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ABSTRACT

PDE4A11 is a novel cAMP-specific phosphodiesterase that is
conserved in humans, mouse, rat, pig, and bat. Exon-1%A1" en-
codes its unique, 81 amino acid N-terminal region. Reverse-tran-
scriptase polymerase chain reaction performed across the splice
junction, plus identification of expressed sequence tags, identifies
PDE4A11 as a long isoform possessing UCR1 and UCR2 regula-
tory domains. Transcript analysis shows that PDE4A11 is widely
expressed compared with PDE4A10 and PDE4A4B long isoforms.
Truncation analysis identifies a putative promoter in a 250-base
pair region located immediately upstream of the start site in Exon-
14211 Recombinant PDE4A11, expressed in COS-7 cells, is a
126-kDa protein localized predominantly around the nucleus and
in membrane ruffles. PDE4A11 exhibits a K|, for cAMP hydrolysis
of 4 uM, with relative V., similar to that of PDE4A10 and
PDE4A4B. PDE4A11 is dose-dependently inhibited by rolipram,

4-[(3-butoxy-4-methoxyphenyl)-methyl]-2-imidazolidinone (Ro
20-1724), cilomilast, roflumilast, and denbufylline, with IC5, values
of 0.7, 0.9, 0.03, 0.004, and 0.3 uM, respectively. Soluble and
particulate PDE4A11 exhibit distinct rates of thermal inactivation
(65°C; To5y = 2.5 and 4.4 min, respectively). Elevating cAMP
levels in COS-7 cells activates PDE4A11 concomitant with its
phosphorylation at Ser119 by protein kinase A (PKA). PDE4A11
differs from PDE4A4 in sensitivity to cleavage by caspase-3, in-
teraction with LYN SH3 domain, redistribution upon long-term
rolipram challenge, and sensitivity to certain PDE4 inhibitors.
PDE4A11, PDE4A10, and PDE4A4 all can interact with Barrestin.
PDE4A11 is a novel, widely expressed long isoform that is acti-
vated by PKA phosphorylation and shows a distinct intracellular
localization, indicating that it may contribute to compartmental-
ized cAMP signaling in cells in which it is expressed.
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The inactivation of the key second-messenger cAMP is
achieved through the action of a large multigene family of
cyclic nucleotide phosphodiesterases (Beavo and Brunton,
2002; Maurice et al., 2003). Of these, the PDE4 cAMP-spe-
cific phosphodiesterase family has attracted considerable at-
tention (Conti et al., 2003; Houslay and Adams, 2003). One
reason for this is that PDE4-selective inhibitors act as potent
anti-inflammatory agents and are currently being developed
to treat various inflammatory diseases, such as chronic ob-
structive pulmonary disease, asthma, and Crohn’s disease
(Burnouf and Pruniaux, 2002; Giembycz, 2002). The validity
of such approaches has been strongly supported by targeted
gene-inactivation studies (Conti et al., 2003; Mehats et al.,

ABBREVIATIONS: PDE, phosphodiesterase; PKA, protein kinase A; ECL, enhanced chemiluminescence; PAGE, polyacrylamide gel electrophore-
sis; bp, base pair(s); kb, kilobase(s); eGFP, enhanced green fluorescent protein; PCR, polymerase chain reaction; LR2, linker region 2; DMEM,
Dulbecco’s modified Eagle’s medium; PBS, phosphate-buffered saline; KHEM, KCI/EGTA/MgCl,/dithiothreitol/HEPES; HEK, human embryonic
kidney; GST, glutathione S-transferase; EST, expressed sequence tag; IBMX, 3-isobutyl-1-methylxanthine; ORF, open reading frame; Ro 20-1724,
4-[(3-butoxy-4-methoxyphenyl)-methyl]-2-imidazolidinone; H89, N-[2-(4-bromocinnamylamino)ethyl]-5-isoquinoline; Sp1, stimulating protein 1.
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2003). In addition, PDE4 isoforms seem to be targeted to
interact with specific proteins/lipids in cells (Houslay and
Adams, 2003) and, in so doing, play a pivotal role in under-
pinning the compartmentalization of cAMP signaling (Mon-
gillo et al., 2004).

Four genes (PDE4A, PDE4B, PDE4C, and PDE4D) gener-
ate a large family of PDE4 isoforms through the use of
distinct promoters and alternative mRNA splicing (Conti et
al., 2003; Houslay and Adams, 2003). Their unique N-termi-
nal regions, each of which is encoded by a specific 5’ exon,
thus define individual PDE4 isoforms. PDE4 isoforms are
then further subcategorized into either long forms (which
possess the regulatory UCR1 and UCR2 modules), short iso-
forms (which lack UCR1), or supershort isoforms (which lack
UCRI1 and have a truncated UCR2) (Conti et al., 2003; Hous-
lay and Adams, 2003). The UCR1 module confers suscepti-
bility to activation by PKA-mediated phosphorylation (Sette
and Conti, 1996; Hoffmann et al., 1998; MacKenzie et al.,
2002), which is believed to provide part of the cellular ma-
chinery that allows desensitization to cAMP signaling by
accelerating cAMP degradation (Conti et al., 2003). In addi-
tion, the UCR1/2 modules serve to orchestrate the functional
outcome of extracellular signal-related kinase phosphoryla-
tion of the PDE4 catalytic unit (MacKenzie et al., 2000). This
is observed for the PDE4B, PDE4C, and PDE4D isoforms but
not PDE4A isoforms, whose catalytic unit lacks the consen-
sus site for extracellular signal-related kinase phosphoryla-
tion (Baillie et al., 2000).

To date, the human PDE4A gene has been shown to encode
a short form, called PDE4A1 (Sullivan et al., 1998), the long
isoforms PDE4A4B (Bolger et al., 1993) and PDE4A10 (Rena
et al., 2001), and a catalytically inactive N- and C-terminally
truncated PDE4A7 (Johnston et al., 2004). It is interesting
that the PDE4A4B long isoform seems to be up-regulated in
macrophages from smokers with chronic obstructive pulmo-
nary disease (Barber et al., 2004), and PDE4A10 has been
shown to be up-regulated upon differentiation of monocytes
to macrophages (Shepherd et al., 2004). Here, we describe the
identification and characterization of a novel, widely ex-
pressed PDE4A long isoform, which we call PDE4A11.

Materials and Methods

[’HlcAMP and ECL reagent were from Amersham Biosciences
UK, Ltd. (Little Chalfont, Buckinghamshire, UK). Dithiothreitol,
N-{1-(2,3-dioleoyloxy)propyl}-N,N,N,-trimethylammonium methyl-
sulfate, and protease-inhibitor tablets were obtained from Roche
Diagnostics (Mannheim, Germany). Bradford reagent was from Bio-
Rad (Herts, UK). All other materials were from Sigma Chemical
(Poole, Dorset, UK).

SDS/PAGE and Western Blotting. Acrylamide gels (4-12%)
were used, and the samples were boiled for 5 min after being resus-
pended in SDS sample buffer. Gels were run at 100 V/gel for 1 to 2 h
with cooling. For detection of transfected PDE by Western blotting,
2- to 50-ug protein samples were separated by SDS-PAGE and then
transferred to nitrocellulose before being immunoblotted using the
indicated specific antisera. Labeled bands were identified using per-
oxidase linked to anti-rabbit IgG, and the Amersham ECL Western
blotting kit was used as a visualization protocol. We used polyclonal
antisera able to detect all active human PDE4A isoforms as de-
scribed previously (Huston et al., 1996). This was raised against the
extreme C-terminal region that is unique to the PDE4A subfamily
and which is found in all known active PDE4 isoforms. We also used
a polyclonal antiserum (PS54-UCR1-A1) able to detect the (protein

Cloning and Expression of PDE4A11 1921
kinase A) phosphoserine form of the Arg-Arg-Glu-Ser-Phe motif
found in the conserved UCR1 region of all long isoforms (MacKenzie
et al., 2002).

Bioinformatics Analyses. The 38-kb region of the human
PDE4A gene locus and the 33-kb region of the murine PDE4A gene
locus were analyzed by PROSCAN (http:/bimas.dcrt.nih.gov/molbio/
proscan/), a Polll promoter prediction program, the GRAIL CpG
prediction program (http:/compbio.ornl.gov/grailexp/), and the
GENSCAN exon prediction program (http:/genes.mit.edu/GEN-
SCAN.html). Putative transcription factor binding sites within the
PDE4A11 promoter were identified using both the online software
resource TESS (http:/www.cbil.upenn.edu/tess) and TRANSFAC
software (http:/motif.genome.ad.jp/).

Constructs. The ORF encoding the 860 amino acids of human
PDE4A11 (GenBank accession number AY618547), as predicted
from the HSPDE4A genomic sequence and cDNA fragments, was
engineered for expression in pcDNA3 as done before by us for
PDE4A10 (Rena et al., 2001). The S119A mutation of PDE4A11 was
generated using the QuikChange site-directed mutagenesis kit
(Stratagene, Cambridge, UK) according to the manufacturer’s in-
structions. The presence of the appropriate mutation was confirmed
by DNA sequencing as done before by us (Hoffmann et al., 1998;
MacKenzie et al., 2002). The expression plasmids encoding
PDE4A4B and PDE4A10 isoforms have been described in detail
previously (Huston et al., 1996; Sullivan et al., 1998; Rena et al.,
2001).

A plasmid encoding PDE4A4B with eGFP fused to its C terminus
was used as we described previously (Terry et al., 2003). A plasmid
encoding PDE4A11 with eGFP fused at its C terminus, for expres-
sion in mammalian cells, was generated using the ORF of PDE4A11
in pcDNA3 as a template for PCR (HotStarTaq DNA Polymerase;
QIAGEN, Dorking, Surrey, UK) to incorporate a HindIII site at the
5" end and a BamHI site at the 3’ end (no STOP to read through
GFP). The PCR product was run on low-melting-point agarose gel,
band cut-out, and purified (QIAquik Gel Extraction Kit; QIAGEN).
This was then ligated (Rapid Ligation Kit; Roche Diagnostics) into
HindIII/BamHI-cut pEGFPN1 (BD Biosciences Clontech, Palo Alto,
CA). A plasmid encoding PDE4A10 with eGFP fused at its C termi-
nus for expression in mammalian cells was similarly generated. All
constructs were confirmed by sequencing.

