcentrations stimulate phosphodiester-
ase activity thus keeping intracellular cyclic nucleotide levels in
tight check. Accumulating evidence suggests that local cGMP
levels may be important to drive cyclic nucleotide-dependent
signaling cascades in distinct subcellular compartments, and
therefore it has been speculated that effector proteins binding
to PDE2Amay impact on various cGMP-dependent processes.
For instance, Bentley et al. (23) show by a co-immunoprecipi-
tation approach that various phosphoproteins can bind to
epitope-tagged PDE2A in PC12 cells; however, the identity of

these phosphoproteins is not disclosed. Herewe have identified
XAP2 as a novel binding partner of PDE2A, and we provide
evidence for a new role of PDE2A in the AhR pathway. Other
binding partners for PDE2A may well exist, as revealed by the
results of our yeast two-hybrid screening; however, these
potential interactors await further characterization.
The GAF-B Domain of PDE2A Mediates XAP2 Binding—

PDE2A contains regulatory segments consisting of two GAF
domains A and B. cGMP binds exclusively to GAF-B and
enhances allosterically its catalytic activity, accounting for
numerous physiological consequences in vivo (7, 8). Amino-
terminal tandemGAF domains are present in 5 out of 11mam-
malian PDE families. The ligand for the GAF domains of PDEs
2, 5, 6, and 11 is cGMP, whereas cAMP binds to PDE10 (24).
Binding of proteins to the GAF domains of PDEs has not been
reported to date. Our biochemical analyses clearly show that
the GAF-B domain is necessary and sufficient to mediate bind-
ing of XAP2 to PDE2A.
Interestingly, Bolger et al. (25) have recently identified XAP2

as a specific interaction partner for the cAMP-specific PDE4A5.
In their study XAP2 binding was specifically restricted to the
A5 isoform of PDE4, whereas PDE4 isoforms A1, A8, B2, B3,
D3, D4, and D5 did not bind XAP2. A careful mapping study
revealed that the amino-terminal region of PDE4A5 holding an
EELD motif in the upstream conserved region-2 exposes the
major binding site of XAP2. This segment has no apparent sim-
ilarity toGAF-B of PDE2A, suggesting differentmodes of XAP2
binding among PDE isotypes.
The Carboxyl-terminal Part of XAP2 Docks to PDE2A—Our

mapping studies revealed that the carboxyl terminus of XAP2 is
solely responsible for PDE2A binding. This carboxyl-terminal
portion of XAP2 holds a TPR domain known to mediate pro-
tein-protein interaction critical for the assembly of multi-pro-
tein complexes (13, 26). At present, the relationship between
the number and arrangement of TPR repeats and their affinity
and specificity for target proteins such as the various PDE sub-
types is still unclear. The TPR domain of XAP2 has also been
implicated in the binding ofHsp90 (25, 27, 28).Our preliminary
experiments indicate that XAP2 can bind simultaneously to
PDE2A and Hsp90 (data not shown); however, the fact that
Hsp90 binds to both, XAP2 and PDE2A, makes it difficult to
discriminate between the various ternary complexes.
Role of XAP2 for PDE Function—To test for functional con-

sequences of XAP2 binding to PDE2A we initially employed
activity assays with purified proteins. Our results clearly show
that XAP2 binding does not affect the enzymatic function of
PDE2A. This finding is not trivial because the target segment of
XAP2, i.e. the GAF-B domain, binds cGMP, thereby enhancing
PDE activity more than 20-fold. For instance, binding of XAP2
to PDE4A5 drastically reduces the catalytic activity of this iso-
form in vitro (25). Furthermore, XAP2 increases the sensitivity
of PDE4A5 toward the inhibitor rolipram and attenuates the
ability of cAMP-dependent protein kinase to phosphorylate
PDE4A5 (25). Thus it appears that XAP2 may exert distinct
effects on the various PDE isotypes. In line with this notion, we
found that XAP2 targets PDE2A to the AhR complex, thereby
inhibiting nuclear translocation of AhR. Association of XAP2
with transcription factors appears to be a rather general phe-

