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We have established a highly sensitive functional
screen for the isolation of cDNAs encoding cAMP phos-
phodiesterases (PDEs) by complementation of defects
in a Saccharomyces cerevisiae strain lacking both en-
dogenous eAMP PDE genes, PDEI and PDEZ2, Three
groups of cDNAs corresponding to three distinet hu-
man genes encoding cAMP-specific PDEs were isolated
from a human glioblastoma ¢DNA library using this
functional screen. Two of these genes are closely re-
lated to the Drosophile dunce cAMP-specific PDE, The
third gene, which we named HCPI, encoded & novel
cAMP-specific PDE. HCP1 has an amino acid sequence
related to the sequences of the catalytic domains of all
cyeclic nucleotide PDEs, HCP1 is a high affinity cAMP-
specific PDE (K,, = 0.2 uM) that does not share other
properties of the cAMP-specific PDE family, i.e. exten-
sive sequence homology to the Drosophila dunce cAMP
PDE and sensitivity to rolipram and R020-1724. The
PDE activity of HCP1 is not sensitive to eGMP or other
inhibitors of the cGMP-inhibitable PDEs, such as mil-
rinone. The biochemical and pharmacological proper-
ties of HCP1 suggest that it is a member of a previously
undiscovered cyclic nucleotide PDE family. Northern
blot analysis indicates that high levels of HCP1 mRNA
are present in human skeletal muscle.

Cyclic nucleotides serve ag second messengers that mediate
a variety of cellular responses to extraceliular signals such as
hormones, light, and neurotransmitters. Cyclic nucleotide
phosphodiesterases (PDEs)! play a role in signal transduction
by regulating the cellular concentrations of cyclic nucleotides
(reviewed in Ref, 1). Mammalian cells contain multiple PDEs
that have been distinguished into six families based on their
substrate affinity and specificity and on their selective sensi-
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tivity to cofactors and inhibitory drugs (reviewed in Refs. 2
and 3). These families are (I} Ca*/calmodulin-dependent
PDEs, (II) ¢GMP-stimulated PDEs, (III}) ¢cGMP-inhibited
PDEs, (IV) cAMP-gpecific PDEs, (V) cGMP-specific PDEs,
and (V1) photoreceptor PDEs. As the amino acid sequences
of members of these PDE families are being determined, it is
becoming apparent that all these PDE families contain a
related domain, thought to be the catalytic domain, with
~30% sequence identity between families (2). Members of the
same family are more closely related, and the available se-
quences suggest that they share between 60-80% sequence
identity extending throughout the entire coding region (2, 4).

Two PDE genes, PDE! and PDE2, have been identified
and cloned from the yeast, Saccharomyces cerevisiae {5-8).
PDE2 is a high affinity cAMP-specific PDE related in se-
quence 10 PDEs of mammalian cells. PDE1 is a low affinity
cAMP-specific PDE that belongs to a different evolutionary
branch of PDEs. The PDE1 sequence 1s more closely related
to the secreted PDE form of Dictyostelium discoidum than to
PDE2 and the known mammalian cell PDEs.

In S. cerevisive, RAS proteins are regulators of adenylyl
cyclase and of cAMP production (9). The mutationally acti-
vated RAS2 gene, RAS2™™®, leads to an increase of cellular
cAMP content and to several associated phenotypes (9-11).

" Among the phenotypes that result from expression of

RASZ2*™ is an acute sensitivity to heat shock. The yeast
PDE] and PDEZ genes were isolated as multicopy suppressors
of the RAS2"™™ heat shock phenotype. In a similar manner,
two mammalian ¢cDNAs encoding cAMP-specific PDEs were
previously isolated: rat (DPD) and human (JCd44) ¢cDNAs,
both encoding homologs of the Drosophile dunce cAMP PDE
and members of family IV (12, 13). In this study we describe
the establishment of a more sensitive functional screen for
isolation of ¢DNAs encoding cAMP PDEs and its use to
isolate a human ¢DNA that appears to define a new family of
PDE genes.

EXPERIMENTAL PROCEDURES

Strains, Growth Conditions, Heat Shock Assays, and Segregation
Analysis—Plasmids were propagated in Escherichia coli strains
HB101 or SCS1 {(Stratagene}. S. cerevisige strains TKI161-R2V:
(MATa RASZ™ leug his3 urad ade8 trpl) (9) and 10DAB (MAT«
leu2 his3 urad ade8 pdel::ADES pde2:URAJ rosinHISS) (12} were
grown in rich medium (YPD) or synthetic medium (8C) with appro-
priate suppiements. Heat shock assays of variable time periods were
performed as previously described (12). To screen the expression
library, veast transformants were plated at approximately 10° colo-
nies/plate on selective medium. Celonies were allowed to grow for 3
days and then replica plated onto preheated plates. Heat shocks were
carried out at 85 °C for 15 min and followed by 2-8 days of recovery
at 30 °C. Surviving colonies were picked, restreaked on synthetic
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medium plates for colony purification, and then cultured in rich
medium for 2-3 days to allow for plasmid loss from some cells. 10°
ml of these cultures were then plated onto YPD plates. After 2-3
days of growth, these plates were replica plated onto synthetic me-
dium piates (Leu* selection), YPD plates, and YPD heat shock plates,
Colonies were scored to ascertain if the observed heat shock resistance
was plasmid-dependent, k

