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Phosphodiesterase (PDE) 8A1 is a cAMP-specific PDE isozyme char-
acterized by the presence of a Per-Arnt-Sim (PAS) domain. How-
ever, the function(s) of the PAS domain has remained unknown. In
this study, using a lysate of HEK293 cells overexpressing recom-
binant human PDE8A1, we detected a physical association be-
tween PDE8A1 and endogenous I�B� by an antibody array tech-
nique. The association was specific for PDE8A1 and depended on
the presence of the PAS domain. Subsequent coimmunoprecipita-
tion experiments revealed that, in addition to I�B�, other I�B
family members examined (p105, p100, and I�B�) also associated
with PDE8A1. Furthermore, it was found that PDE8A1 competed
with the p65�p50 NF-�B for I�B� binding. Taken together, these
data indicate that PDE8A1, through its PAS domain, may bind with
I�B proteins in a region containing their ankyrin repeats. Function-
ally, in vitro and in vivo experiments demonstrated that the
association with I�B greatly enhanced the enzyme activity of
PDE8A1. However, the PDE8A1–I�B association did not affect
NF-�B activation. The biological role of the PDE8A1–I�B association
remains to be elucidated.

Members of phosphodiesterase (PDE, EC 3.1.4.17) super-
family, as the only cellular components for the degrada-

tion of the second messengers cAMP and cGMP, play a critical
biological role (1–4). PDE8 is a recently discovered PDE family,
characterized by its specificity for cAMP and the presence of a
Per-Arnt-Sim (PAS) domain located in the N-terminal regula-
tory region (5–7). The PDE8 family comprises two genes:
PDE8A and PDE8B. From each gene, multiple alternative
splicing variants are derived, with PDE8A1 (6) and PDE8B1 (7)
being the dominant variants from the respective genes in terms
of expression level. Like other PDEs, PDE8 enzymes have their
catalytic domains located toward the C-terminal regions.
PDE8A is expressed ubiquitously (6), whereas PDE8B is ex-
pressed predominantly in the thyroid gland (7). The biological
functions of PDE8 remain to be elucidated.

PAS domains were originally identified and characterized in
several proteins in archaeal, eubacterial, and lower eukaryotic
organisms and have been proposed to be involved in protein–
protein interactions and small-molecule ligand binding (8–11).
In many cases, the PAS domains are involved in sensory signal
transduction. In eubacteria and plants many PAS domain pro-
teins have been found to be protein kinases. In contrast, in
mammals PAS domain proteins with known function frequently
act as transcriptional regulators, although several others function
as kinases (12) or ion channels (13). Some mammalian PAS
domain proteins are involved in the circadian rhythm, cyclic
patterns of hormone secretion, breeding, and locomotor activity
(14, 15). However, the biological role of the PAS domains of
PDE8 enzymes has remained completely unknown.

The transcription factor NF-�B is expressed in most cell types
and plays a critical role in activation of a large, ever-increasing
number of genes involved in inflammatory and immune re-
sponses, apoptosis, differentiation, and growth. NF-�B consists
of homodimers or heterodimers of the Rel family proteins p65,
p50, p52, c-Rel, and RelB (16–20). p65 and p50 are expressed
ubiquitously, whereas the others are expressed in a cell- and
tissue-specific pattern. The p65�p50 heterodimer is the most

abundant NF-�B in various cell types and plays a more elaborate
role than other NF-�B complexes in regulation of gene expres-
sion. The Rel proteins also differ in their transactivating abilities.
Only p65 and c-Rel function as potent transcriptional activators
in various cell types. In contrast, p50 and p52 lack a transacti-
vating activity. The Rel family proteins share a 300-aa region
called Rel homology domain, involved in dimerization, DNA
binding, and association with the inhibitor proteins I�Bs. In
resting cells, NF-�B exists in the cytoplasm in an inactive state
complexed with an inhibitory I�B protein.