A putative PDE4A11 promoter construct was formed by cloning a
1-kb fragment immediately upstream of the ATG start for PDE4A11
into the Smal site of pGL3-Basic (Promega, Madison, WI) to generate
p4All-Luc. Primers corresponding with bases some 750, 500, and
250 bp into the 1-kb PDE4A11 promoter construct were designed.
Deletions were PCR-amplified from the 1-kb construct using Plati-
num Pfx polymerase with PCR conditions of 94°C for 2 min and cycle
conditions of 94°C for 15 s, 55°C for 30 s, and 68°C for 1 min. This
was repeated up to 45 times, as indicated. The fragments were then
cloned using the TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol. Deletions with the correct
orientation were selected using restriction digests. DNA was ex-
tracted using the QIAGEN Spin Mini Prep kit according to the
manufacturer’s protocol. The constructs are referred to by the num-
ber of bases that they contain immediately 5’ to the ATG start of
PDE4A11 in exon-1*A1!, In making these deletions, the reverse
primer used was GGCCGCGGGGCGGCCCCGCCTCGGCGGGCG,
and the forward primers were GATGGGGAGCTCTGGAGGAATTT-
TGGGACA (deletion to 750 bp), GAGAGTGCCCTAGGGTTTAT-
GAGGGTGTCT (deletion to 500 bp), and GGCGATTGTGAGGACAT-
TAGAGCCAACGCG (deletion to 250 bp). A PDE4A10 promoter
construct consisting of 1 kb of sequence upstream from exon-1#41°
and a PDE4A4B promoter construct consisting of 1 kb of sequence
upstream from exon-1*44E each fused to a luciferase reporter, was
formed as we descrived previously (Rena et al., 2001).

TagMan mRNA Profiles. Leukocytes were isolated from blood
samples donated by volunteers at GlaxoSmithKline (Stevenage,
UK). Bronchial epithelial and smooth muscle primary cells were
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obtained from Cambrex Bio Science Walkersville (Walkersville, MD).
Poly A" RNA was prepared by the PolyATract method according to
manufacturer’s instructions (Promega) from the indicated cells of
three different individuals. It was then pooled, reverse-transcribed,
and analyzed by TagMan quantitative PCR (Chapman et al., 2000).
In brief, 0.5 to 1 ug of poly A" RNA was reverse-transcribed using
random priming to produce cDNA. Samples were diluted so that
wells contained cDNA produced from 1 ng of poly A* RNA. TagMan
quantitative PCR (Applied Biosystems, Warrington, UK) was used to
assess the level of each gene. A scale-factor normalization method
was used to normalize expression against those of three housekeep-
ing genes (cyclophilin, B-actin, and glyceraldehyde-3-phosphate de-
hydrogenase).

Gene-specific reagents were as follows: for PDE4A4B: forward
primer, GGTGTAGGTTGGAAGGGCCA; reverse primer, CAGAGA-
CAGGCTCCTTTCCG; and TagMan probe, ATGGAACCCCCGAC-
CGTCCCCT; for PDE4A10: forward primer, CCCTGCCCTGGCACT;
reverse primer, ACAGATCTGCCCGGAGGGT; and TagMan probe,
CACTTCCCCTTCAGCGATGAGGACACC: for PDE4A11, forward
primer, GGCTGAGGACGAGGCGTT; reverse primer, GAAGGCGTCT-
GCGGAAAGTT; and TagMan probe, CTCCTCGCCCGTCTTCTTCGC-
CAG; The housekeeper glyceraldehyde-3-phosphate dehydrogenase for-
ward primer was CAAGGTCATCCATGACAACTTTG, the reverse
primer was GGCCATCCACAGTCTTCTGG, and the TagMan probe
was ACCACAGTCCATGCCATCACTGCCA.

RT-PCR Analyses. Amplification of PDE4A11 fragments was
carried out using intron-spanning primers. This was done from 2 pg
of mRNA using HotStar TagDNA Polymerase (QIAGEN) and PCR
conditions of 50°C for 30 min, 94°C for 15 min, and 35 cycles of 94°C
for 1 min, 50°C for 1 min, and 72°C for 1 min. Final extension was
carried out at 72°C for 10 min, and the RT-PCR product was visu-
alized by electrophoresis using a 1.2% agarose gel containing
ethidium bromide at a final concentration of 0.5 ug/ml. The generic
PDE4A fragments were amplified using the sense primer ATGCA-
GACCTATCGCTCTGTCAGC and the antisense primer AC-
CATCGTGTCCACAGGGATGC to detect a product of 506 bp, encod-
ing the PDE4A common region, from UCR2 into the catalytic unit.
The PDE4A11-specific fragments were generated using the sense
primer ATGGCGCGGCCGCGCGGCCTAGGCC and the antisense
primers CGGACGCTCCGGAGGCTGGCCAGCACC, to amplify a
497-bp product encoding up to UCR1, or GCGGCTGGGAGGGTCT-
TGGTCGCGGCGC, to amplify an 886-bp product encoding up to
linker region 2 (LR2).

To assess the human tissue expression of PDE4A11, a panel of
first-strand ¢cDNAs prepared from 24 human tissues (OriGene Tech-
nologies Inc., Rockville, MD) was used according to the manufactur-
er’s instructions. These were used as PCR templates to generate a
494-bp fragment using the sense primer GGAGCTGCAACTGGT-
GGC, designed to the unique N-terminal region of PDE4A11, and the
antisense primer GGCACATTGGTCAGGAGTGAG, designed to the
nucleotide sequence encoding LR1. The PCR analysis was done using
HotStar TagDNA Polymerase (QIAGEN), and PCR conditions were
95°C for 15 min and 35 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C
for 1 min. Final extension was carried out at 72°C for 10 min, and the
PCR product was visualized as described above.

Transient Expression of PDE4 Isoforms in COS-7 Cells.
Transfection was done using the COS-7 SV40-transformed monkey
kidney cell line maintained at 37°C in an atmosphere of 5% CO4/95%
air in complete growth medium containing DMEM supplemented
with 0.1% penicillin/streptomycin (10,000 units/ml), 2 mM glu-
tamine, and 10% fetal calf serum. We have described this before in
some detail (Huston et al., 1996; McPhee et al., 1999; Rena et al.,
2001). In brief, COS-7 cells were transfected using DEAE-dextran.
The DNA to be transfected (10 ug) was mixed and incubated for 15
min with 200 ul of 10 mg/ml DEAE-dextran in PBS to give a “DNA-
dextran” mix. When cells reached 70% confluence in 100-mm dishes,
the medium was removed, and the cells were given 10 ml of fresh
DMEM containing 0.1 mM chloroquine and the DNA-dextran mix

(450 wl). The cells were then incubated for 4 h at 37°C. After this
period, the medium was removed, and the cells were shocked with
10% dimethyl sulfoxide in PBS. After PBS washing, the cells were
returned to normal growth medium and left for an additional 2 days
before use. For determination of PDE activity, the cells were homog-
enized in KHEM buffer (50 mM KCl, 10 mM EGTA, 1.92 mM MgClL,,
1 mM dithiothreitol, and 50 mM HEPES; final pH, 7.2) containing
“complete” protease inhibitors (Roche Diagnostics) of final concen-
trations 40 pg/ml phenylmethylsulfonyl fluoride, 156 ug/ml ben-
zamine, 1 pug/ml aprotonin, 1 ug/ml leupeptin, 1 wg/ml pepstatin A,
and 1 pg/ml antipain. As described previously (Huston et al., 1996;
Sullivan et al., 1998; Rena et al., 2001) in such transfected cells, then
>98% of the total PDE activity was caused by the recombinant PDE4
isoform. In some instances, the transfected COS-7 cells were plated
onto six-well plates for use in experiments and then serum-starved
overnight before being treated with the indicated ligands for the
stated lengths of time.

Luciferase Reporter Assays. Human embryonic kidney (HEK)
293 cells were transfected using Transfast Transfection Reagent
(Promega) and cotransfected with 1.2 ug of firefly luciferase and 0.12
ng of the control Renilla reniformis luciferase construct pRL-CMV
(Promega). The appropriate plasmids were then mixed with 45 ul of
serum-free medium and 4 ul of Transfast reagent. After a 10-min
incubation at room temperature, 40 ul of DNA mix was added to the
cells and incubated for 1 h at 37°C. They were then overlaid with 200
ul of DMEM. Then, 48 h after transfection, the cells were lysed and
assayed using the Dual Luciferaser Reporter Assay system (Pro-
mega) as described in the manufacturer’s protocol using a Packard

A tel cent
PDE4A R
>

Mouse } ~15.6kb ; -2.7kb —6.8kh .

Human F t

~103kb ~1.5kh ~13.5kb

B

TGETCCCCACAGATTTGGGGETGTCCCTGETGTTTETGGGGACGCGTCCGECEGATTGTGAGGAC
ATTAGAGCCAACGLGGEOEGCTTTGEEETCTGCGGGAGAGTCCCCACCAGAGCCGTGCGGELE
CCCCAGACCCGCCCCGCCCTGEEEECGECTCCAGCGCGAAGCCGGAAGGGCCGAGGCGACAGG
GCGEGETEEGECCCGCEEECCCEEEECTGEECAGGLEECCTECGTEEECCTEECGEEETGGEEE

Exon 1-4All
METAlaArgProArgGly
GGCGCAGCTCCCCAGCGCCCGCCGAGGCGEEGCCGCCCCGCGGECCATGECGCGECCECECGEE

LeuGlyArgIleProGluLeuGlnLeuValAlaPheProValAlaValAlaAlaGluAspGlu
: ! ! AR ] AGGACGAC

CTAGGCCGCATC GGAGCTGCAR

AlaPheLeuProGluProLeuAlaProArgAlaProArgArgProArgSerProProSerSer
ProValPhePheAlaSerProSerProThrPheArgArgArgLeuArgleuLeuArgSerCys

GlnAspLeuGlyArgGlnAlaTrpAlaGlyAlaGl
CAGGATTTGGGCCGCCAGGCTTEGEECTGEEECTEEgtaagtgcagog «15kbe..