FIGURE 7. PDE2A inhibits TCDD-induced gene transcription. Hepa1c1c7
cells grown on 96-well plates were transfected with pGL3-basic empty vector
(control) or p1646p1Luc3 (Cyp1a1), a reporter vector containing firefly lucif-
erase under the control of the cytochrome P450 1A1 natural promoter,
together with VSV-tagged PDE2A. To quantitate transfection levels the pRL-
SV40 vector was co-transfected, which expresses Renilla luciferase constitu-
tively. One day post-transfection, cells were treated with 5 nM TCDD for 4 h at
37 °C, lysed, luciferase activities were determined and plotted as ratios of
firefly versus Renilla luciferase activities in relative light units (RLU). Levels of
transfected PDE were analyzed by immunoblotting with an antibody against
the VSV-tag (PDE, shown below). Data shown are means � S.E. of four inde-
pendent experiments performed in quadruplicate; * indicates that the differ-
ence is statistically significant (p � 0.02, t test).
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nomenon, e.g.with hepatitis B virus protein X (9), Epstein-Barr
virus encodednuclear antigen 3 (29), thyroid hormone receptor
(30), and of course AhR (12). One might envisage that XAP2-
mediated targeting of PDE2A to AhR and possibly other tran-
scription factorsmight be important for the spatially controlled
regulation of cyclic nucleotide levels (31). Mutations in the
XAP2 gene are known to predispose to pituitary adenoma for-
mation (32), and therefore it is well conceivable that PDE2A
and/or PDE4A5 might be involved in the pathogenesis of this
disease. It will be important to test these intriguing possibilities.
Regulation of the AhR Pathway by PDE2A—The AhR multi-

protein complex consists of XAP2, a dimer of Hsp90, p23, and
AhR (14, 15). Binding of xenobiotics such as TCDD to AhR
leads to the translocation of the ligand-bound receptor from
the cytosol to the nucleus where it up-regulates the transcrip-
tion of multiple genes, e.g. phase I drug metabolizing enzymes
such as the CYP1 family and phase II enzymes such as
UGT1A1, GST-Ya subunit, and NADPH:quinone oxidoreduc-
tase (33). Participation of AhR in organ development, matura-
tion of the immune system as well as cell proliferation, and
differentiation (34) clearly implies that AhR can also operate in
the absence of exogenous ligands. To date, the nature of endog-
enous signal(s) triggering AhR translocation is still obscure.
Therefore it came as a surprise when cAMP was identified as a
potent mediator of AhR intracellular trafficking, acting as a
repressor rather than an activator of AhR-dependent gene
expression (20). In line with this notion, we could clearly dem-
onstrate the permissive effects of PDE2A on cAMP-dependent
translocation of nativeAhR. For example, forskolin (an adenylyl
cyclase activator) and 8-Br-cAMP (a membrane-permeating
cAMP analog)-induced nuclear translocation of AhR were
inhibited in cells expressing PDE2A. In addition, we observed a
reduction of TCDD-induced gene expression by PDE2A.
Our finding that PDE2A may serve as a regulatory compo-

nent of the AhR complex has important implications. For
instance, PDE2A binding may ensure AhR retention in the
cytoplasm, possibly by lowering the local cAMP concentrations
under a level required for AhR complex translocation. Hence
present efforts aim at the precise mechanisms underlying the
effects of PDE2 on AhR translocation and complex formation.
Yet another challenge is to unravel the molecular mechanisms
mediating the effects of cAMP on AhR translocation. In this
context it is worth mentioning that AhR is not phosphorylated
by cAMP-dependent protein kinase in vitro (data not shown)
even though protein kinase A inhibitor H89 can abolish the
cAMP-induced nuclear effects of AhR (20). Clearly a deeper
understanding of the cAMP-driven effects on the AhR pathway
will help to elucidate the role of PDE2A in this intricate signal-
ing network surrounding AhR.
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