I�B proteins include I�B�, I�B�, p105, and p100 (16–20).
p105 and p100 are precursor molecules of the NF-�B proteins
p50 and p52, respectively. The N-terminal regions of p105 and
p100 constitute the Rel homology domains of p50 and p52.
Proteolytic cleavage of p105 and p100 releases p50 and p52. All
I�B proteins contain multiple copies of ankyrin repeat se-
quences, which are crucial for I�B binding with NF-�B. Indi-
vidual I�B proteins preferentially inhibit distinct NF-�Bs.

In the activation of NF-�B pathways, I�B� is rapidly degraded
(within minutes) upon cell stimulation, resulting in release and
nuclear translocation of NF-�B to activate gene expression
(16–20). I�B� is resynthesized within 1 h. The newly synthesized
I�B� translocates to the nucleus and binds to nuclear NF-�B to
terminate gene transcription. In contrast, I�B� is slowly de-
graded (2 h after stimulation), resulting in persistent activation
of NF-�B (�20 h).

In this study, we found that overexpressed recombinant human
PDE8A1 physically associated with endogenous I�B proteins.
The association may result from an interaction between the PAS
domain of PDE8A1 and the ankyrin repeat domains of I�B
proteins. Functionally, the I�B binding significantly increased
the enzyme activity of PDE8A1. The association with I�B
represents a function of the PAS domain of PDE8A1 and a
function of a mammalian PAS domain.

Materials and Methods
Antibodies. Rabbit polyclonal antibodies against I�B� (C-20),
p65 (H-286), p100�p52 (K-27), p105�p50 (H-119), c-Rel (N-
466), RelB (C-19), and I�B� (C-15) were obtained from Santa
Cruz Biotechnology. These antibodies were used directly for
immunoprecipitation. In addition, they were labeled with horse-
radish peroxidase (HRP) by using a Zenon Rabbit IgG Labeling
kit (Molecular Probes) for Western blotting. Anti-V5–HRP and
anti-Myc–HRP antibodies were from Invitrogen. Anti-V5-
conjugated agarose was from Sigma, and anti-Myc-conjugated
agarose was from Santa Cruz Biotechnology.

Plasmids. A coding sequence of human PDE4B2 was generated
from Marathon-ready brain cDNA (Clontech) by PCR with the
primer sets AGTTAAGCTTACCATGAAGGAGCACGGG-
GGCACCT (sense) and AGTTCTAGACTCTGTATCCA-
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CGGGGGACTTGTCT (antisense). A resultant PCR product
was digested with HindIII and XbaI, followed by ligation to
HindIII�XbaI-digested pcDNA3.1�V5-HisA vector (Invitro-
gen). Human PDE4D3 was also cloned by PCR from Marathon-
ready leukocyte cDNA (Clontech) by using the sense and
antisense primers TAGTTAAGCTTGGACCATGATG-
CACGTGAATAATTTTC and GCAGAATTCCACCGTGT-
CAGGAGAACGATC, respectively. The vector used was Hin-
dIII�EcoRI-digested pcDNA3.1�V5-HisA. An ORF clone
(IOH11051, Invitrogen) containing an I�B� insert was used as
a PCR template for cloning I�B� into HindIII�XbaI-digested
pcDNA3.1�V5-HisA vector. The sense and antisense primers
used were AGTTAAGCTTACCATGGCTGGGGTCGC-
GTGC and AAGTTCTAGACTCCACGGGGCGGGG-
GTCGTCAGGA, respectively. Human PDE9A1 construct was
described previously (21). Human PDE8A1 and its PAS-deleted
mutant (�PAS) were cloned by PCR by using a previously
described PDE8A1 construct (6) as a template. For the cloning
of PDE8A1, the sense and antisense primers used were CGAT-
GGATCCGAACCATGGGCTGTGCCCCGAGCAT and
CGAGCGGCCGCCTTCAGGAGGTGGTCGGG, respec-
tively. A resultant PCR product was digested with BamHI and
NotI and then cloned into BamHI�NotI-digested pcDNA3.1�
V5-HisB as well as pcDNA3.1�Myc-HisB. For the cloning of
�PAS, two separate PCR fragments were first prepared. One
fragment was generated by using the above sense primer for
PDE8A1 and the antisense primer GTAAATTCCTTGC-
CACTCCTTGCCTATACAAGCCCTGAGTTTCAG. For the
second fragment, a complementary sequence of the above
antisense primer for the first fragment was used as sense primer,
in combination with the above antisense primer for PDE8A1.
The two fragments were combined and amplified by using the
above primer set for PDE8A1. A resultant final PCR product
was cloned into the two different vectors as with PDE8A1. All
plasmid constructs were sequenced by double-stranded sequenc-
ing for sequence confirmation.