Exon 2
yPheGluAlaGluAsnGlyProThrPro
........... tocecoctgoagCTTCGAGGCAGAGARTGGGCCGACACCA

Fig. 1. Schematic representation of the disposition of unique 5’ exons in
the PDE4A gene. A, organization of the unique 5’ exons (exon-1) that
encode the N-terminal regions of the PDE4A4B, PDE4A10, and novel
PDE4A11 isoforms in the PDE4A gene as well as the first common exon
(exon-2) used by all these three long isoforms. B, human genomic se-
quence showing exon-1 of the PDE4A11 splice variant. Nucleotides in
boldface show the coding region of exon-1*4'!, The nucleotide sequence
underlined is the region identified as a CpG-rich island.
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Fusion Universal Microplate Analyzer (PerkinElmer Life and Ana-
lytical Sciences, Boston, MA). Luciferase activity values were nor-
malized against the R. reniformis internal control.

Confocal Analyses. PDE4A11 was transiently overexpressed
and visualized in COS cells using PDE4A-specific antisera as de-
scribed previously by us for analyses of PDE4A4B (Huston et al.,
1996; McPhee et al., 1999). In brief, cells were transfected using
N-{1-(2,3-dioleoyloxy)propyl}-N,N,N,-trimethylammonium methyl-
sulfate (Roche Diagnostics) with the PDE4A11-pcDNA3 plasmid.
Protein was expressed for 48 h, and cells were fixed in 4% parafor-
maldehyde containing 5% sucrose. After permeabilization in 0.2%
Triton X-100, proteins were blocked using 10% goat serum and 2%
bovine serum albumin before PDE4A11 was detected using an anti-
body raised against the C terminus of human PDE4A and stained
using Alexa 594 (Molecular Probes, Eugene, OR). Cells were ob-
served using a Zeiss Pascal laser-scanning microscope (Carl Zeiss
GmbH, Jena, Germany).

For studies done on living cells, GFP chimeras of PDE4A4B and
PDE4A11 were used. COS cells were transfected with plasmids
encoding in-frame fusions of either PDE4A4-GFP or PDE4A11-GFP
using Fugene 6 (Roche Diagnostics). Proteins were expressed for 32 h
before rolipram (10 wM) was added to the cells for a further 16 h,
essentially as described previously by us (Terry et al., 2003).
PDE4A4-GFP and PDE4A11-GFP localization was examined using a
Zeiss Pascal laser-scanning microscope.

Interaction with the SH3 Domain of LYN and with B-Arres-
tin. Assessment of the interaction of PDE4A11, PDE4A4, and
PDE4A10 with the SH3 domain of LYN, expressed in Escherichia
coli and subsequently purified to homogeneity, was done exactly as
described in some detail previously by us for PDE4A10 (Rena et al.,
2001) and other PDE4 species (McPhee et al., 1999; Huston et al.,
2000). In brief, volumes of slurry containing 400 ug of the fusion
protein immobilized on glutathione agarose beads were pelleted, and
the supernatants were discarded. Within each assay, volumes taken
were equalized with washed beads. The pellets were resuspended in
the cytosol from COS-7 cells that had been transiently transfected to
express the indicated PDE4A form. To allow for the binding of these
various PDE4A long isoforms to LYN-SH3 to be compared, an
amount of cytosol fraction containing equal amounts of these en-

TABLE 1

Cloning and Expression of PDE4A11 1923
zymes, as assessed immunologically with PDE4A-specific antisera,
was taken. The amount of PDE4A4 was chosen such that approxi-
mately 80% became bound to LYN-SHS3; this was usually of the order
of 200 pg of lysate protein. These were diluted to a final volume of
200 pl in KHEM buffer containing 1 mM dithiothreitol and protease
inhibitor cocktail. The immobilized fusion protein and cytosol were
incubated together for 10 min end-over-end at 4°C. The beads were
then collected by centrifugation, and the supernatant was retained
as the unbound fraction. The beads were held on ice and washed
three times with 400 ul of KHEM containing 1 mM dithiothreitol and
protease inhibitor cocktail over a 15-min period. These washes were
pooled along with the unbound fraction and aliquots taken for West-
ern blotting, along with the bead-bound PDE. This same method was
used to determine the putative interaction of the various PDE4A
long isoforms with B-arrestin as described previously in some detail
for PDE4D isoforms using a purified B-arrestin2-GST fusion protein
generated in E. coli with recombinant PDE4A isoforms expressed in
COS-7 cells (Perry et al., 2002; Bolger et al., 2003).

Action of Caspase-3 on PDE4A Isoforms. Recombinant
caspase-3 was generated in an active form as described before (Hus-
ton et al., 2000). Cytosolic COS-7 cell lysate (10 ug) expressing the
indicated PDE4A isoforms was incubated for 2 h at 37°C with re-
combinant caspase-3 as described previously by us (Huston et al.,
2000). To normalize for the amount of mature caspase-3, in each
instance, an equal concentration (147 ng) of the p20 active caspase-3
subunit was added in a final volume of 25 ul of complete KHEM.
Resultant protein was boiled in SDS sample buffer solution for
Western blotting and probed with either an antibody raised to the
common C-terminal region of PDE4A or an antibody specific to the
N-terminal region of PDE4A4 (and PDE4A5) (Huston et al., 2000).

Assay of cAMP PDE Activity. PDE activity was determined by
a two-step procedure using 1 uM cAMP as substrate, as described
previously by us in some detail (Huston et al., 1996; Sullivan et al.,
1998; Rena et al., 2001). All assays were conducted at 30°C, with
initial rates taken from linear time courses. Activity was linear with
added protein concentration.

Protein Analysis. Protein concentration was determined using
bovine serum albumin as standard.

The bioinformatic identification and analysis of PDE4A11 ESTs from various species

Shown are the GenBank descriptors for ESTs that encode either PDE4A11, PDE4A4B, or PDE4A10 by virtue of their having the appropriate exon-1 sequence. Also shown
is whether such ESTs have sequence representing PDE4A downstream exons. The largest of these ESTs for PDE4A11 extends from exon-1 down to exon-8, which lies in the

PDE4A catalytic unit (CA775139).

Acc. No. Species 4A4B 4A11 4A10 Exon 2 Exon 3 Exon 4 Exon 5 Exon 6 Exon 7 Exon 8
BF346277 Human Yes Yes Yes Yes
BY015160 Mouse Yes
BY124416  Mouse Yes
CA775139 Human Yes Yes Yes Yes Yes Yes Yes Yes
AW104482 Human Yes Yes Yes Yes Yes Yes
CA774868 Human Yes Yes Yes Yes Yes Yes Yes
BI1438716 Human Yes Yes Yes Yes Yes
BF732322  Human Yes
BF116176 Human Yes
AW296744 Human Yes
BI156706 Mouse Yes Yes
BY352528  Mouse Yes Yes
BY184004  Mouse Yes Yes
BY183996 Mouse Yes Yes
BY353288  Mouse Yes Yes
BY209230 Mouse Yes Yes
BY352150  Mouse Yes Yes
BY347207 Mouse Yes Yes
BX921915 Pig Yes Yes
BF300255 Mouse Yes Yes Yes Yes Yes Yes
CK795128 Mouse Yes Yes
BY748490  Mouse Yes Yes
BY749598 Mouse Yes Yes
BE531640  Mouse Yes Yes
CK482793 Rat Yes Yes
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Results

The human PDE4A gene locus is located at chromosome
19p13.2 (Sullivan et al., 1998). Our sequencing and subse-
quent analysis (Sullivan et al., 1998) of a chromosome 19
cosmid contig containing the PDE4A gene locus led us to
suggest that it may contain a hitherto unknown PDE4A long
isoform. This was taken from the finding of a sequence pre-
viously found in a ¢cDNA clone, called TM3, which had been
postulated to encode a catalytically inactive, C-terminally
truncated protein (Bolger, 1994). However, the extreme 3’
360 bp of the TM3 clone is not found in the human genome
database. Indeed, it has been concluded (Sullivan et al.,
1998) that this “alien” sequence reflects the inverted 3’ end of
the pM5 cDNA. It is therefore likely that the TM3 clone is
composed of two unrelated cDNAs that became inappropri-
ately ligated during cloning. Thus, the suggestion (Bolger et
al., 1993) that TM3 reflects a truncated, catalytically inactive
product of the PDE4A gene is, we believe, incorrect. The
portion of the TM3 ¢cDNA sequence found in the PDE4A-
containing contig is located between the single unique 5’
exons that encode the PDE4A4B and PDE4A10 long isoforms
(Fig. 1). As such, it is appropriately positioned to provide a
novel PDE4A long isoform. The prediction of this is that
transcripts from any such novel long isoform, which we call
here PDE4A11, should show sequence from the 5’ exon
spliced directly onto exon-2 of the PDE4A gene rather than to
more distant 3’ exons characteristic of short and supershort
isoforms.

Comparative Genomics Analysis of the Human and
Murine PDE4A Gene Loci. The 38-kb region of the human
PDE4A gene locus and the 33-kb region of the murine
PDE4A gene locus were analyzed by PROSCAN (http:/bi-
mas.dcrt.nih.gov/molbio/proscan/), a Polll promoter predic-
tion program, the GRAIL CpG prediction program (http://
compbio.ornl.gov/grailexp/), and the GENSCAN exon predic-
tion program (http:/genes.mit.edu/GENSCAN.html). Such
comparative genomic analysis allowed us to identify a 5’ exon
for PDE4A11 (Fig. 1A) that contained sequence found in the
PDE4A11 (TM3) cDNA (Fig. 1B). Also identified were se-
quences immediately 5’ to the exon-14*!! that are conserved
in human and mouse genes, which may be indicative of a
functional promoter controlling PDE4A11 expression (see be-
low).