Plasmid, DNA Manipulations, and Seguencing—The plasmids em-
ployed in this study are expression vectors containing the ADHI
promoter, the veast 2u replication origin, and the LEUZ2 selectable
marker: ADNS was described previously (12} and AD54 is a derivative
of ADNS in which the ADH1 promoter is attached to an epitope
derived from the influenza hemagglutinin protein. The DNA sequence
encoeding this epitope tag ends with a Sall restriction endonuclease
site and is followed by the portion of the pUC18 polylinker residing
between the Sall and the EcoR I sites. TM22A was generated by
deieting the 0.5-kb Bglll fragment of TM22, L22M1 through 4 were
generated by inserting PCR-amplified DNA fragments of TM2Z,
which were flanked by Sall sites, into the Sall site of AD54., The 20-
cycle PCR ampilification was performed under standard conditions.
PCR reactions for generating the Sall fragments of L22M1-4 included
a common COOH-terminal oligonucieotide 5’-GCTAGTCGACCT-
GGCTGGCATCACTCAC (1603). The NH-terminal oligonucleo-
tides inciuded in these PCR reactions were: L22M1, 5« GCTAGT-
CGACGATGGAAGTGTGTTACCAG (68); L22M2, &'- CGTAGT-
CGACTATGCTAGGAGATGTACGTG (261); L22M3, 5'- CGTAG-
TCGACCATGCTGGAAAAAGTTGGA (506); L22Md, &'- CGTAG-
TCGACCATGATGAAACTTCGTAGA (638). The numbers indicate
the coordinates, as in Fig. 2. The DNA sequence of the PCR-generated
Sall fragment of L22M4 was determined and found to be identical to
the corresponding TM22 sequence.

Sequencing was performed by the dideoxynucleotide chain-termi-
nation method (14, 15). Both strands of the TM22 4.0-kb Notl
fragment were sequenced as detailed in the strategy shown in Fig. 2.

Northern Blotting—Cytoplasmic RNA from the U118-MG cell line
was isolated in a buffer containing 140 mmM NaCl, 1.5 mm MgCl, 10
mM Tris-Cl, pH 8.6, and 0.5% Nonidet P-40. Following a 1.5-min
12,000 X g spin, the supernatant was incubated with 0.5 mg/ml
proteinase K-for 30 min at room temperature, extracted with a 1:1
phenol/chloroform mixture, and ethanel precipitated. Poly{A}* RNA
was selected on oligo(dT) by established procedures (16). RNA was
fractionated on a 1% formaldehyde-agarose gel and transferred onto
a nylon membrane (GeneScreen Plus, New England Nuclear). The
membrane was baked at 80 °C for 2 h. Hybridization was performed
at 60 °C in 1% sodium dodecyl sulfate, 1 M sodium chloride, and 16%
dextran sulfate. Following hybridization the membrane was washed
at 60 °C in 0.3 M sodium chloride, 0.03 M sodium citrate, and 1%
sodium dodecyl sulfate. The membrane was stripped of the radivactive
probe by a 10-minute incubation in boiling water. Removal of the
radioactivity from the membrane was monitored by autoradiography.
RNA probe complementary to ORF2 was transcribed in vitre by T7
RNA polymerase from a template containing the Spel-Nsil fragment
{base pair 3372-3646) of TM22 (Fig. 2). Hybridization of this [**P]
CTP-labeled probe was performed at 42 °C in the hybridization buffer
described, except with the addition of 50% formamide. Washes were
performed as detailed above.

Blots of size-fractionated poly(A)* RNA from human tissues were
purchased from Clonetech, Inc. Blots were hybridized to 3P.labeled
DNA probes at 43 °C in 50% formamide, (.75 M sodium chloride, 50
mM sodium phosphate monobasic, pH 7.4, 50 mM EDTA, 0.16%
Ficoll, 0.16% polyvinylpyrrolidone, 0.16% bovine serum albumin,
0.18% sodium dodecyl sulfate, and 100 ug/m) denatured salmon sperm
DNA. Following hybridization the biots were washed under stringent
conditions for 20 min at 50 and at 65 °C in 0.015 M sodium chioride,
0.0015 M sodium citrate (0.1 X 83C), and 0.5% sodium dodecyl sulfate.
One blot was first hybridized to a 650-nucleotide long single-stranded
DNA probe, generated by PCR, complementary to the 5 end of
TM22, and then to the nick-translated double-stranded probe {1.2-
kb Notl-EcoRI fragment of TM22). The hybridization pattern of the
single-stranded probe was identical to the double-stranded HCP3
probe {not shown).