Cell Culture, Transient and Stable Transfection, and Stimulation.
HEK293 cells were obtained from ATCC and maintained in
Dulbecco’s modified Eagle medium supplemented with 10%
FCS, 100 units�ml penicillin, 100 �g�ml streptomycin, and 2 mM
L-glutamine (all from Invitrogen).

HEK293 cells were transfected by using Lipofectamine 2000
(Invitrogen). For transient transfection, cells were harvested
48 h after transfection. For stable transfection, 48 h after
transfection cells were selected in a culture medium containing
0.5 mg�ml G418 (Invitrogen). Cells that survived from the first
round of G418 selection were further subjected to limiting
dilution for single clone selection.

For analyzing NF-�B activation, cells were stimulated with 20
ng�ml tumor necrosis factor (R & D Systems) for various periods
of time.

Cellular Extract Preparation. Cell lysate was prepared either in a
buffer containing 15 mM Tris�HCl (pH 7.5), 120 mM NaCl, 25
mM KCl, 2 mM EGTA, 2 mM EDTA, 0.5% Triton X-100, and
a Protease Inhibitor mixture (Roche Applied Science, Indianap-
olis) for antibody array analysis or in a buffer containing 50 mM
Tris�HCl (pH 8.0), 150 mM NaCl, 1% Nonidet P-40, and the
Protease Inhibitor mixture for immunoprecipitation. Cell lysates
were used after centrifugation at 16,000 � g for 10 min to remove
particles.

Cytoplasmic and nuclear fractions were prepared by using a
Nuclear Extract kit from Active Motif (Carlsbad, CA).

Antibody Array Analysis. An antibody array with 400 immobilized
antibodies was obtained from Hypromatrix (Worcester, MA).
The array was blocked with a TBST buffer (25 mM Tris�HCl, pH

7.5�150 mM NaCl�0.05% Tween 20) containing 4% BSA for 1 h
at room temperature and then was incubated with cell lysate at
0.5 mg�ml (containing 0.5% BSA) for 2 h at room temperature.
The membrane was washed three times with the TBST buffer
and incubated with anti-V5–HRP for 1 h at room temperature.
The membrane was then washed three times, and bound proteins
were detected by a chemiluminescence method using a West Pico
kit (Pierce, New York).

Quantification of NF-�B Family Members and Recombinant PDE8A1
and �PAS in Cellular Extracts. Quantification of various NF-�B
family members was performed by ELISA using a TransAM NF-�B
Family kit (Active Motif), and the expressed PDE8A1 and �PAS
were quantified by ELISA as described previously (21).

Immunoprecipitation. One milligram of cell lysate in 1 ml was
preincubated with 100 �l of Protein A�G Agarose (50% slurry,
Pierce) for 3 h at 4°C. Two micrograms of an antibody along with
50 �l of Protein A�G Agarose, or 50 �l of antibody-conjugated
Protein A�G Agarose, was added to the precleared cell lysate.
After incubation overnight at 4°C, the beads were washed three
times with the buffer and then resuspended in 1� SDS gel
sample buffer for SDS�PAGE. Western blotting was subse-
quently performed, and coimmunoprecipitated proteins were
detected as described above by using appropriate HRP-labeled
antibodies.

For PDE8A enzyme assay following immunoprecipitation
procedures, the beads were washed three times with PBS and
then resuspended in 10 mM Tris�HCl (pH 7.4) containing 1%
BSA.

