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A bovine lung cGMP-binding
phosphodiesterase
(cGBPDE) was purified
to homogeneity
and exhibited
specific cGMP hydrolytic
(K, = 5.6 pM) and cGMP binding
(half-maximum
= 0.2 PM) activities
which comigrated
throughout
the purification.
A chimeric
structure
was
suggested
for cG-BPDE
since DEAE chromatography
of a partial
cx-chymotryptic
digest of cG-BPDE
separated cGMP-binding
fragments
from a cGMP hydrolytic fragment.
Native
cG-BPDE
(178 kDa) appeared
to be a homodimer
comprised
of two 93-kDa
subunits.
The order of potency
of inhibitors
of cG-BPDE
hydrolysis
of cGMP was as follows:
zaprinast
> dipyridamole
> 3-isobutyl1-methyl-&methoxymethylxanthine > 3-isobutyl1-methylxanthine
> cilostamide
>
theophylline
> rolipram.
Minimum
[3H]cGMP
binding
stoichiometry
was 0.93 mol of cGMP bound/m01
of
monomer,
but [3H]cGMP
dissociation
from cG-BPDE
in the presence
of excess unlabeled
cGMP was curvilinear,
suggesting
multiple
cGMP-binding
sites. Two
chymotryptic
cGMP-binding
fragments
of 35 and 45
kDa were specifically
photoaffinity
labeled with [““PI
cGMP, exhibited
[3H]cGMP
association
and dissociation behavior
indistinguishable
from native cG-BPDE,
and each had the amino-terminal
sequence:
Thr-SerPro-Arg-Phe-Asp-Asn-Asp-Glu-Gly-.
Cochromatography
of the two cGMP-binding
fragments
suggested
that both a dimerization
domain
and a cGMP-binding
domain were located in a 35-kDa
segment of cG-BPDE.
Increased
[3H]cGMP
binding
to or [32P]cGMP
photoaffinity
labeling
of cG-BPDE
binding
sites in the presence of hydrolytic
site-specific
cyclic nucleotide
analogs suggested
communication
between
hydrolytic
and
binding
sites. The principle
of reciprocity
thus predicts
that cGMP binding
to the binding
sites may affect the
hydrolytic
site. In the presence
of cGMP, the binding
fragments
or native
cG-BPDE
exhibited
an electronegative
shift on high performance
liquid chromatography-DEAE,
consistent
with a cGMP-induced
change
in cG-BPDE
conformation.

The second messenger cGMP has been implicated
as a
regulator
of multiple
physiological
processes (Lincoln
and
Corbin, 1983; Waldman
and Murad, 1987; Tremblay
et al.,
* This work was supported by Research Grant DK15988
(to J. D.
C.), Research Grant GM41269 (to J. D. C.), and the Medical Scientist
Training Program Grant GM07347 (to M. K. T.) from the National
Institutes of Health. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
therefore be hereby marked “aduertisement”
in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.
$ To whom correspondence should be addressed.