Phosphodiesterase Assays—Yeast cells were grown at 30 °C in
synthetic medium (SC-leucine). Cells were harvested and resuspended
in lysis buffer conteining 50 mM potassium phosphate, pH 7.4, 150
mM NaCl, and 30 mM benzamidine. Cells were broken with glass
beads, and ceflular debris was removed by a 5~min spin at 12,000 x

&
Cyclic nucleotide phosphodiesterase activity in the supernatant
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was measured as previously described, with modifications (17, 18).
Assays were performed in vinyl microtiter plates (Costar} at 30 °C.
Incubation mixtures contained 40 mm Tris-Cl, pH 8.0, 1 mM EGTA,
5 mM magnesium chloride, 0.1 mg/m] bovine serum albumin, diluted
enzyme, [*H]cyclic nucteotides (0.14 pCifassay) (New England Nu-
clear), (MCIAMP (0.01 uCi/assay) (New England Nuclear), and vary-
ing amounts of unlabeled cyclic nucleotides in a total volume of 125
ul. The assays were terminated by removing a 100-pl aliguot of the
reaction mixture to & microliter well containing 100 ul of stop buffer
(0.2 M ethanolamine, pH 2.0, 1 M ammonium sulfate, 20 mM EDTA,
and 1% SDS). The 57 nucleotide products were separated from the
unreacted cyclic nucleotides by chromatography on columns (8 X &
mm) containing Affi-Gel 601 (Bie-Rad), an acrylamide matrix con-
taining covalently coupled aminophenylboronate. The columns were
washed with 2.5 m] of wash buffer containing 0.1 M ethanoclamine,
pH 9.0, and 0.5 M ammonium suifate. The columns were then eluted
with 2 mi of elution buffer containing 0.25 M acetic acid. The column
eluate that collected into the vials was mixed with scintillation fluid
(EcoLume, ICN Biochemicals) and analyzed for *H and C content
by dual channel liquid scintiliation spectroscopy. The recovery of *H
nucleotide reaction products were corrected for the recovery of [*C]
AMP. All the kinetic data points represent measurements of initial
rates, determined by incubations for multiple intervals at suitable
enzyme dilutions. One unit of phosphodiesterase activity is expressed
as 1 umol of cyclic nueleotide hydrolyzed/min. mg protein.

RESULTS

Isolation of Human cDNAs Encoding cAMP PDEs—Several
mammalian homologs of the Drosophile dunce cAMP PDE
have been previocusly isolated from ¢cDNA expression libraries
based on their ability to suppress the heat shock-sensitive
phenctype of RASZ* (12, 13). In this study we identified
two new human genes encoding cAMP PDEs. cDNAs corre-
sponding to these genes were isolated based on their ability
to suppress the heat shock-sensitive phenotype of the strain
10DAB, a strain in which the two yeast cAMP PDE genes
have be disrupted.

The strain 10DAB was transformed with a yeast expression
library containing ¢DNAs derived from the human glioblas-
toma cell line Ul18-MG (Human Tumor Cell Line Bank,
Human Tumor Cell Laboratory, Memorial Sloan-Kettering
Cancer Institute, 13). 10° transformants were screened for
their ability to withstand heat shock at 55 °C by the replica
plate method. Seventy-four colonies were found to contain
plasmids capable of rendering 10DAB cells resistant to heat
shock. These plasmids contained three groups of cDNAs. The
largest group, with 70 members, contained ¢cDNAs that were
variants of JC44 and of the previously isolated high affinity
rolipram-sensitive cAMP-specific PDE (13, 19). The second
group, represented by TM72, contained two ¢DNA clones
encoding an additional member of the high affinity, rolipram-
sensitive, cAMP-specific PDE family that will be described
elsewhere.” The amino acid sequence of these two groups are
highly related to the D). melanogaster dunce cAMP PDE and
to the four dunce homologs found in rat (12, 13, 19-21).

The third group, represented by TM22, contained two
c¢DNA clones encoding a novel PDE whose properties are
detailed in this study. The ability of TM22 to render 10DAB
cells resistant to heat shock is depicted in Fig, 1.

Representative ¢DNAs from all three groups that were
isolated as suppressors of deficiencies in cAMP PDEs of the
strain 10DAB failed to suppress the heat shock sensitivity of
RASZ2¥ (Tig, 1).* However, JC44, a structural variant of
cAMP-specific PDEs of the first group has been isolated as a
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FiG. 1. Suppression of the pdel pde2” and the RAS2v1e
heat shock phenotypes. A, 10DAB cells were transformed with the
ADNS vector, with TM22, and with a deletion mutant of TM22,
TM22A. B, RAS2™™? cells were transformed with the AD54 vector,
with L22M1, an expression vector of the TM22 cDNA, and with
YEpPDE2, a plasmid containing the yeast PDEZ gene. T'wo inde-
pendent transformants were patched onto SC-leucine plates, grown
at 30 °C for 3 days and then replica plated onto a control plate and
onte an experimental plate that was subjected to a 5-min heat shock
treatment at 55 °C. Plates were photographed following a 24-h recov-
ery period at 30 °C. See also Fig. 5.

suppressor of RAS2"® (13), Thus, it appears that pdel pde2”
cells are more sensitive to the effects of cAMP phosphodies-
terases than are BA.S2*"* cells.