PDE8A Enzyme Assay. The enzyme activity of PDE8A and �PAS
was assayed by using a [3H]cAMP-PDE Assay kit (Amersham
Pharmacia, Arlington Heights, IL) in the presence of 50 nM
unlabeled cAMP.

Results
Identification of PAS Domain-Dependent PDE8A1 Association with
I�B�. To identify protein(s) that specifically interact with the
PAS domain of human PDE8A1, expression plasmids for
PDE8A1–V5 and PAS-deleted PDE8A1 (�PAS)–V5 were con-
structed and used to establish HEK293 stable cell lines. Cell
lysates of the HEK293 cells expressing PDE8A1–V5 or
�PAS–V5 were incubated with a commercially available anti-
body array containing 400 different antibodies. Proteins inter-
acting with PDE8A1–V5 and�or �PAS–V5 were identified by
using an anti-V5–HRP antibody. Similar expression levels of
PDE8A1–V5 and �PAS–V5 were confirmed by Western blotting
with an anti-V5–HRP antibody. Several antibodies were iden-
tified that detected proteins interacting with PDE8A1 but not
�PAS. Such antibodies were used subsequently to make a custom
array for a second antibody array analysis to confirm the PAS
domain-dependent interactions. Fig. 1 shows a representative
result using a custom array. Among the proteins identified in the
initial screening (including Bin-1, I�B�, Mcl-1, and p100�p52),
I�B� exhibited a much stronger signal than other proteins,
suggesting that PDE8A1 may be associated with I�B� in cells
through the PAS domain. In addition, p100�p52, an I�B–NF-�B
family protein (16–20), also showed a significant level of binding,
albeit much weaker than that of I�B�.

Confirmation of PAS Domain-Dependent, Specific PDE8A1 Association
with I�B�. To further confirm the PAS-dependent binding of
PDE8A1 with I�B�, the cell lysates of PDE8A1–V5- or �PAS–
V5-expressing cells were subjected to coimmunoprecipitation.
As shown in Fig. 2A, using an anti-I�B� antibody in immuno-
precipitation, PDE8A1 was detected with an anti-V5–HRP
antibody in Western blot analysis. However, the coimmunopre-
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cipitation signal was absent when cell lysates of �PAS–V5-
expressing cells or a normal rabbit serum were used in the
immunoprecipitation, indicating the requirement of PAS do-
main for the interaction of PDE8A1 and I�B�. This interaction
was confirmed by using an anti-V5 antibody in the immunopre-
cipitation and an anti-I�B�–HRP antibody in Western blot
analysis (Fig. 2B).

To further determine that this association with I�B� is specific
to PDE8A1, other PDEs were examined by using the same
strategy. Cell lysates of HEK293 cells stably expressing human
PDE9A1–V5, human PDE4B2–V5, or human PDE4D3–V5, all
of which lack a PAS domain, were prepared as above. The
anti-I�B� antibody was used for immunoprecipitation, followed
by Western blotting with the anti-V5–HRP antibody. The anti-
I�B� antibody was able to coprecipitate PDE8A1 but not any
other PDE (Fig. 2C), demonstrating the specific, PAS-
dependent association of overexpressed recombinant PDE8A1
with endogenous I�B�.

Mode of PDE8A1 Association with I�B. To understand how PDE8A1
associates with I�B�, the cell lysate of PDE8A1–V5- or �PAS–
V5-expressing cells was subjected to the immunoprecipitation
procedures by using antibodies against various proteins in the
I�B–NF-�B family including p105�p50, p100�p52, p65, c-Rel,
RelB, I�B�, and I�B�, followed by Western blotting with the
anti-V5–HRP antibody. All antibodies, except for anti-p65 an-
tibody, were able to coimmunoprecipitate PDE8A1 but not
�PAS. Identical results were obtained by using an anti-V5
antibody for immunoprecipitation and the various anti-I�B–
NF-�B antibodies (all labeled with HRP) for Western blot
analysis (Fig. 3A). Note that the anti-V5 antibody coimmuno-
precipitated p105 and p100 but not p50 and p52 (Fig. 3A Lower).