and

D. Corbin$
the Howard

Hughes

Medical

Institute,

1988). The cGMP-dependent
protein kinase has been considered to be the major mediator
of cGMP action. However,
cGMP-mediated
intracellular
events may result from cGMP
interactions
with multiple cGMP-binding
proteins, including
cGMP-dependent
protein kinase (Lincoln and Corbin, 1983),
cGMP-dependent
cation channels (Cook et al., 1987), and
cGMP-binding
phosphodiesterases
(Francis et al., 1980; Martins et al., 1982).
The cGMP-binding
phosphodiesterases
are a heterogeneous group of enzymes consisting of at least three subgroups
described in mammalian
tissues: cGMP-stimulated
cyclic nucleotide phosphodiesterases
(Martins
et al., 1982), photoreceptor cGMP-specific
phosphodiesterases
(Yamazaki
et al.,
1980; Gillespie and Beavo, 1988), and cGMP-binding
cGMPspecific phosphodiesterases
described in lung and platelets
(Hamet and Coquil, 1978; Francis et al., 1980). The cGMPbinding phosphodiesterases
all exhibit specific cGMP-binding
sites distinct from sites of cyclic nucleotide hydrolysis (Francis et al., 1980; Yamazaki et al., 1980; Erneux et al., 1984; Miot
et al., 1985). While these enzymes have some similar features,
significant biochemical,
regulatory, and immunological
differences have been noted among them (Lincoln
and Corbin,
1983; Hurwitz et al., 1984).
The cG-BPDE’
was first noted by Lincoln and colleagues
(1976) in lung extracts and characterized
independently
by
two laboratories
(Hamet and Coquil, 1978; Francis et al., 1980;
Coquil, 1983; Francis, 1985; Hamet and Tremblay,
1988).
Similar
activities
have been observed in rat (Hamet and
Coquil, 1978; Coquil et al., 1980) and human (Hamet et al.,
1984) platelets, rat spleen (Coquil et al., 1985), and sea urchin
sperm (Francis et al., 1980). The cGMP-binding
activity is
enhanced by competitive
inhibitors
of cGMP hydrolysis, such
as 3-isobutyl-1-methylxanthine
(IBMX),
under assay conditions in which no cGMP hydrolysis is detectable (Hamet and
Coquil, 1978; Francis et al., 1980). The cGMP phosphodiesterase activity is insensitive to Ca*‘, calmodulin,
or EGTA.
cGMP binding and cGMP phosphodiesterase
activities are
differentially
inhibited
by cyclic nucleotide analogs, consistent with a chimeric structure containing
two different types
of cGMP sites (Francis et al., 1980). The rat lung cG-BPDE
has recently been purified
in this laboratory
(Francis and
Corbin, 1988), but characterization
of the purified
enzyme
has not been reported. In this report the enzyme has been
purified from a more abundant tissue source, bovine lung, and
several characteristics
of cG-BPDE, including limited primary
sequence and possible domain orientation,
are presented.
‘The
abbreviations
used are: cG-BPDE,
cGMP-binding
cGMP
phosphodiesterase;
IBMX,
3-isobutyl-1-methylxanthine;
SDS, sodium dodecyl
sulfate;
PAGE,
polyacrylamide
gel electrophoresis;
EGTA,
[ethylenebis(oxyethylenenitrilo)]-tetracetic
acid; HPLC,
high
performance
liquid chromatography.
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Bovine Lung cGMP-binding
EXPERIMENTAL