Sequence of TM22—The cDNA insert of TM22 was a 4.0-
kb DNA fragment flanked by the restriction sites of the Notl
endonuclease used in its cloning (13). The DNA sequence of
this fragment revealed two open reading frames (Fig. 2). The
first open reading frame, cailed ORF1, was 498 amino acids
long with the first AT'G appearing at codon 17. The termi-
nation codon of this open reading frame was followed by a
2.5-kb non-coding DNA fragment ending with a NotI restric-
tion endonuclease cleavage site. An additional open reading
frame of 298 amino acids, named ORF2, was found on the
non-coding strand on the distal 1.0 kb end of the ¢cDNA
(between nucleotides 3048-3817). The initiator methionine of
ORTF?2 was preceded by a termination codon. To determine
which of the two open reading frames played a role in sup-
pressing pdel pde2” defects, we generated an in-frame dele-
tion in ORF1, TM22A. This deletion mutant failed to sup-
press the heat shock sensitivity of 10DAB (Fig. 1). Thus,
ORF1 is required for suppression of pdel pde?™ defects. The
gene corresponding to ORF1 was subsequently named HCPI,
for reasons discussed later.

Additional ¢DNAs isolated from a second cDNA library
derived from the U118-MG cell line and from a human heart
c¢DNA library by screening with DNA probes encompassing
ORF1 were characterized by sequencing. The structure of
these cDNAs indicated that inefficient polyadenylation may
account for the formation of a read-through transeript with
the structure of the TM22 ¢DNA. One group of ¢cDNAs
included several memhers that, like TM22, contained parts of
ORF1, lacked a poly{A} tail, and extended to various extents
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into the COOH terminus of ORF2. The structure of this group
of ¢DDNAs suggests that TM22 is not an aberrant fusion
product generated by reverse transcriptase. A second group of
¢[DNAs included several members that contained parts of
ORF1 and were polyadenylated at either of two adjacent
locations, following nucleotides 3104 and 3106. A polyadenyl-
ation AATAAA consensus sequence was found 15-17 nucle-
otides upstream of these sites, and they are followed by a T-
rich region (reviewed in Ref. 22). This putative polyadenyl-
ation site lies within ORI2. The structure of these ¢cDNAs
suggests that the two open reading frames might be normally
found on two independent transcripts.

To confirm the relationships between the two open reading
frames and the structure of the isolated cDINA insert, we have
tested whether the two open reading frames were indeed found
on two independent transcripts. For this purpose we per-
formed a Northern blot analysis of poly{A)* RNA from U118-
MG cells (Fig. 3). The blot was first hybridized to a 1.2-kb
Notl-EcoRI DNA fragment that contained most of ORF1 and
none of the sequences downstream of it. This DNA probe
hybridized to a single mRNA band estimated to be 4.5 kb in
size. The blot was stripped of this probe, and hybridized to a
1.0-kb BstX1-Notl DNA fragment encompassing ORF2 and
about 50 base pairs of the non-coding sequence downstream
of its COOH terminus. This probe hybridized strongly to a
6.0-kb mRNA band and very weakly to the same size band to
which ORF1 hybridized (~4.5 kb). A single-stranded RNA
probe containing sequences complementary to ORF2 hybrid-
ized to a 6.0-kb mRNA band as well (data not shown). The
weak hybridization of the double-stranded ORF2 probe to the
4.5-kb ORF1 mRNA band is probably due to the fact that it
contained about 110 base pairs upstream of the putative
poly(A) site of ORF1 (HCP1). Thus, the two open reading
frames are found on two independent transcripts.

The location of the polyadenylation sites and the size of
the HCP1 mRNA might indicate that TM22 is a partial cDNA
clone of HCP1 which contains only 3 kb of the 4.5-kb mRNA
detected on Northern blots, It is therefore not clear whether
the first ATG found in ORF1 serves as the initiator methio-
nine of HCP1. Attempts to isolate additional 5’ sequences of
the HCP1 mRNA have met with persistent obstacles, We
additionally screened three ¢cIDNA libraries derived from hu-
man brain, two from heart, and a second from the U118-MG
cell line. Each library screen yielded HCP1 ¢DNA clones, but
their DNA sequence indicated that none extended 5 of the
known TM22 seqguences. The difficulties in obtaining full-
length clones may be due, in part, to the high GC content
(82%) of the 5" end of TM22, or may reflect that the 5
sequences already cloned represent the 5° end of the tran-
script.