The lack of association of p65 with PDE8A1 (Fig. 3A) was an
unexpected result, because p65 is the most abundant NF-�B
protein (16–20). When a similar experiment was performed by
using cell lysates from HEK293 cells stably expressing I�B�–V5
instead of lysates from PDE8A1–V5-expressing cells, there was
a strong signal of p65 detected along with p50 (Fig. 3B). This
finding is consistent with the fact that p65–p50 is the predom-

inant NF-�B complex present in cells and bound with I�B�
(16–20). These results suggested that the failure of the anti-p65
antibody to coimmunoprecipitate PDE8A1 in PDE8A1-
overexpressing cells might be caused by a competition of
PDE8A1 with p65–p50 complexes in binding to I�B. To test this
possibility, PDE8A1–Myc or �PAS–Myc was transiently ex-
pressed in the I�B�–V5 stable cell line, and immunoprecipita-
tion was performed with the anti-p50 and anti-p65 antibodies,
followed by Western blotting with the anti-I�B�–HRP antibody.

Fig. 1. Detection of PAS-dependent PDE8A1 association with I�B� by anti-
body array technique. Antibodies against Bin-1, I�B�, Mcl-1, and NF-�B p100�
p52, which showed specific association with PDE8A1–V5 but not with
�PAS–V5 in preliminary screening using a commercially available antibody
array, were used in this custom array. Cell lysates of HEK293 cells stably
expressing PDE8A1–V5 or its PAS-deleted mutant �PAS–V5 were incubated
with the antibody array, followed by detection of interacting proteins with
anti-V5–HRP antibody. Equal expression levels between PDE8A1–V5 and
�PAS–V5 were confirmed by ELISA (data not shown).

Fig. 2. Confirmation of PAS-dependent, specific PDE8A1 association with
I�B�. (A) Cell lysates of HEK293 cells stably expressing PDE8A1–V5 or its
PAS-deleted mutant �PAS–V5 were subjected to immunoprecipitation (IP)
with an anti-I�B� antibody, followed by Western blotting (WB) with an
anti-V5–HRP antibody (Middle). Similar expression levels of PDE8A1–V5 and
�PAS–V5 are shown in Top. For negative control, normal rabbit serum (NRS)
was used as shown in Bottom. (B) Cell lysates of HEK293 cells stably expressing
PDE8A1–V5 or �PAS–V5 were subjected to immunoprecipitation with an
anti-V5 antibody, followed by Western blotting with an anti-I�B�–HRP anti-
body. (C) Cell lysates of HEK293 cells stably expressing human PDE9A1–V5,
human PDE4B2–V5, or human PDE4D3–V5 were subjected to immunoprecipi-
tation with the anti-I�B� antibody, followed by Western blotting with the
anti-V5 antibody. Expression levels of the various PDE–V5s were confirmed by
Western blotting.
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Indeed, in the presence of overexpressed PDE8A1, but not of
�PAS, there was no detectable binding between p50 or p65 and
I�B�, demonstrating that PDE8A1 competes with p65–p50
complexes for I�B� binding (Fig. 3C). Because p65–p50 complex
binds I�Bs at their ankyrin repeat domains (16–20), the com-
petition result suggests that PDE8A1, through its PAS domain,
may also bind I�Bs at the ankyrin repeat domains. This notion

is further supported by the observation that all I�B proteins
examined were coimmunoprecipitated with PDE8A1 (Fig. 3A).