PROCEDURES

cG-BPDE
Purification-A
modified
version
of the published
method
(Francis
and Corbin,
1988) for rat lung cG-BPDE
purification
was utilized.
Fresh bovine lungs (5-10 kg) were acquired
from a local
slaughterhouse
and immediately
placed on ice. The tissue was ground
and combined
with cold 20 mM sodium
phosphate
buffer,
pH 6.8,
containing
2 mM EDTA
and 25 mM P-mercaptoethanol
(PEM,
20
mM sodium
phosphate
(pH 6.8) with 2 mM EDTA
and 25 mM pmercaptoethanol).
After homogenization
and centrifugation,
the resulting
supernatant
was incubated
with 4-7 liters of DEAE-cellulose
(Whatman
DE52)
for 3-4 h. The DEAE
slurry
was then filtered
under vacuum
and rinsed with multiple
volumes
of cold PEM. The
resin was poured
into a glass column-and
washed
with three to four
volumes
of PEM. The nrotein
was eluted with 100 mM NaCl in PEM
and 12 x 1 liter fractions
were collected.
Fractions
were assayed for
IBMX-stimulated
cGMP
binding
and cGMP
phosphodiesterase
activities,
as determined
by the standard
assays described
below. Appropriate
fractions
were pooled, diluted
2-fold with cold, deionized
Hz0 and subjected
to Blue Sepharose
CL-6B
chromatography
followed by zinc chelate
affinity
adsorbent
chromatography
as previously described.
The resulting
protein
pool was applied
in multiple
loads to an
HPLC
Bio-Sil TSK-545
DEAE column
(150 x 21.5 mm) equilibrated
in PEM at 4 “C. After an equilibration
period,
a 120-ml wash of 50
mM NaCl in PEM was followed
by a 120-ml linear gradient
(50-200
mM NaCl in PEM)
elution
at a flow rate of 2 ml/min.
Appropriate
fractions
were pooled
and concentrated
in dialysis
tubing
against
Sephadex
G-200 to a final volume of 1.5 ml.
The concentrated
cG-BPDE
pool was applied
to an HPLC
gel
filtration
column
(Bio-Sil
TSK-250,
600 x 21.5 mm) equilibrated
in
100 mM sodium
phosphate,
pH 6.8, 2 mM EDTA,
25 mM fl-mercaptoethanol
and eluted with a flow rate of 2 ml/min
at 4 ’ C. 0.5-1.0
mg of purified
cG-BPDE
was obtained.
cCMP
Phosphodiesterase
Assay-The
cGMP
nhosnhodiesterase
assay was conducted
according
to the method
of Wells et al. (1975)
as previously
described
(Francis
and Corbin,
1988). The reaction
mixture
contained
50 mM Tris-Cl,
pH 7.5, 10 mM MgCl2, 0.33 mg/ml
“metal
free” bovine serum albumin
(Sigma),
20 pM unlabeled
cGMP
(unless otherwise
specified),
and 33 nM [3H]cGMP
(60,000 cpm) in a
final volume
of 150 ~1. Where
indicated,
various
concentrations
of
cyclic
nucleotide
analogs
or phosphodiesterase
inhibitors
were included in the reaction
mixture.
Assays
were begun with addition
of
cG-BPDE
diluted in PEM to the reaction
mixture.
In all studies,
cGBPDE was appropriately
diluted to ensure that less than 15% of the
total [3H]cGMP
was hydrolyzed
during
the hydrolysis
reaction.
[3H]
cGMP
hydrolysis
was conducted
for 10 min at 30 “C in most cases.
p’P]cAMP
Phosphodiesterase
Assay-The
CAMP phosphodiesterase assay was conducted
with a combination
of the methods
of Wells
et al. (1975) and Walseth
and Johnson
(1979). The reaction
mixture
utilized
was identical
to that described
above for the cGMP
phosphodiesterase
assay with varying
concentrations
of unlabeled
CAMP and
2 uCi of 1”‘PlcAMP
(55 Ci/mmol)
substituted
for the cGMP
and 13Hl
. _
cGMP.
.
.
Following
incubation
with snake venom
nucleotidase,
50 ~1 of 5
mM adenosine
in 200 mM EDTA
and 500 ~1 of Norit
A charcoal
suspension
(50 mg/ml)
in 0.1 M H,PO,
were added to each sample.
Samples
were vortexed,
incubated
at room temperature
for 15 min,
and centrifuged
at 3000 X g for 10 min. 500-~1 aliquots of supernatants
were counted
in aqueous
scintillant.
cGMP
Binding
Assay-The
cGMP
binding
assay, modified
from
that described
earlier (Francis
and Corbin,
1988), was conducted
in a
total volume
of 100 ~1 containing
10 mM sodium phosphate,
pH 6.8,
1 mM EDTA,
12 mM /3-mercaptoethanol,
and 0.5 pM (unless otherwise
noted)
[3H]cGMP
(900,000 cpm). In some cases, 10 PM CAMP and 10
pM 8-bromo-cGMP
were included
in the reaction
mixture
to inhibit
[‘H]cGMP
binding
to cyclic nucleotide-dependent
protein
kinases in
order to assess specific
cG-BPDE
purification.
Assays were conducted
f 0.2 mM IBMX,
+ 0.5 mg/ml
histone
VIII-S
(Sigma).
Assessments