Similarities between HCPI and cAMP PDEs--A search for
sequences similar to HCP1 in the data banks revealed a strong
homology to cAMP PDEs, The alignment of a portion of
HCP1 to representative members of several cAMP PDE fam-
ilies whose sequences are known is shown in Fig. 4. Repre-
sented were the cAMP-specific PDEs (rat DPD), the Ca®t/
calmodulin-dependent cyclic nucleotide PDEs (61-kDa bovine
brain form) and the bovine ¢cGMP-stimulated PDE (4, 12,
23). Significant homology was ohserved in a COOH-terminal
region of ~300 amino acids, thought to constitute the catalytic
portion of these enzymes (24-28). The homology encompassed
the region between residues 164-451 of HCPL. Sequence
relatedness among these PDHEs was determined by the MA-
CAW program (29) which defined within this COOH-terminal
region seven homology blocks (A-G), interspersed by short
unrelated sequences.
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Fi1c. 2. Strueture and sequences
of TM22. A, a diagram of the structure
of the TM22 cDNA ineludes the location
and direction of the two open reading
frames, ORTF1 and ORF2, marked by ar-
rows. The location of the polyadenyl-
ation sites of ORF1 is marked by pA.
The location of the restriction endonu-
clease cleavage sites Bglll (Bg), Bst¥l
(Bs), EcoRL (E), and Notl {Not) are
indicated. The sequencing strategy of
TM22 is detailed below the diagram: the
orientation and length of the fragments
sequenced with a single oligonucleotide
are detailed. B, the DNA sequence of
TM22 and the predicted amino acid se-
quence of ORF1 are presented. Coordi-
nates on the right indicate nucleotide
and amino acid positions, The polyade-
nylation sites of ORF1 (nucleotides 3104
and 3106) are underlined and in bold
type, and upstream of these sites is the
polyadenylation consensus sequence
AATAAA (underlined). The location of
sequences used o generate L22M1-4 is
indicated by the arrows labeled A{1-M4,
respectively.
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The NH,-terminal border of this conserved domain was
found to extend 40 residues upstream of the boundary previ-
ously thought to demarcate homology among the PDEs (2).
The extended NH,-terminal portion contained homology
block A, a poorly conserved spacer, and the first 14 residues
of homology block B (Fig. 4, A and B). The sequences of the
¢GMP-stimulated PDE depicted in homology block A were
located 450 residues upstream of block B. However, an addi-
tional sequence {A') of the cGMP-stimulated PDE with re-
duced similarity to sequences of block A was located just
upstream of block B of this PDE (Fig. 4C). Although the
sequence similarity within homology block A’ is poor, its
proximity to block B might be of functional importance. An
additional structural element of HCP1, an 18-residue NH,-

terminal repeat sequence, was found by a double diagonal
analysis (Fig. 4D).

Within the highly conserved region there were several mo-
tifs that were identical among all the known mammalian PDE
families and may constitute important structural elements.
HCP1 exhibited the highest degree of homology to the cAMP-
specific PDE (35% identity, 51% similarity), and the lowest
to the cGMP-stimulated PDE (24% identity, 37% similarity).
The homology within this region between members of the
known cAMP-specific PDE family (family IV), varies between
85-95%, and is not limited to the region depicted in Fig: 4,
but extends throughout most of the coding region (data not
shown). Thus, it appears that HCP1 is a novel PDE that is
more closely related to the cAMP-specific PDEs of family IV,
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FiG. 3. N-—orthern blot analysis of ORF1 and OR¥2. Two ug
of poly(AY* F=RNA prepared from U118-MG cells were fractionated on
a formaldehy—de agarose gel and transferred onto a nylon membrane.
The blot wa==s hybridized to the *P-labeled EcoRI-Notl 1.2.kb DNA
fragment of ™" I'M22 (a). Following the removal of this probe the blot
was hybridiz---ed again to the **P-labeled BstXE-Nofl 1-kb DNA frag-
ment of TMZZ222 (b).

but is not  a member of this family or of any of the other
known cAN—AP PDE families.