Effect of PDE8A1–I�B Association on NF-�B Activation. To elucidate
the biological function(s) of the PDE8A1–I�B association, we
first examined whether the association affects NF-�B activation.
The I�B�–V5 stable cell line transiently expressing PDE8A1–
Myc or �PAS–Myc was stimulated with tumor necrosis factor for
various periods of time, and then NF-�B activation was examined
by analyzing the degradation of cytoplasmic I�B� and I�B�–V5
and nuclear translocation of NF-�B proteins. In the cytoplasm
of both PDE8A1–Myc- and �PAS–Myc-expressing cells, I�B�
disappeared at 15 min and reappeared at 1 h, consistent with the
literature in nontransfected cells (16–20). From 1 h to 18 h after
tumor necrosis factor stimulation, the I�B� level remained
unchanged. In contrast, I�B�–V5 was not degraded over at least
the first hour after stimulation. Its degradation was observed
only at 5 h after stimulation, and it remained undetectable from
5 h up to 18 h (Fig. 4A). Given the fact that consistent levels of
PDE8A1–Myc or �PAS–Myc were present at the various time
points, the similar signal patterns and intensities of I�Bs detected
in the two cell lines indicate that the PDE8A1–I�B association
does not affect NF-�B activation. With regard to nuclear NF-�B

Fig. 3. Mode of PDE8A1 association with I�B. (A) Cell lysates of HEK293 cells
stably expressing PDE8A1–V5 or its PAS-deleted mutant �PAS–V5 were sub-
jected to immunoprecipitation (IP) with antibodies against the various pro-
teins in the I�B–NF-�B family, followed by Western blotting (WB) with an
anti-V5–HRP antibody (Upper). Conversely, coimmunoprecipitation was per-
formed with an anti-V5 antibody, followed by Western blotting with various
HRP-labeled antibodies against I�B–NF-�B proteins (Lower). Note that the
anti-V5 antibody coimmunoprecipitated p105 and p100 but not p50 and p52.
(B) Cell lysates of HEK293 cells stably expressing I�B�–V5 were subjected to
immunoprecipitation with the antibodies against various NF-�B proteins,
followed by Western blotting with the anti-V5–HRP antibody. (C) PDE8A1–
Myc or �PAS–Myc was transiently expressed in the I�B�–V5 stable cell line.
Expression levels of PDE8A1–Myc, �PAS–Myc, and I�B�–V5 were confirmed by
Western blotting with appropriate HRP-labeled antibodies. Cell lysates of the
cells were subjected to immunoprecipitation with the anti-p50 or anti-p65
antibody, followed by Western blotting with the anti-V5–HRP antibody.

Fig. 4. Effect of PDE8A1–I�B association on NF-�B activation. (A) HEK293
cells stably expressing I�B�–V5 were transiently transfected with PDE8A1–Myc
or its PAS-deleted mutant �PAS–Myc and then were stimulated with tumor
necrosis factor for the times indicated. Cytoplasmic I�B� and I�B� were
analyzed by Western blotting (WB) with anti-V5–HRP and anti-I�B�–HRP
antibodies, respectively. Similar amounts of PDE8A1–Myc or �PAS–Myc
present at all time points examined are shown in Top. (B) Nuclear NF-�B
proteins were analyzed by ELISA. Note that for p65, p50, and c-Rel, the nuclear
extract was diluted 20-fold for the quantification and hence the actual levels
should be 20-fold higher than those shown. Each data point represents the
mean � SE (n � 4).
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proteins (as reported in refs. 16–20), p65, p50, and c-Rel
exhibited a rapid nuclear translocation in relatively larger
amounts, whereas p52 and RelB translocated with slower time
courses in much smaller amounts (Fig. 4B). Note that for p65,
p50, and c-Rel, the nuclear extract was diluted 20-fold for the
quantification and hence the actual levels should be 20-fold
higher than those shown. Nevertheless, the similar nuclear
translocation profile of the NF-�B proteins in the PDE8A1–
Myc- and �PAS–Myc-expressing cells indicates that the
PDE8A1–I�B association does not affect NF-�B activation.

Effect of PDE8A1–I�B Association on PDE8A1 Enzyme Activity. Equal
amounts of PDE8A1–V5 and �PAS–V5 from the cell lysates as
determined by ELISA (data not shown) were subjected to
immunoprecipitation with the anti-V5 antibody, followed by
PDE8 enzyme assay. Surprisingly, the enzyme activity of
PDE8A1–V5 was 6-fold higher than that of �PAS–V5. This
higher enzyme activity was not caused by a proportionally larger
amount of PDE8A1–V5 precipitated, because Western blot
analysis confirmed a level of PDE8A1–V5 similar to (if not lower
than) that of �PAS–V5 (Fig. 5A).