The nucleotide sequence of exon-

14A11

was used to inter-

A

Consensus

Human 1

Mouse 1

Rat 1

Bat 1

Pig 1
Consensus

Human 46
Mouse 30
Rat 3@
Bat 41
Pig 34

B Murine 3' splice

AG/GCT/TGG/GCC/GGgtgagtgcge

Rat 3' splice AG/GCG/TGG/GCT/Gggtgagtgtge

Bat 3’ splice AG/GCG/TGG/GCC/GGgtaagtgcge

e evey

rogate, using the BLAST algorithm, the expressed sequence
tag (EST) database and high-throughput sequence nucleotide
databases. This allowed us to identify PDE4A11 sequences
from various species, namely two mouse genomic draft
sequences (GenBank accession numbers AC027154 and
ACO073749), one rat genomic draft sequence (GenBank acces-
sion number AC115140), seven human EST cDNAs (Gen-
Bank accession numbers BI438716, BF732322, BF116176,
AW296744, AW104482, CA775139, and CA774868), eight
mouse EST ¢cDNAs (GenBank accession number BI56706,
BY352528, BY184004, BY183996, BY353288, BY209230,
BY352150, and BY347207), one bat EST ¢cDNA (GenBank
accession number AC148813), and one pig EST ¢cDNA (Gen-
Bank accession number BX921915). All of these contained
sequence showing high homology to that of the novel human
PDE4A11-specific 5’ sequence we identified here (Table 1).
However, it is clear (Table 1) that four of the human EST
cDNAs (BI438716, AW104482, CA775139, and CA774868)
also contained authentic sequence of human exons-2, -3, -4,
and -5, three extended to exon-6, two to exon-7, and one to
exon-8 within the catalytic unit (Table 1). These data clearly
demonstrate splicing of the unique PDE4A11 5’ exon-1 to the
first long form exon, namely exon-2, indicating that
PDE4A11 is indeed an authentic PDE4A long isoform. Con-
sistent with this, inspection of the sequence of all of the
murine ESTs similarly shows splicing onto the murine
exon-2 (Table 1). In addition, the murine EST BI156706
showed a 98% match with the draft murine genomic se-
quence, and analysis of the flanking genomic sequence re-
vealed a consensus 5’ splice-acceptor site. Indeed, compari-
son of these human and murine PDE4A11 unique 5’
sequences clearly revealed a conserved initiating methionine
residue that predicts an in-frame ORF when spliced onto the
common exon-2 (Table 1). Comparison (Fig. 2) of the human
and mouse unique PDE4A11 N-terminal regions reveals
clear conservation between species; however, this is clearly
less than the 100% conservation seen for the human and
murine unique N-terminal regions of PDE4A1 (Sullivan et
al., 1998), PDE4A4 (Bolger et al., 1993; Huston et al., 1996;
Sullivan et al., 1998), and PDE4A10 (Rena et al., 2001).
Indeed, although the human PDE4A11 unique N-terminal
region consists of 81 amino acids, that of murine PDE4A11
consists of only 66 amino acids (Fig. 2).

Fig. 2. Alignments of the predicted amino
acid sequence encoded by the PDE4A11
unique 5’ exon from various species. A,
alignments are shown for the amino acid
sequence encoded by cognate PDE4A11 5’
exons found in genomic sequences from
human (GenBank accession number
AC011548), bat (GenBank accession num-
ber AC148813), mouse (GenBank acces-
sion numbers AC027154 and AC073749),
and rat (GenBank accession number
AC148813). B, the sequences for the au-
thentic 3’ splice sites for mouse, rat, and
bat are shown.
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Expression Profile of PDE4A11. A schematic of the
structure of PDE4 isoforms and the exons that encode it is
shown in Fig. 3A. The unique 5’ exon of human PDE4A11
encodes the 81 amino acid unique N-terminal region of this
isoform, whereas exons-2 to -15 encode the regulatory
UCR1/2, the catalytic region, and C-terminal portion (Fig.
3A). Using human brain RNA, we were able to use RT-PCR to
amplify from the unique 5’ region of PDE4A11 into either the
common UCRI1 found only in full-length PDE4 long isoforms
and into LR2, which abuts the catalytic unit (Fig. 3B). We
were also able to detect transcripts for PDE4A11 in RNA
from HEK293 cells using RT-PCR to amplify from the unique
5’ region of PDE4A11 into the common UCR1 found only in
full-length PDE4 long isoforms (Fig. 3B). This ability to un-
dertake RT-PCR across the long-form splice junction and into
UCR1 confirms the EST data (Table 1) in identifying tran-
scripts for PDE4A11 as a novel PDE4A long isoform.

We screened (Fig. 4A) a panel of RNA from various human

Cloning and Expression of PDE4A11 1925

tissues by RT-PCR using a sense primer targeted within the
unique region of PDE4A11 and an antisense primer targeted
within LR2 (Fig. 3A). This analysis identified transcripts for
PDE4A11 in a variety of human tissues (Fig. 4A). The size of the
transcript and its sequence (data not shown) confirmed
PDE4A11 as a long isoform because amplification was achieved
across the conserved long form splice junction so as to encom-
pass both UCR1 and UCR2 (Fig. 3A). Transcripts were most
abundant in liver, stomach, testis, thyroid, and adrenal glands
but were clearly evident in placenta, kidney, pancreas, ovary,
uterus, and skin (Fig. 5a). It is interesting that although a clear
signal for PDE4A11 transcripts was seen in fetal brain, little
signal was seen in adult brain (Fig. 4A). This might indicate a
developmental change in PDE4A11 expression in brain and
contrasts with PDE4A10, which is seemingly absent from fetal
brain but is seen clearly in adult brain (Rena et al., 2001).
Indeed, PDE4A10 and PDE4A11 seem to show very distinct
patterns of distribution (Fig. 4A) (Rena et al., 2001).

A Unique N-Terminal
Regions 4A LRI - antisense
PDE4A4B l
LR1 LR2 C-Terminal Region
PDE4Al0 TR\ VR Catalytic Unit —_—
UCR2
PDE4AIl UCRI1 - antisense
T 4A generic - antisense
44 generic - sense
A4AI1NT -sense 44 LR2 - antisense
UCR1 UCR2 CATALYTIC
¢ » LR1 g vvienn—3  LR2 >

A % 5 3 45 8 12 7 8 9 10 11 12 13 14 15

B Brain with HEK cells with

4A11 N-Terminal sense

4A11 N-Terminal sense

886bp —p
497bp —p
497bp —p

4AUCRL - 4ALRZ- Ctr 4A UCRL -
antisense  antisense antisense

Fig. 3. PDE4A11 is a long isoform encoded by the PDE4A gene. A, top, a schematic of the key regions of PDE4A11 as inferred from EST analysis and
by reference to the structure of established PDE4 long isoforms. Shown schematically are the N-terminal regions unique to the three long PDE4A
isoforms, namely PDE4A4B (GenBank accession number L20965), PDE4A10 (GenBank accession number AF110461), and PDE4A11 (GenBank
accession number AY618547). Also indicated are the positions of primers used in RT-PCR studies, for which sequence details are given under Materials
and Methods. UCR, upstream conserved region; LR, linker region; CLFR, common long form region, as described in Houslay (2001). Assuming ATG =
123 in the 4A11 ORF, then 4A11 NT sense RT-PCR probe is nucleotides 1 to 25; 4A11 UCR1 antisense RT-PCR probe is nucleotides 471 to 497; 4A11
LR2 antisense RT-PCR probe is nucleotides 859 to 886; 4A11 expression profile sense probe is nucleotides 33 to 50; and 4A11 expression profile
antisense probe is nucleotides 507 to 527. Prove sequences are described under Materials and Methods. Bottom, the coding exons (boxes) for active
PDE4A isoforms, with the unique 5’ exons shown as B, are shown schematically. PDe4A1 is a supershort isoform that lacks UCR1 and has a truncated
UCR2, whereas PDE4A4B, PDE4A10, and PDE4A11 are long isoforms. B, left, RT-PCR analysis done on human brain mRNA with a sense primer
targeted within the unique region of PDE4A11 and an antisense primer targeted within either UCR1 or LR2, as indicated. Right, RT-PCR analysis
done on HEK293 cells with a sense primer targeted within the unique region of PDE4A11 and an antisense primer targeted within UCR1.
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We also compared transcript levels for PDE4A11 relative
to those for the PDE4A10 and PDE4A4B long isoforms in
various human blood cell types (Fig. 4B). These data clearly
show that PDE4A11 is widely expressed and, indeed, tran-
scripts for it seem to provide the major species in a variety of
cells, including monocytes, mast cells, and macrophages, as
well as in bronchial smooth muscle. On the other hand,
PDE4A4B seems to provide the major level of transcripts in
T cells (Fig. 4B).

Promoter Activity of the 5’ Region of PDE4A11. The
1-kb region immediately 5’ of the ATG start in human exon-
14411 was cloned into the vector pGL to evaluate any poten-
tial promoter activity by assessing the luciferase reporter
function. This reporter construct was transfected into
HEK293 cells, whereupon a marked increase in luciferase
activity was evident over that seen upon transfection of the
base plasmid pGL3-basic (Fig. 5a). Alongside this, we com-
pared the activity of the PDE4A10 promoter construct, which

o
A
i £
] 3
El & L, % 2
5 s 2 . 5 E
Eéggﬁgim—gaggs
oéxi‘?\'sﬁimé*ﬁpq—?