Deletion —_Analysis of HCP1—To improve the production of
HCP1 and msto enable our biochemical analysis, we constructed
a new expre=ssion vector, L22M1. In this vector the first ATG
codon was  fused to an epitope derived from the influenza
virus hema._gglutinin transeribed from the strong yeast pro-

sion of pde  I1"pde2” heat shock phenotype (Fig. 5). This im-
provement  may be due, in part, to the removal of the highly
GC rich aremsea upstream of the first ATG that might impede
transcripticon and translation. Three additional NH,-terminal
deletions omeff HCOPI were generated by sequential deletion of
sequences F——rom the first ATG codon to residue 81 (1.22M2},
163 (L22M  3), and 207 (L22M4). While L22M2 and L22M3
were each capable of efficient suppression of pdel pde2”
defects, them== largest deletion mutant, L22M4, failed to do so
(Fig. 5). AlL.._. 10 independent clones of L22M4 that were tested
failed to supmmpress the heat shock sensitivity of 10DAB. West-
ern blot ammsealysis indicated that equivalent amounts of epi-
tope-taggecdlll peptides were produced from all four expression
plasmids (I__.22M1, 63 kDa; L22M2, 50 kDa; L22M3, 43 kDa;
L22M4, 39 kDa). Thus, this functional deletion analysis de-
fined the M—yH,-terminal border of the minimal fragment of
HCP1 requ=ired for cAMP hydrolysis to reside between amino
acids 163-==07. Interestingly, this border coincides with the
NH,-termir—-al border of the conserved domain of cAMP PDEs
detailed abcove (Fig. 4).

Biochemi—cal Analysis of HCPI—Substrate and inhibitor
kinetic anammlyses were conducted using crude homogenates
from 10DA_B cells overexpressing HCP1. The K, deduced
from the Limz neweaver-Burke plots was 0.2 uM cAMP, and the
calculated G/ ... was 0.025 nmol/min- mg total protein (Fig. 6).
No ¢cGMP BEPDE activity was detectable in the overexpressing
cells, and 1. 0 cAMP PDE activity was detected in extracts of
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cells carrying an expression vector without an insert. Thus,
FICP1 appears to be a cAMP-gpecific PDE with a very high
affinity for cAMP as a substrate. These results suggest that,
kinetically, HCP1 has some resembiance to the ¢cGMP-inhib-
ited PDE family in that it has a similar low K., for cAMP
and that HOP1 also resembles the cAMP-specific PDE family
in that it is specific for cAMP.

To determine whether HCP1 is pharmacologically related
to the cAMP-specific or the cGMP-inhibited PDE families,
we tested whether its PDE activity was sensitive to competi-
tive inhibitors selective to these PDE families (Fig. 7). These
compounds are thought to inhibit cAMP hydrolysis by inter-
acting at the catalytic site (81). As expected, cAMP was a
potent inhibitor with an ICs of 0.2 uM (Fig. 7A). Unlike the
cGMP-inhibited PDEs, the PDE activity of HCP1 was vir-
tually unaffected by ¢GMP. In addition, the cAMP PDE
activity of HCP1 was not significantly affected by two specific
inhibitors of the ¢GMP-inhibited PDXs, amrinone and mil-
rinone (Fig. 7B). Although a 50% inhibition of HCP1 was
observed in the presence of 60 M milrinone, an even stronger
inhibition of TM72 was observed at these high concentrations
of milrinone. TM72 is a high affinity dunce-like ¢cAMP-
specific PDE that has been isolated in this screen, and, as a
member of this PDE family, is not expected to be particularly
sensitive to milrinone. A partially purified bovine huing cGMP-
inhibited PDE was, however, sensitive to milrinone with an
ICs0 of 1 uM, indicating that the drug was effective during
experimental manipulations (data not shown). Thus, it ap-
pears that the cAMP activity of HCP1 is not especially
sensitive to the known inhibitors of the ¢GMP-inhibited
PDEs.

The cAMP activity of HCP1 was not affected by two potent
inhibitors of dunce-like cAMP-specific PDEs, R020-1724 and
rolipram (Fig. 7C). TM72, a new member of this dunce-related
PDE family, was sensitive to these drugs. Thus, HCP1 ap-
pears to be pharmacologicaily distinet from the dunce-like
cAMP-specific PDEs.

Expression of HCP! mRENA in Human Tissues—The abun-
dance of HCP1 mBNA in human tissues was determined on
Northern blots probed with the 1.2-kb Notl-EcoRlI DNA
fragment encompassing residues 1-399 of HCP1 (Fig. 8). A
3.8-kb HCP1 mRNA was abundant in skeletal muscle and
detectable in kidney and heart. An additional 4.0-kb HCP1
mRNA band was detectable in the brain, kidney, and pan-
creas. The significance of the two HCP1 transcripts is not
known. An additional Noxthern blot with mRNA samples
derived from different individuals had a similar HCP1 mRNA
distribution in the heart and skeletal muscle, but its abun-
dance in the brain, kidney, and pancreas was greatly reduced.
These blots were subsequently hybridized to an a-tubulin
¢DNA probe as a control for RNA concentrations. These
resuits indicate that HCP1 encodes a novel cAMP PDE that
is expressed more abundantly in skeletal muscle than in the
other fissues we examined.