To confirm that this higher enzyme activity was caused by the
PDE8A1–I�B association, the effect of I�B� on PDE8A1 en-
zyme activity was examined both in vitro and in vivo. In the in
vitro experiments, cell lysates of PDE8A1–Myc-expressing cells
were incubated with an increasing amount of the cell lysate of
I�B�–V5 stable cell line, followed by immunoprecipitation with
an anti-Myc antibody. Enzyme assay of the precipitated
PDE8A1–Myc showed that the enzyme activity was significantly
increased by increasing the amount of I�B�–V5 cell lysate, as
compared with control (nontransfected) cell lysate (Fig. 5B).
The small increases of PDE8A1 enzyme activity by control cell
lysate were presumably caused by endogenous I�B proteins.

In the in vivo experiments, HEK293 or the I�B�–V5 stable cell
line was transiently transfected with the PDE8A1–Myc, and then
the cell lysates were subjected to immunoprecipitation with the
anti-Myc antibody. Similar to the in vitro experiments, enzyme
assay showed a significantly higher activity in the presence of
overexpressed I�B�–V5 (Fig. 5C). These results demonstrate
that the I�B-PAS domain association increases the enzyme
activity of PDE8A1.

Discussion
PAS domain-dependent, specific physical association of over-
expressed recombinant human PDE8A1 with endogenous
I�B� was first detected by using an antibody array technique.
The association of PDE8A1 with all I�B proteins examined
(I�B�, I�B�, p105, and p100) was confirmed by coimmuno-
precipitation technique. The commercially available antibody
array used in the initial screening contained antibodies against
I�B�, p105�p50, and p100�p52 in addition to I�B�. The
failure to detect I�B� or p105�p50 in the initial screening was
probably caused by lower binding efficiencies of the corre-
sponding immobilized antibodies.

PDE8A1 was coimmunoprecipitated with all I�B proteins
examined and with the NF-�B proteins c-Rel and RelB but not
p65, p50, or p52 (Fig. 3A). The failure of p65 or p50 to be
coimmunoprecipitated with PDE8A1 was found to be caused by
competition between PDE8A1 and p65�p50 for I�B binding
(Fig. 3C), suggesting that PDE8A1 binds to the NF-�B-binding
site of I�B. The I�B family proteins all have ankyrin repeat
domains as their binding sites for NF-�B (16–20), which may
explain the association of all I�B proteins with PDE8A1. The
exact binding site can be confirmed�determined in future studies
by mutational analysis. The NF-�B proteins c-Rel and RelB are
known to associate with p105 and p100 through their Rel
homology domains (20, 22, 23), which may explain why c-Rel and
RelB were coimmunoprecipitated with PDE8A1. p65 and p50

also can form heterodimers with p105 and p100 (23, 24).
However, the failure of p50 or p65 to be coimmunoprecipitated
with PDE8A1 (Fig. 3A) may be explained by the fact that they
preferentially form the p65–p50 complex in vivo because of a
relatively higher affinity between these two proteins (25). With
regard to the lack of detectable coimmunoprecipitation between