DMNA Ladder
Salivary Gland
Thyroid
Adrenal Gland
Pancreas
COvary

Uterus
Prostate
Bone Marrow
Fetal Brain
Fetal Liver

Skin
PBL

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod

cells

B

BRONCHIAL EPITHELIUM H
BRONCHIAL SMOOTH MUSCLE
MAST CELLS

DENDRITIC CELLS

TH2 T CELLS

TH1 T CELLS

DMA Ladder

BNA Ladder

CDBTCELLS [

B 4A11
4A10
E 4A4

CDATCELLS E

EOSINOPHILS g

NEUTROPHILS
MACROPHAGES 22l
NATURAL KILLER [rrrzes

MONOCYTES |

we have described previously (Rena et al., 2001), and the
putative PDE4A4B promoter construct, which in all in-
stances was similarly formed from 1 kb of intronic sequence
located immediately 5’ to the ATG start site within exon-
1419 and exon-1*4*B, respectively (Fig. 5a). It is interesting
that both the PDE4A11 and PDE4A10 promoter constructs
gave similarly high activities in these cells, with less activity
seen with the PDE4A4B construct (Fig. 5a). These data in-
dicate that there is a functional promoter immediately up-
stream of the ATG start site in exon-1*411,

We then generated a panel of 5’ deletion constructs of the
PDE4A11 reporter construct and assessed their activity in
HEK cells (Fig. 5b). Deletion of either 250 or 500 bp to yield
the “750-bp” and “500-bp” reporter constructs, led to little or
no change in luciferase activity (Fig. 5b). It is interesting that
deletion to yield the “250-bp” construct led to a doubling of
activity over that seen with the 500-bp construct (Fig. 5b),
implying that some repressor element may be functioning in

<— 494bp

+— 494bp

Fig. 4. Expression profile of PDE4A11. A, RT-
PCR analysis of the distribution of transcripts
for PDE4A11 as identified in a panel of human
RNA probed by RT-PCR using a sense primer
targeted within the unique region of PDE4A11
and an antisense primer targeted within LR1.
The data shown are representative of an exper-
iment done three times. B, TagMan mRNA pro-
files assessing the distribution of transcripts for
PDE4A4B, PDE4A10, and PDE4A11 in various
human blood cell types as well as bronchial epi-
thelium and bronchial smooth muscle. These
data are from cells pooled from three normal
individuals.
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the 250- to 500-bp region. These data indicate that the first
250 bp found immediately 5’ to the ATG start site in exon-
14411 contains elements that suffice to allow for promoter
activity that we would expect to drive basal transcription of
PDE4A11. Although this region does not contain a classic
TATA box it is within a CpG-rich island (Fig. 1B) and exhib-
its, as do a number of TATA-less promoters, a number of
consensus sites for binding of the SP1 transcription factor,
some of which are conserved between human and mouse
(Fig. 5c¢).

Expression of Recombinant PDE4A11 in COS-7 Cells.
An expression construct of the entire ORF for PDE4A11,
encoding 860 amino acids, was generated in pcDNAS3. This
was used for transient expression studies in mammalian
COS-7 cells. COS-7 cells transfected to express PDE4A11
exhibited a cAMP PDE activity of 4 to 6 nmol/min/mg pro-
tein, compared with the 4 to 6 pmol/min/mg protein seen in
nontransfected cells (range, n = 3). Assayed using 1 uM
cAMP as substrate, more than 98% of the cAMP PDE activity
in these cells was inhibited by the archetypal PDE4 selective
inhibitor rolipram (10 puM). Thus, recombinant PDE4A11
expressed in these cells shows the properties expected of a
PDE4 family member and provides the major cAMP PDE
activity in these transfected cells.

Immunoblotting (Fig. 6a) of PDE4All-transfected cells
with a “pan-PDE4A”-specific antiserum generated against
the C-terminal region found in common to all PDE4A iso-
forms identifies the presence of a single immunoreactive

PDE4A promoter activity in

PDE4A11 promoter activity in HEK
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species of 126 = 4 kDa (mean *= S.D.; n = 3). The size of
PDE4A11 on SDS-PAGE is comparable with that observed
for the other two known PDE4A4 long isoforms, namely
PDE4A4B (125 kDa) and PDE4A10 (121 kDa). Thus, in en-
dogenous expression systems, these three long isoforms will
not be readily distinguished by Western blotting using pan-
4A-specific antisera. However, all are considerably larger
than that of the 83-kDa PDE4A1 short isoform, and all mi-
grate on SDS-PAGE with substantially greater molecular
masses than predicted by their primary amino acid sequence
(Rena et al., 2001). Thus, the predicted size of PDE4A11 is
some 95.3 kDa, which is approximately 30 kDa less than that
observed in SDS-PAGE. Deletion studies have shown that
this aberrant migration is caused by a region located within
the conserved PDE4A catalytic core (Johnston et al., 2004).

Subcellular fractionation studies showed that some 52 =+
2% (mean = S.D.; n = 3) of PDE4A11 was located within the
S2, high-speed supernatant fraction, with the rest being par-
ticulate-associated. Immunohistochemical analysis using
confocal microscopy (Fig. 6b) of COS-7 cells transfected to
express PDE4A11 showed that it was excluded from the
nucleus and concentrated in the perinuclear region and at
the cell margin.

We have demonstrated that long-term challenge of HEK,
Chinese hamster ovary, and rat basophilic leukemia cells
expressing recombinant PDE4A4B caused a profound redis-
tribution of PDE4A4B into foci within the cytoplasm (Terry
et al., 2003). This reversible process is cAMP-independent

Fig. 5. Promoter activity associated

construct HEK cells construct cells with the intron upstream of the
. unique PDE4A11 5’ exon. a, results of

PDE4ALL pok contro] I luciferase reporter assays for three
zsoep [ putative promoter evaluation con-

PLE4AI0 500bp _ ; structs. These were formed by cloning
- 1-kb regions located immediately 5’ of

FREAR 750bp - each of the human exon-1*4**, exon-
pGL control . . . . . . woor DN @ 14219 and exon-1*A!! into the vector
o pGL. These were then transfected

9 2 | o« £ o e n W ®W 0. % into HEK293 cells to evaluate any po-
Luciferase activity (% max. ) Luciferase activity (% max. ) tential promoter activity of these con-

structs by assessing luciferase activ-

c GATAL/2/3 ity. Data are shown as relative

human &7

human 146 [
mouse 158 §A

human 136 |4
mouse 198 K4

human 226 [
mouse 230 [AKA

percentage to that observed with the
PDE4A11 construct (100%) for n = 5
separate transfections (means =
S.D.). b, luciferase reporter assay for
various 5’ truncates of the 1-kb puta-
tive PDE4A11 promoter construct (as
above) transfected into HEK293 cells
with data are shown as relative per-
centage to the maximal activity ob-
served (100%), in this case with the
construct formed from 250 bp imme-
diately wupstream of the unique
PDE4A11 exon (data are means *
S.D. for n = 4 separate transfections).
¢, comparison of the 250 bp of intronic
sequence found immediately up-
stream of the ATG start site for
PDE4A11 in both human and mouse.
Examples of putative transcription
binding sites are indicated. Sp1** are
completely conserved in human and
mouse, Spl* are highly conserved in
human and mouse, and Spl are
unique to human. M, conserved se-
quence.
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and is presumed to be triggered as a consequence of a con-
formational change induced through the binding of the se-
lective, competitive inhibitor rolipram to the active site of
PDE4A4B. Such a profound redistribution was observed us-
ing wild-type PDE4A4, as well as chimeras formed with
various tags, including GFP, which allows for visualization in
living cells. Here we see in living COS cells that treat-
ment with rolipram induced foci formation of GFP-tagged
PDE4A4B (Fig. 6¢). In marked contrast to this, however,
rolipram treatment did not cause GFP-tagged versions of
either PDE4A11 or PDE4A10 to form foci in these cells (Fig.
6¢). As observed with untagged PDE4A11 (Fig. 6b), GFP-
tagged PDE4A11 in COS cells was concentrated in the pe-
rinuclear region and also was observed within ruffles at the
cell margin (Fig. 6¢). We noted that unlike PDE4A11, neither
PDE4A4 nor PDE4A10 was found within ruffles, highlight-
ing this as a unique facet of the intracellular localization of
PDE4A11 (Fig. 6¢).

Analysis of cAMP hydrolysis of soluble PDE4A11 showed it
tohave a K value 0f 4.2 = 1.1 uM and that of the particulate
activity a K, of 3.7 = 1.8 uM (mean = S.D.; n = 3). Such
values are very similar to those exhibited by other PDE4
isoforms, including the PDE4A4B and PDE4A10 long iso-
forms (Huston et al., 1996; Rena et al., 2001). We then set out

Western blot of COS7 cells
expressing PDE4A11

150 kDa —p
100 kDa —p <— PDE4A1L
75 kDa —p
margins
Control Transfected

€ PDE4A4B control

PDE4A4B control PDE4A4B + rolipram

PDE4A11 control

)

C

PDE4A10 control

PDE4A11 control PDE4A11 + rolipram

PDE4A10 control

PDE4A10 + rolipram

to evaluate how actively PDE4A11 hydrolyzed cAMP com-
pared with the other long PDE4A isoforms. To do this, we
took equal immunoreactive amounts of soluble PDE4A11 and
PDE4A4B to determine a “relative V,,.” value. This yielded
a ratio of 1.1 *+ 0.1 (mean * S.D.; n = 3) for the activity of
PDE4A11 compared with PDE4A4B. From these data and
those reported previously by us (Rena et al., 2001), the ratio
of V.. values for long PDE4A isoforms was (1):1:1.1 for
PDE4A4B/PDE4A10/PDE4A11. Thus, all long PDE4A iso-
forms seem to be similarly active. We also noted that partic-
ulate association of PDE4A11 had little effect on its maximal
catalytic activity, with the ratio of the V. value for total
particulate to soluble PDE4A11 being some 1.1 = 0.1
(mean = S.D.; n = 3).

Rolipram is the archetypal selective PDE4 inhibitor (Hous-
lay and Adams, 2003). It dose-dependently inhibits cytosolic
PDE4A11 activity with an IC;, value of 0.72 * 0.08 uM
(mean * S.D.; n = 3) (Fig. 7 and Table 2). This is comparable
with values of 0.056 and 1.25 uM for the soluble forms of
PDE4A10 and PDE4A4B, respectively (Huston et al., 1996;
Houslay, 2001; Rena et al., 2001).