DISCUSSION

We have cloned a human ¢DNA encoding a novel cAMP
PDE, HCP1, that is structurally, biochemically, and phar-
macologicaily distinet from known cAMP PDEs, HCP1 is a
cAMP PDE with a very high affinity for cAMP (K. = 0.2
uM), a property used to derive its name, high affinity cAMP-
specific PDE. Although the sequence of HCP1 is related to
those of the Ca®/calmodulin-dependent, the ¢GMP-stimu-
lated, and the cAMP-specific dunce-like families of cAMP
PDEs, the homologies are not as close as those shared between
family members, and thus HCP1 is not a member of these
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Fic. 4. Alignment of the amino acid sequences of the HCP1, DPD, Ca?*/ealmodulin-dependent and ¢GMP-stimulated PDEs.
The alignment was obtained by the MACAW program {£9). 4, a schematic representation of the alignment of the cyclic nucleotide PDEs,
Blocks of homology are boxed and marked A-G. Gaps mark the gaps introduced to maximize homology. B, amino acid sequences that constitute
homology blocks A-G. Blocks of homology are boxed and capitalized. The probabilities of chance occurrence associated with each block were
derived by the MACAW program and are indicated above the blocks. A probability of zero is indicated when the probability of chance
accurrence is less than 107, Dashes indicate gaps introduced to maximize the homelogy. Coordinates on the right indicate amino acid
positions. The location of the NHg-terminal border of the peptides expressed from L22M3 (M3) and L22M4 (M4) are depicted above these
residues, Residues that are similar among at least three of the four PDEs presented are shaded, Fully conserved residues are under marked
with an asterisk (*). The grouping of similar amino acids are: (V,L,I}, (K,R), (E,D), (Q.N), and (S,T). C, amino acid sequences that constitute
homology block A’. Sequences in this block are identical to those of homology block A except those of the cGMP-stimulated PDE which are
located close to homology block B. I, a repeat sequence of HCP1. The boxed sequence depicts an 18-residue repeat sequence found by a

double-diagonal analysis.
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- 85°C, 5 min

Vector
TM22
Lz2zmi
L.22M2
L22M3
L.22M4

Fig. 5. Deletion analysis of HCP1. 10DAB cells were {rans-
formed with AD54 (vector}, with TM22 and with four deletion mu-
tants of HCP1 named L22M1-4. Two independent transformants
were patched onto SC-leucine plates, grown at 30 °C for 3 days, and
then replica piated onto a control plate and onte an experimental
plate that was subjected to a 5-min heat shock treatment at 55 °C.
Plates were photographed following a 24-h recovery period at 30 *C.
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Fig. 6, Kinetic analysis of HCP1. cAMP PDE assays were
performed on all extracts as described under “Experimental Proce-
dures.” cAMP concentrations ranged from 3-107° to 10~° M. Each
data point shown is a measurement of the initial rate of hydrolysis
at a suitable enzyme dilution. The inset on the upper left corner of
the graph depicts the double-reciprocal Lineweaver-Burke plot de-
rived from the kinetics curve.
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families. Recently, the sequence of the ¢cGMP-inhibited PDE
has been published and HCP1 is not more closely related to
this PDE family than to others (32). The kinetic and phar-
macological data also suggest that HCP1 represents a member
of a new family of cyclic nucleotide PDEs, With respect to
substrate specificity, HCP1 most closely resembles the cAMP-
specific PDE family (3}. However, the apparent affinity for
substrate is substantially higher than for any other cAMP-
gpecific PDE, and the enzyme is not inhibited by either
rolipram or R020-1724, potent inhibitors of all known mem-
bers of this family. The affinity for cAMP is most similar to
that of the ¢cGMP-inhibited PDEs, but it is not selectively
inhibited by either cGMP or milrinone, a drug that inhibits
all the known members of this family. Thus, the HCP1 cAMP
PDE is structurally, kinetically and pharmacologically dis-
tinct from the currently known high affinity cAMP PDEs. It
is possible, of course, that since the 5° end of the HCP1 clone
may be truncated that both the substrate and inhibitor spec-
ificity could be altered compared to the native enzyme. How-
ever, it seems rather unlikely that truncation would increase
the apparent affinity for cAMP but decrease the affimity for
the drugs and for ¢cGMP. Since the sequence indicates that
HCP1 is a separate and highly distinct gene product, it seems
more likely that the kinetics reflect intrinsic differences in
the properties of the enzyme. HCPL therefore appears to be
a representative of a previously unknown cAMP PDE family,
which we now designate as family VIL
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TFi6. 7. Effects of various inhibitors on the cAMP PDE ac-
tivity of HCP1 and of TM72. cAMP PDE assays were performed
on cel] extracts as described under “Experimental Procedures.” Sam-
ples included 3-107% M [*H]cAMP and the indicated concentrations
of inhibitor. 4, cAMP and ¢GMP. The indicated concentrations of
uniabeled cAMP (¢, ) or ¢cGMP (€, [0) were added to assays. B,
milrinone and amrinone, The indicated concentrations of milrinone
(#, ®) or amrinone {<, [1) were added to the assays. C, rolipram and
R020-1724, The indicated concentrations of rolipram (%, H) or
RO20-1724 (<, 00} were added to the assays. Squares are extracts
harboring HCP1, and diamonds are extracts harboring TM72.