Fig. 5. Effect of PDE8A1–I�B association on PDE8A1 enzyme activity. (A) The
concentrations of PDE8A1–V5 and �PAS–V5 in the cell lysates of HEK293 cells
stably expressing PDE8A1–V5 or its PAS-deleted mutant �PAS–V5 were mea-
sured by ELISA (data not shown). Lysates containing equal amounts of
PDE8A1–V5 and �PAS–V5 were subjected to immunoprecipitation with an
anti-V5 antibody. The immunoprecipitates were subjected to Western blot-
ting with an anti-V5–HRP antibody (to confirm similar amounts of PDE8A1–V5
and �PAS–V5 immunoprecipitated; see Inset) and PDE8 enzyme assay. (B) Cell
lysates of HEK293 cells stably expressing PDE8A1–Myc were incubated with an
increasing amount of cell lysate derived from HEK293 cells stably expressing
I�B�–V5 or control (nontransfected) cell lysate. PDE8A1–Myc was immuno-
precipitated with an anti-Myc antibody, followed by PDE8A1 enzyme assay.
(C) Wild-type HEK293 cells or the cells stably expressing I�B�–V5 were tran-
siently transfected with PDE8A1–Myc, and then cell lysates of the cells were
subjected to immunoprecipitation with the anti-Myc antibody. Resultant
antibody beads were subjected to a PDE8A1 enzyme assay. Each data point
represents the mean � SE (n � 4).
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p52 and PDE8A1 (Fig. 3A), it was presumably caused by the fact
that p52 is in much lower abundance (26, 27).

The enzyme activity of the immunoprecipitated PDE8A1 was
at least 6-fold higher than that of its PAS domain-deleted version
(Fig. 5A). This result suggests that the higher enzyme activity
may be caused by the PDE8A1–I�B association. Furthermore, in
vitro and in vivo addition of I�B� to PDE8A1 increased the
enzyme activity (Fig. 5 B and C). The relatively smaller increases
in enzyme activity observed in the I�B�-adding experiments
(Fig. 5 B and C) were probably caused by the fact that the
majority of PDE8A1 molecules without the addition of I�B�
were already in complex with endogenous I�B proteins. Thus,
despite the smaller effect, these results confirm the notion that
the association with I�B enhances the enzyme activity of
PDE8A1. These data are not very surprising, because it has been
known that I�B binds with and modulates the enzyme activity of
protein kinase A (28) and cyclin-dependent kinase 4 (29). The
association with I�B� may result in a conformational change of
PDE8A1 so that its catalytic site is more accessible to cAMP
and�or the cAMP hydrolysis is more efficient.

Extensive evaluation did not indicate a direct effect of the
PDE8A1–I�B association on NF-�B activation (Fig. 4). These
data were consistent with the observation that PDE8A1 com-
peted with NF-�B for I�B binding (Fig. 3C). Because of the
competition, PDE8A1 would not be present in NF-�B–I�B
complexes involved in cell stimulation and gene expression.
These data suggest that the biological role of the I�B association
may be related to compartmentalization and activation of
PDE8A1 but not to the NF-�B pathway. However, the possibility

of an involvement of the PDE8A1–I�B association in the NF-�B
pathway cannot be ruled out. Several proteins have been re-
ported to physically associate with I�B, including protein kinase
A (28), cyclin-dependent kinase 4 (29), Tax protein (30), �B-Ras
(31), and retinoid X receptor (32). The I�B binding by each of
these proteins has certain impact on NF-�B pathway. It has been
shown that NF-�B activation can be regulated by protein kinase
A by both cAMP-dependent and cAMP-independent mecha-
nisms (33). Moreover, it has been established that cAMP
signaling is highly compartmentalized (34, 35). It is conceivable
that, by I�B association, PDE8A1 may be recruited to and
sequestered in the ‘‘microcompartment’’ of cAMP-dependent
NF-�B activation, thereby playing an indirect role in the NF-�B
activation by regulating local cAMP levels. How endogenous
PDE8A1 and I�B interact with each other and, particularly,
whether the interaction plays a regulatory role in NF-�B acti-
vation in various cells would be interesting subjects for future
studies.

In summary, in this study we demonstrate that overexpressed
recombinant human PDE8A1 physically associates with endog-
enous I�B and that the I�B association increases the enzyme
activity of PDE8A1. The I�B association requires the PAS
domain of PDE8A1, and thus this association represents a
function of the PAS domain of PDE8A1 and a function of a
mammalian PAS domain. Among the PDE superfamily, the
presence of a PAS domain is unique to PDE8, as was the
association with I�B (Fig. 2C). Based on the I�B association,
PDE8 may have a unique biological role among various PDEs.

We thank Dr. Daniel Lundell for critical reading of the manuscript.
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