PDE4A11 is also dose-dependently inhibited by a variety of
other PDE4-selective inhibitors, namely Ro 20-1724, cilomi-
last (Ariflo; GlaxoSmithKline), roflumilast, and denbufylline

b  COS7 cells expressing PDE4A1L

Fig. 6. Expression of recombinant PDE4A11 in
COS-7 cells. a, Western blot of lysates from
COS-7 cells that either had (Tr) or had not (Ctr)
been transfected with a plasmid encoding
PDE4A11. In the transfected cells, a single 126-
kDa immunoreactive species was identified us-
ing a “pan-PDE4A” antiserum able to detect all
active human PDE4A isoforms. b, a confocal sec-
tion through a fixed COS-7 cell transfected to
express wild-type PDE4A11 and visualized im-
munologically using a human PDE4A-specific
antiserum. Note that fluorescence is focused to-
ward the perinuclear region of the cell with cen-
ters of fluorescence located at the cell margin, as
indicated by the white arrows. At similar gain,
no fluorescence was evident in cells that had
either not been transfected or transfected with
empty vector. ¢, shown are confocal sections
through living COS cells transfected to express
C-terminal GFP-tagged forms of PDE4A4B,
PDE4A11, and PDE4A10, as indicated. Addi-
tionally shown are such cells that had been in-
cubated for 16 h with rolipram (10 uM). In the
section showing rolipram-treated cells express-
ing PDE4A4B, the white arrows indicate exam-
ples of foci. In the sections showing untreated
cells expressing PDE4A11, the white arrows in-
dicate examples of PDE4A11 located within ruf-
fles at the cell margins. These data are typical of
experiments done at least three times with dif-
ferent transfections.

PDE4A4B + rolipram

PDE4A11 + rolipram

PDE4A10 + rolipram
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(Fig. 8 and Table 1). IC;, values range from approximately 1
pM for Ro 20-1724 down to approximately 4 nM with roflu-
milast (Table 2). However, in each instance, we noted that
there was no difference in sensitivity of the cytosol and par-
ticulate forms of PDE4A11 to any particular inhibitor (Table
2). We also determined the sensitivity of PDE4A4 and
PDE4A10 to inhibition by these various compounds (Table 2).
In doing so, we noted that PDE4A10 is considerably less
sensitive to inhibition by Ariflo, albeit considerably more
sensitive to inhibition by rolipram, than either of the other
two long isoforms (Table 2). Indeed, PDE4A11 seems to be
slightly more sensitive to inhibition by Ariflo and denbufyl-
line than either of the other two isoforms (Table 2). PDE4A4
seems to be slightly less sensitive to inhibition by Ro 20-1724
than either of the other two long PDE4A isoforms (Table 2).
We also see here that as for rolipram, particulate PDE4A4 is
more sensitive to inhibition by roflumilast compared with its
soluble form (Table 2).

The denaturation of enzyme proteins by heat occurs as a
first-order process that can be followed by analysis of the
exponential decay in their catalytic activity. A semilog plot of
the log% activity remaining against time thus allows for a
determination of the half-life of inactivation (¢,,). Here we
see that incubation at 55°C causes the inactivation of both
soluble and particulate PDE4A11 as a single exponential
(Fig. 8). However, in each of these instances there is a
marked difference with ¢,,, values of 2.5 = 0.3 min for soluble
PDE4A11 (S2 fraction) and 4.4 *= 0.3 min for particulate
PDE4A11 (mean = S.D.; n = 3 separate experiments).

Phosphorylation of PDE4A11 by PKA. Various long
PDE4 isoforms can be activated through phosphorylation by

Cloning and Expression of PDE4A11 1929

PKA, which occurs at a consensus site (RRESF) for phosphor-
ylation located in the PDE4 UCR1 regulatory module (Sette
and Conti, 1996; Hoffmann et al., 1998; MacKenzie et al.,
2002). Phosphorylation of this site by PKA can readily be
monitored using an antiserum specific for the phosphory-
lated form of UCR1 (MacKenzie et al., 2002). Here, we see
that treatment of COS-7 cells transfected to express
PDE4A11 with the adenylyl cyclase activator forskolin (100
uM) together with the nonselective PDE inhibitor IBMX (100
pM) to raise intracellular cAMP levels (MacKenzie et al.,
2002) leads to the phosphorylation of PDE4A11, as indicated
by the detection of a 126-kDa immunoreactive species with
the P-UCR1 antiserum (Fig. 9a). The appearance of this
126-kDa immunoreactive species occurs in a time-dependent
fashion after the addition of forskolin and IBMX (Fig. 9a) to
COS-7 cells and is not evident in nontransfected cells ana-
lyzed under comparable levels of exposure in the ECL detec-
tion system (data not shown). The appearance of this immu-
noreactive species in cells challenged with forskolin together
with IBMX is ablated in a dose-dependent fashion when the
PKA-selective inhibitor H89 is also present (Fig. 9b). When
cells transfected to express the Ser119Ala-PDE4A11 con-
struct, in which the target serine for phosphorylation by PKA
in UCR1 has been mutated to alanine, are challenged with
forskolin together with IBMX, then no immunoreactive spe-
cies is detected with the P-UCR1 antiserum (Fig. 9c¢).
Treatment of COS-7 cells expressing PDE4A11 with fors-
kolin (100 uM) together with IBMX (100 uM) leads to the
activation of PDE4A11 in a time-dependent fashion (Fig. 9d),
which reflects that seen for its phosphorylation (Fig. 9e). In
contrast to this, challenge of COS-7 cells expressing the

Rolipram - 52 Ariflo - 52 Denbufylline - 52 Ro-1724 - 52 Roflumilast - 52
100 4oy 100 | 100 |
R I+ ey 100t
A R B | N o
\ 60 o) 60 N 60
_ 40 \ 40 | 1 40 | \ 40 \ Fig. 7. Inhibition of PDE4A11 by selec-
\ 20 Sese 20 ‘\\ 20 IN 20 k tive PDE4 inhibitors. cAMP PDE activity
0 W | o i SN ——-. | g e ‘—' assays on PDE4A11 were performed us-
fonedd & 6 4 hene. 0°8: 67 4 none 8 6 4 none 8 6 4 nonel2 10 8 6 ing 1 uM cAMP as substrate with the
-Log [Rolipram] (M) -Log [Ariflo] (M) -Log [Denbufylline] (M) -Log [Ro 1724] (M) -Log [Roflumilast] (M) range of inhibitor concentrations and type
of inhibitor, as indicated in each graph.
The structures of the various inhibitors
used in this study are provided as Supple-
tal Fig. S1. Anal d
Rolipram - Par Ariflo - P Denbufylline - P Ro-1724 - P Roflumilast <P o btk selable (S2) fraction DDE4ALL
100} 5 100 + l 100;_ ) oL e o and particulate (P1 + P2)-associated
sl 80 S_T \,\\ T~ Ty 7 PDE4A11. The data are averages for
; N : ] 8L, LN 80 i th t iment sh
| [ \ ] ‘ | \ ree separate experimen shown as
801 } "0 \ 60 | Y 60 X 60 | | means * S.D.
40 | 04 § 40 | "‘-\ 40 A 40/ "\
20 | _ 20! E e \. 20 \ 20| |
Foono e Tl o - o tarertie N I T e i :_.__.___..‘_\._'u-
0 0 0
nonel0 8 6 4 fone 10 B8 & 4 nore B8 6 4 none 8 6 4 nonei2 10 8 6
-Log [Rolipram] (M) -Log [Ariflo] (M) -Log [Denbufylline] (M) -Log [Ro 1724] (M) -Log [Roflumilast] (M)
TABLE 2

Inhibition of PDE4A11 by PDE4 family-selective inhibitors

Assays were done with 1 u M cAMP as substrate using the range and number of inhibitor concentrations as indicated in Fig 8. By far the major fraction of PDE4A10 is soluble
in lysed cells, and thus data are only provided for the S2 fraction. The data reflect the average of three separate experiments with ICj5, values given as the mean * S.D. in

micromoloar concentrations.

Inhibitor PDE4A11 (S2) PDE4A11 (P2) PDE4A4B (S2) PDE4A4B (P2) PDE4A10 (S2)
Rolipram 0.72 = 0.08 0.66 = 0.12 1.31 £ 0.08 0.26 = 0.09 0.064 = 0.009
Ariflo (cilomilast) 0.034 = 0.005 0.034 = 0.005 0.061 = 0.007 0.059 = 0.004 0.13 £ 0.03
Roflumilast 0.0048 = 0.0004 0.0039 = 0.0002 0.0090 = 0.0016 0.0025 = 0.0009 0.0041 = 0.0008
Denbufylline 0.25 = 0.06 0.31 = 0.04 0.56 = 0.30 0.46 = 0.20 0.59 = 0.17
Ro 20-1724 0.99 = 0.11 0.91 = 0.07 2.93 £ 1.16 2.90 = 0.10 1.24 = 0.07
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Ser119Ala-PDE4A11 construct with forskolin (100 uM) to-
gether with IBMX (100 uM) did not lead to any change (<7%j;
n = 3 experiments) in cAMP PDE activity. Likewise, no

PDE4A11 thermostability at 55°C
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?
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0 1 2 3 4 5

Time (min)

Fig. 8. Thermostability of PDE4A11. Soluble (S2) and particulate (P)
fractions of PDE4A11 were incubated for the indicated times at 55°C
before assay of their cAMP PDE activity with 1 uM cAMP as substrate.
The log% residual activity is plotted here as a function of time, with the
half-life determined as that time in which 50% of the activity remained.
Data are from three separate experiments with means = S.D. are shown.

(a) Wild-type-PDE4A1L

change in cAMP PDE activity (<6%) occurred in COS-7 cells
expressing PDE4A11 that were challenged with forskolin
(100 M) together with IBMX (100 uM) in the presence of the
PKA inhibitor H89.

Interaction of PDE4Al11 with the SH3 Domain of
LYN. Pull-down (sedimentation) assays have been used to
show that the SH3 domain of LYN tyrosyl kinase, expressed
as a GST fusion protein, binds to the long PDE4A4 isoform
(McPhee et al., 1999; Rena et al., 2001). Deletion analyses
then showed that the unique N terminus of PDE4A4 pro-
vided the major site of interaction, with the LR2 segment
found in all active PDE4A isoforms providing another site of
interaction (McPhee et al., 1999). Here we show that al-
though PDE4A11 is able to interact with the SH3 domain of
LYN, the magnitude of such an interaction is less than that
observed with PDE4A4 (Fig. 10a). Indeed, the degree of in-
teraction is apparently similar to that seen using PDE4A10
(Fig. 10a).