Expression of HCP1 was studied by Northern blot analysis
of poly(A)* RNAs obtained from various human tissues. Two
different sized mRNAs were found, 3.8 and 4.0 kb, We do not
know if these arise from differential splicing or termination,
or if they even arise from the same locus. We have been
hampered in these studies by our inability to isolate full-
length ¢cDNAs. Low levels of mRNAs were detected in a
variety of tissues, including brain and heart. Consistent with
this, cDNAs for HCP1 were isolated from cDNA libraries
derived from these tissues. We have found high levels of
expression of HCP1 transcripts in human skeletal muscle.
Very little is known about the expression of cAMP PDEs in
skeletal muscle, and this would seem to be the tissue in which
to undertake further studies of this cAMP PDE isoform.

The alignment of the HCP1 sequence with those of cAMP
PDEs of different families reveals homology to the conserved
COOH-terminal catalytic domain of cAMP PDEs. The NH,-
terminal border of this domain, as defined by the MACAW
program, extends 40 residues upstream of the previously
delineated border. Our NH,-terminal deletion analysis of
HCP1 indicated that the minimal fragment required for
cAMP hydrolysis encompasses this expanded domain of ho-
mology. A peptide lacking this NHy-terminal region, and
containing the previously delineated conserved domain almost
in its entirety, is not catalytically active. These results are in
agreement with previous studies of proteolytic fragments of
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Fig. 8. Tissue distribution of HCP1 mRNA. Two ug of
poly{A)* RNA prepared from human pancreas (a}, kidney (b}, skeletal
musele (¢), liver (d), lung (e), brain (£}, and heart (g) were fraction-
ated on a denaturing formaldehyde agarose gel and transferred onto
a nylon membrane. The blot was hybrididzed to the ¥p_labeled Notl-
EcoRI 1.2-kb DNA fragment of TM22 (A} and to the **P-labeled a-
tubulin cDINA (B). Blots were washed under stringent conditions for
20 min at 65 °C in 0.1 x S8C. Molecular weight RNA markers are
9.5, 7.5, 4.4, 2.4 and 1.35 kb long, and their migration on the gel is
depicted on the right hand side of panel A,

the cGMP.stimulated and the Ca*'/calmodulin-dependent
PDEs that assigned a catalytic role to a 36-kDa fragment
encompassing this conserved domain (24-28). The NH-ter-
minal border of the minimal active fragment of HCP1 is
located 17-18 residues downstream of the NH, termini of the
36-kDa proteolytic fragments. The catalytically active 36-kDa
fragment of the cGMP-stimulated PDE contained homology
block A’ as detailed in Fig. 4C, and not homology block A
which was found by the MACAW program. The role of
homology blocks A and A’ in catalysis remains to be deter-
mined.

We have established a highly sensitive screen for the iso-
lation of cAMP PDEs based on their ability to suppress
defects in yeast lacking endogenous cAMP PDEs. We have
previously isolated yeast and mammalian cAMP PDEs in the
RAS2™ sirain that, like the pdel pde2” strain, contains
elevated intracellular cAMP. Comparisons of the frequency
of isolation of one of the cAMP-specific PDEs (JC44) from
the library emploved in this study indicated that the PDE-
deficient yeast strain (10DAB) is almost a hundred-fold more
gensitive than the RASZ“Y® strain (70/10° in pdel pde2”
versus 4/5-10° in RAS2""} for the detection of PDEs.

¢DINAs encoding the three different PDEs isolated in this
acreen failed to suppress the heat shock-sensitive phenotype
of RAS2*® This seems at first a surprising result since two
mammalian cAMP-specific PDEs, rat DPD and human JC44,
are capable of suppressing RAS2", and since the intracel-
lular levels of cAMP in RAS2*® cells are actually lower than
those of pdel pde2” cells (33). This apparent paradox can be
understood only in the context of the function of RAS in S.
cerevisicge. The cAMP PDE activity of these three new human
cAMP PDEs are weaker than those of DPD and JC44 when
assayed in pdel™ pde2 cells (see “Results”). Poor cAMP PDE
activity may account for the inability of the newly isolated
PDEs to suppress RAS2"", RAS appears to control not only
the cAMP pathway in S. cerevisioe but an additional signaling
pathway as well (34). Thus, the heat shock-sensitive pheno-
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type of RAS2*™"™ cells may depend on more than their elevated
¢AMP content, and therefore may be refractory to the effects
of weak cAMP PDEs,

The isolation of cAMP PDEs by complementation of de-
fects in yeast as described in this study has yielded a member
of a new cAMP PDE family. The complete sequence of this
PDE, the existence of additional members of this family, their
distribution, and physiological roles remain to be determined.
Additional functional screens in this yeast system may yield
additional previously undiscovered PDEs,
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