Action of Caspase-3. The rodent PDE4A5 isoform has
been shown to provide a substrate for caspase-3 action (Hus-
ton et al.,, 2000). This cleaves at a single site within a
caspase-3 consensus sequence (DAVD) located in the unique
N-terminal region of PDE4A4. We see here that activated
caspase-3 also acts on the 127-kDa PDE4A4 isoform, which is
the human homolog of PDE4AS5, to yield a 120-kDa species

(c) Serl19Ala-PDE4All

Fig. 9. PDE4A11 is phosphorylated

by PKA. a, COS-7 cells transfected to
i ! " express PDE4Al1l are challenged
1 | PP ] with forskolin (100 uM) together with

S SR GEN S - —|

IBMX (100 uM). At the indicated
times, cells were harvested, and ly-
sates were analyzed by Western blot-

: —
P-UCRL ——3 S S — — — P'bLfcfl
o 08
PDE4A
PDE4AIl — > GHEND G G — G — blat
(o] 25 5 10 15 20 0]

Time with Forskolin + IBMX (min)

(b) Wild-type-PDE4ALl

25 5 10 15 20
Time with Forskolin + IBMX (min)

ting using an antisera specific for the
phosphorylated form of UCR1, within
the motif RRES(Phospho)W. A 126-
kDa single immunoreactive band was
identified in a time-dependent fashion
(top). Bottom, the result of Western
blotting these fractions with a pan-
PDE4A antiserum so as to provide

P-UCRl—»

YOS D eean WS G

P_UCR1 10ac.1ir.1g controls. b, dose—depgndgnﬁ
blot inhibitory effect that the PKA inhibi-
tor H89 exerts on this process, with

blotting in the top showing data for

Pgi‘:‘* the phospho-UCR1 antiserum with an

No 10 20 01 1 10

arrow indicating the expected position
for PDE4A11 and the bottom provid-

Treatment 4+———» +——» ing the loading control done with a

Time (min) [H89] (uM) PDE4A antiserum. c, effect of treating

Forskolin+ #——————————p cells transfected with the S119A mu-

TBMX Forskolin + TBMX tant form of PDE4A11 with forskolin

(20 min) (100 uM) together with IBMX (100

uM) for the indicated times before im-

munoblotting as described above with

(d) (e) these two antisera. d, effect of treat-
. ing COS-7 cells transfected to express

s BRAY PDE Activity 'E‘ P:‘;:g::ﬂ'“';l:f PDE4A11 for the indicated times
2 | E 100} = with forskolin (100 uM) together
§ 150 | 3 | with IBMX (100 uM) on the lysate
2 [ s 80} PDE4A11 activity for three separate
= ;; experiments with data as means =
Z 100 T 60 S.D. e, the densitometric quantifica-
< [ £ tion of the labeling of P-UCRI1 in
ba [ ‘g 40 COS-7 cells transfected to express
& 01 2 PDE4A11 and challenged with forsko-
z [ @ 20 J lin (100 M) together with IBMX (100
LI, . 8 beeremonusrn uM) with lysates analyzed at the in-
o 5 10 15 20 0 5 0 15 20 dicated times cells (as in Eig. 10a) but

Time with Time with for three separate experiments with
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data as means = S.D.
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(Fig. 10b). This faster migrating, cleaved species is detected
with the PDE4A C-terminal antibody. However, consistent
with cleavage occurring in the unique N-terminal region of
PDE4A4, such a faster migrating species is not seen using
the PDE4A4-specific antiserum, which is targeted to the
cleaved extreme N-terminal portion of PDE4A4 (Fig. 10b).
However, it is apparent that the intensity of the signal de-
tected by this PDE4A4-specific N-terminal antiserum is re-
duced in the caspase-3—treated track, consistent with a di-
minished amount of full-length species caused by caspase-3
action (Fig. 10b). The presumed site of cleavage in PDE4A4
by caspase-3 is the cognate one (D*?AMD) to that in PDE4D5

ctr 4a11 444 4410
(a) ey e
- . — el - PDE4A
species
u B U B U B u B
LYN SH3 pull-down
(®) C-terminal N-terminal PDE4A4
PDE4A Ab specific Ab
PDE4AG—> — . | «— PDE4A4
Cleaved PDE4A4
+Csp3  Ctrl +Csp3  Ctrl
C-terminal C-terminal C-terminal
PDE4A Ab PDE4A Ab PDE4A Ab
> - ——
PDE4ALL PDE4ALOD PDE4AS
+Csp3  Ctrl +Csp3  Ctrl +Csp3  Ctrl
© Ctr (G5T) 4All + pArr 4A4 + fArr 4A10 + pArr
B u B u B u B u

Fig. 10. Evaluation of LYN SH3, caspase-3 and p-arrestin2 on PDE4A11.
a, pull-down assays to probe the interaction between the indicated
PDEA4A isoforms and the purified SH3 domain of LYN expressed as a GST
fusion protein. B, the GST-(LYN SH3 domain) fraction bound to gluta-
thione agarose beads; U, the unbound fraction from the pull-down exper-
iment. This analysis was done exactly as we described previously for
PDE4A11 and PDE4A4 (McPhee et al., 1999; Rena et al., 2001), with
equal levels of input of each PDE4A species, as assessed immunologically
using the C-terminal PDE4A-specific antiserum. Thus, the level of pull-
down achieved by GST-LYN SH3 can be compared for the indicated three
long PDE4A isoforms, with visualization done using the PDE4A-specific
antiserum in Western blots. The control is a bead pull-down done using
GST alone and with PDE4A11 present; similar null pull-down was
achieved with PDE4A4 and PDE4A10 in the presence of GST as described
previously (McPhee et al., 1999; Rena et al., 2001). b, the effect of
incubating the indicated PDE4A long isoform with activated caspase-3.
Equal immunoreactive amounts of the indicated PDE4A isoforms were
incubated with the same amount of activated caspase-3 (see Materials
and Methods) before analysis by Western blotting with an antibody
directed to the common C-terminal region of PDE4A. Shown are the only
immunoreactive species apparent, and the gels are typical of ones done at
least three times. PDE4A10 and PDE4A11 were identified as single
bands whose migration and intensity were unaffected by caspase-3 treat-
ment (approximately 126 kDa). Untreated PDE4A4 migrated at 127 kDa;
however, caspase-3 treatment caused the appearance of a novel 120-kDa
species detected by the pan-PDE4A (C-terminal) antisera but which was
not seen with the PDE4A4-specific (N-terminal) antiserum. Also shown is
the action of caspase-3 on the rodent PDE4A4 homolog PDE4A5. c,
pull-down assays to probe the interaction between the indicated PDE4A
isoforms and the purified GST fusion protein of B-arrestin as described
before (Perry et al., 2002; Baillie et al., 2003; Bolger et al., 2003). De-
scriptions are as in “a” above. All of these data are typical of experiments
done three times with different transfections.
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(D%°AVD), which would remove a ~7-kDa fragment, consis-
tent with the observed mobility shift (Fig. 10b). In contrast to
this, caspase-3 failed to cause any change in either the mo-
bility of PDE4A11 and PDE4A10 or the intensity of the single
immunoreactive species detected with the PDE4A C-termi-
nal antibody (Fig. 10). This is consistent with there not being
any caspase-3 consensus motif within the unique N-terminal
regions of either of these two species.

Interaction of PDE4Al11 with B-arrestin2. B-arrestin
seemingly has the potential to interact with PDE4 enzymes
from all subfamilies (Perry et al., 2002), which is presumed to
result from a common binding site in the conserved PDE4
catalytic unit (Bolger et al., 2003). Given that the catalytic
unit of PDE4 isoforms within a subfamily may be affected by
the N-terminal region, as indicated by different thermosta-
bility and inhibitor sensitivities, we set out to determine
whether these three PDE4 isoforms could potentially interact
with B-arrestin. As done before by us for PDE4D, we used a
pull-down assay with B-arrestin-GST and the various PDE4A
isoforms expressed in E. coli. Using equal immunoreactive
mounts of each of these three isoforms, we see here that all
three species can interact with B-arrestin (Fig. 10c).

Discussion

PDE4 isoforms provide targets for novel anti-inflammatory
therapeutics (Burnouf and Pruniaux, 2002; Giembycz, 2002)
and serve to determine compartmentalized cAMP signaling
(Mongillo et al., 2004). Here we have identified a novel hu-
man PDE4A long isoform, called PDE4A11, that is highly
conserved among species (Fig. 2). Available sequence for the
unique portion of PDE4A11 (Fig. 2A) indicates that although
pig and bat sequences show 90% identity with human
PDE4A11, this decreases to 54% in rodents, suggesting cau-
tion in extrapolating data from rodent studies to human.

Transcript analysis (Fig. 4) indicates that PDE4A11 is
widely expressed in human tissues, including cells involved
in inflammatory responses. Indeed, PDE4A11 transcript lev-
els are invariably similar to or even greater than those of the
two other known PDE4A long isoforms, PDE4A4B (Bolger et
al., 1993) and PDE4A10 (Rena et al., 2001). Although atten-
tion thus far has focused on PDE4A4B, levels of PDE4A4B
transcripts seem to be in lowest abundance (Fig. 4). If possi-
ble, we would have liked to undertake immunological analy-
ses. However, we have been unsuccessful in trying to gener-
ate PDE4A11-specific antisera.

We have identified a functional promoter for PDE4A11,
with basal activity contained within a 250-bp region located
immediately 3’ to the ATG start site for PDE4A11 (Fig. 5). As
with all PDE4 isoform promoters identified to date (Vicini
and Conti, 1997; Rena et al., 2001; Le Jeune et al., 2002), this
region contains a series of perfect stimulating protein 1 (Sp1)
consensus binding sites. Such sites typically drive basal tran-
scription of genes that like those for PDE4 isoforms lack a
canonical TATA box and reside in CpG-rich islands. In this
250-bp region, there are potential binding sites for early
growth response-1, GATA-1/2/3, and AML-1a transcription
factors, which have been shown to synergize with Spl in
driving basal promoter activity of various genes (Alfonso-
Jaume et al., 2004). Two of the putative Spl sites have
overlapping CACCC binding-factor sites, a situation that in
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the monoamine oxidase B gene confers inhibitory regulation
(Ou et al., 2004).

PDE4A long isoforms differ from each other by their
unique N-terminal regions, which are encoded by distinct 5’
exons (Sullivan et al., 1998; Houslay and Adams, 2003). In
the case of PDE4A11, exon1*A!! encodes a region of 81 amino
acids that bears no similarity to that of any other known
PDE4 isoform. The core PDE4A species is an entirely cyto-
solic entity (Sullivan et al., 1998), indicating that the N-
terminal region of PDE4A11, like that of other PDE4 iso-
forms (Huston et al., 1996; McPhee et al., 1999; Rena et al.,
2001; Baillie et al., 2002), has a role in intracellular target-
ing. Here we see that PDE4A11 is primarily localized to the
perinuclear region but is also found in ruffles at the cell
plasma membrane, as shown for the wild-type PDE4A11 in
fixed cells and for GFP chimera in living cells (Fig. 6). Cell
disruption identifies a soluble component, although it is un-
clear as to whether this reflects cytosolic PDE4All or
PDE4A11 that reversibly and weakly binds to particulate
anchor proteins and is released upon cell breakage.

As reported previously (Terry et al., 2003), long-term treat-
ment of COS cells with rolipram causes a profound change in
the intracellular distribution of PDE4A4B, namely its re-
versible relocalization to foci within cells (Fig. 6¢). Such a
reorganization is induced by a conformational change in
PDE4A4B, occurring upon rolipram binding (Terry et al.,
2003). This is specific to PDE4A4 rather than generic for
PDE4A long isoforms, because neither PDE4Al1l nor
PDE4A10 shows any such redistribution. Indeed, PDE4A4B
(McPhee et al., 1999) but neither PDE4A11 nor PDE4A10
(Table 2) exhibits a dramatic increase in affinity for rolipram
upon membrane binding. This identifies PDE4A4B alone as
being peculiarly sensitive to conformational changes involv-
ing rolipram.

Thermal denaturation analyses provide a simple means of
evaluating differences in the conformational status of closely
related proteins. We have shown (Rena et al., 2001) that
although incubation at 55°C causes the inactivation of
PDE4A4B and PDE4A10 to occur as single exponentials, this
is characterized by very different half-lives. Thus, cytosolic

TABLE 3
Summary of PDE4A11 distinguishing features

PDE4A4B is more thermostable (¢, = 22 min) than
PDE4A10 (¢4, = 11 min). Here we see that PDE4A1l is
different again, with the cytosolic enzyme being dramatically
more labile, decaying with ¢;,, of 2.5 min (Fig. 8). The unique
N-terminal region of each of these isoforms seems to exert a
distinct effect on the conformational status of the PDE4A
catalytic unit. The functional significance of this remains to
be ascertained, although, clearly, it does not translate into
any change in catalytic activity because the K, values and
relative V.. values of these isoforms are nearly identical. It
is interesting, however, that whereas particulate PDE4A11
is more thermostable (¢;,, = 4.4 min) than its cytosolic com-
ponent (Fig. 8), the converse is true for both PDE4A10 (¢,,, =
5 min) and PDE4A4B (¢,,, = 12.5 min) (Rena et al., 2001).
Because the N-terminal regions of PDE4 isoforms have an
important role in intracellular targeting (Conti et al., 2003;
Houslay and Adams, 2003), our data suggest that particulate
association exerts distinct effects on the conformational sta-
tus of each of these isoforms. Indeed, the N-terminal domain
together with LR2 allows PDE4A4 to interact with the SH3
domains of SRC family tyrosyl kinases, particularly LYN
(McPhee et al., 1999). The N-terminal interaction affects
intracellular targeting (Beard et al., 2002), although the com-
bined interaction at these two sites affects the conformation
of the catalytic unit of PDE4A4 (McPhee et al., 1999).
PDE4A11 and PDE4A10 lack consensus sites for SH3 do-
main interaction in their unique N-terminal regions; thus,
interaction is confined to the common LR2 region, explaining
their reduced interaction compared with PDE4A4 with the
SH3 domain of LYN (Fig. 10a). Differences in interaction
with proteins may contribute to altered conformations of
these isoforms, with changed functional attributes and al-
tered thermostability. In this regard, B-arrestins, which act
as a multifunctional scaffold protein responsible for desensi-
tizing G-protein—coupled receptors (Perry and Lefkowitz,
2002), have recently been shown to bind PDE4 enzymes,
thereby recruiting active PDEs to the site of cAMP synthesis
in cells (Perry et al., 2002). We show here that all three
PDE4A long isoforms have the potential to interact with
B-arrestin2 (Fig. 10c). This is consistent with the notion that

Property

Comment

Rolipram inhibition

Unlike 4A4, particulate and soluble forms of 4A11 show no difference in sensitivity

to inhibition by rolipram

Long-term rolipram treatment

Unlike 4A4, chronic treatment of cells with rolipram does not cause redistribution

of 4A11 within cells

Ro 20-1724
Roflumilast

4A11 and 4A10 are more potently inhibited than 4A4
Unlike 4A4, soluble and particulate 4A11 forms show similar sensitivity to

inhibition by roflumilast

Denbufylline
Ariflo (cilomilast)
Distribution

LYN (SH3 domain)

Thermal stability of soluble 4A11

Thermal stability of particulate 4A11

Comparative thermostability of soluble and particulate
forms

Caspase-3

B—arrestin2

PKA phosphorylation

K, cAMP

V nax CAMP hydrolysis

4A11 is more sensitive to inhibition than 4A4 or 4A10

4A10 is less sensitive to inhibition than 4A4 or 4A11

Unlike 4A4 and 4A11, 4A11 is found in plasma membrane ruffles

4A11 and 4A10 show a lower propensity of associating with LYN through its SH3
domain than does 4A4

Soluble 4A11 is dramatically more thermolabile than the soluble form of other
PDE4A long isoforms

Particulate 4A11 is more thermolabile than 4A4 but similarly thermolabile to 4A10

Although particulate 4A11 is more thermostable than cytosolic 4A11, the converse
is true for both 4A10 and 4A4

Only PDE4A4 is cleaved by caspase-3

All three isoforms can interact with B—arrestin2

Similar to other PDE4A long isoforms

Similar to other PDE4A long isoforms

Similar to other PDE4A long isoforms
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B-arrestins bind to a common binding site in the conserved
PDE4 catalytic unit (Bolger et al., 2003). It also indicates
that whatever differences there may be in the conformation
of the catalytic unit of these PDE4A isoforms, as gauged from
altered thermostability and inhibitor sensitivity, this does
not extend to ablating interaction with B-arrestin2.

PDE4A11 is inhibited by a number of PDE4-selective in-
hibitors, including cilomilast (Ariflo) and roflumilast (Table
2), which are currently undergoing clinical trials (Timmer et
al., 2002; Gamble et al., 2003; Spina, 2003). In this, we note
that roflumilast is by far the most potent of these inhibitors,
with an IC;, value some 150-fold lower than that of the
archetypal PDE4 inhibitor rolipram (Table 2). We also show
that there is no difference in the sensitivity of the particulate,
compared with the soluble forms of PDE4A11 to inhibition by
these compounds (Table 2). As seen with activity analyses,
the conformational difference in particulate versus soluble
PDE4A11 detected by thermostability studies does not ex-
tend to any effect on inhibitor action. PDE4A4B thus remains
the only identified PDE4A isoform in which rolipram more
potently inhibits the particulate enzyme compared with the
cytosolic species (Huston et al., 1996; McPhee et al., 1999).
We did observe some subtle differences in inhibition of these
three PDE4A long isoforms. Thus, PDE4A11 is somewhat
more sensitive to inhibition by Ariflo and denbufylline than
either PDE4A4 or PDE4A10 (Table 2). Indeed, PDE4A11 and
PDE4A10 are somewhat more sensitive to inhibition by Ro
20-1724 than PDE4A4 (Table 2). Furthermore, PDE4A10 is
considerably less sensitive to inhibition by Ariflo, whereas it
is considerably more sensitive to inhibition by rolipram than
either PDE4A4 or PDE4A11 (Table 2).

The UCR1 regulatory module of all PDE4 isoforms con-
tains a consensus site (RRESF) for phosphorylation by PKA.
Studies done on PDE4D3, and later on other isoforms,
showed that PKA phosphorylates the serine in this motif,
causing enzyme activation (Sette and Conti, 1996; Hoffmann
et al., 1998; MacKenzie et al., 2002). This has physiological
significance in providing part of the cellular desensitization
system to cAMP action (Oki et al., 2000). We have shown
(Rena et al., 2001; MacKenzie et al., 2002) that PKA can
phosphorylate PDE4 long isoforms from a variety of subfam-
ilies, although activation is typically approximately 50%,
compared with the 2- to 3-fold seen uniquely with PDE4D3 in
which such amplification is presumed to be determined by
the unique N-terminal region of PDE4D3. Here we show that
in intact cells challenged with forskolin and IBMX so as to
elevate intracellular cAMP levels, PDE4A11 is phosphory-
lated at Ser119 in UCR1, whereupon it is activated by ap-
proximately 80% (Fig. 9). This shows that PDE4A11 can also
be regulated by PKA-mediated phosphorylation.

To begin to understand the role of PDE4 enzymes in cell
biology and as therapeutic targets, it is crucial to appreciate
the full range of isoforms. Here we have identified a novel,
widely expressed PDE4A long isoform whose unique N-ter-
minal region determines intracellular targeting and exerts a
conformational action on this isoform that is clearly evident
from the various differences noted here compared with other
PDE4A long isoforms (Table 3). When cAMP levels are ele-
vated in cells, PDE4A11 becomes phosphorylated and acti-
vated by PKA. This feature, together with its intracellular
targeting, shows that PDE4A11 is poised to contribute to
compartmentalized cAMP signaling and desensitization. In-
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deed, of all three known PDE4A long isoforms, it is tran-
scripts for PDE4A11 that we show here to be the highest by
far, compared with either PDE4A10 or PDE4A4, in cells
associated with inflammatory responses, such as monocytes,
macrophages, and eosinophils. This might suggest that
PDE4A11 could provide a novel target in the future for ther-
apeutics aimed at particular isoforms, such as those using
small inducible RNA.
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