of total cGMP
binding
activity
were made in the presence
of both
IBMX
and histone
VIII-S.
In some studies.
varied concentrations
of
cyclic nucleotide
analogs were included
in the reaction
mixture.
The
reaction
was initiated
by addition
of an aliquot of enzyme.
Following
a 60.min
incubation
at 0 “C, assay mixtures
were filtered
onto premoistened
Millipore
HAWP
filters
(pore size 0.45 pm), which were
then rinsed three times with a total of 6 ml of cold 10 mM potassium
phosphate,
pH 6.8, 1 mM EDTA,
and then dried and counted.
Protein
Assays-Protein
in enzyme
fractions
was determined
by
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the Bradford
method
(1976)
using
bovine
serum
albumin
as the
standard
and by amino acid composition
using the Waters
Picotag
system (Bidlingmeyer
et al., 1984). The two methods
gave very similar
values for purified
cG-BPDE.
Gel Electrophoresis-SDS-polyacrylamide
gel electrophoresis
(SDS-PAGE)
was conducted
with mini-slab
gels according
to the
method
of Laemmli
(1970).
Slab gels consisted
of 8% acrylamide,
0.21% bisacrylamide,
and contained
192 mM glycine,
25 mM Tris, pH
8.3, and 0.1% SDS with a 5% stacking
gel. Protein
samples
were
reduced
and denatured
by addition
of 2 M fl-mercaptoethanol
and 2%
SDS, followed
by boiling
for 5 min and addition
of 2% sucrose
and
bromphenol
blue. Electrophoresis
was conducted
at a constant
current of 25 mA at room temperature.
Gels were stained
with either
0.1% Coomassie
Brilliant
Blue and destained
with 7% acetic acid,
45% methanol,
or stained
with silver
according
to the method
of
Wray et al. (1981). Gels were standardized
with the following
molecular mass markers:
@-galactosidase
(116,250
Da), phosphorylase
b
(93,000
Da), bovine
serum albumin
(67,000 Da), ovalbumin
(45,000
Da), and carbonic
anhydrase
(30,000 Da).
High Performance
Liouid Chromato~ranhv-HPLC
was conducted
on a-Beckman
344 system
equipped-with”a
421 controller,
a 165
variable
wavelength
detector,
two 112 analytical
solvent
delivery
modules,
and one 114M preparative
solvent
delivery
module.
Photoaffinity
Lnbeling-Protein
samples were incubated
in quartz
tubes with 0.06 PM [32P]~GMP
(1000 Ci/mmol),
2 mM EDTA,
12 mM
B-mercaptoethanol,
and a variety
of effecters
for 60 min at 0 ‘C.
Following
the incubation,
samples
were placed at 4 “C in-a Rayonet
photochemical
reactor
equipped
with 16 radially
distributed
ultraviolet lamps (253.7 nm), rotating
sample rack, and cooling fan. Samples
were irradiated
with 5 x 10 s pulses prior to reduction
and denaturation. Covalently
linked
[3ZP]cGMP
was separated
from free [“‘PI
cGMP
by SDS-PAGE.
Purity
and stability
of [32P]~GMP
were assessed by Sephadex
G-25 (superfine)
chromatography
in 50 mM
ammonium
bicarbonate
at pH 7.8. Only radiolabel
of which 90% or
greater
migrated
with cGMP
was utilized
for photolabeling
studies.
Since cyclic nucleotides
adsorb
to G-25, this procedure
provided
a
good purification
of cGMP
from contaminants
and compounds
with
slight structural
modifications
(Corbin
et al., 1988).
Sucrose
Density
Gradient
Centrifugation
and Gel Filtration
Chromatography-Sucrose
density
gradient
centrifugation
was conducted
in quadruplicate
according
to the method of Martin
and Ames (1961).
Internal
standards
used for calculation
of sedimentation
coefficients
were hemoglobin
(4.6 S), phosphorylase
b (8.2 S), and thyroglobulin
(19.4 S). The cGMP
binding
assay was used to localize purified
CCBPDE
or its cGMP-binding
fragments
in the sucrose
gradient
fractions. The HPLC
Bio-Sil TSK-250
column
used for determination
of
the Stokes
radius
of the purified
cG-BPDE
was calibrated
with
thyroglobulin
(8.5 nm), y-globulin
(5.55 nm), ovalbumin
(2.95 nm),
mvoglobulin
(1.9 nm), cytochrome
c (1.0 nm), and vitamin
B,?.
_ Materiak--[3H]cGM6
was obtained
from Amersham
Corp. and
1s’PlcGMP
from ICN. DE52 cellulose
was nurchased
from Whatman.
Blue Sepharose
from Pharmacia
LKB Bidtechnology
Inc., Zinc Che:
late Affinity
Adsorbent
from
Boehringer
Mannheim,
and HPLC
columns
from Bio-Rad.
Bradford
color reagent
was obtained
from
Bio-Rad.
Protein
standards
for electrophoresis
were acquired
from
Pharmacia.
oc-Chymotrypsin,
dipyridamole,
IBMX,
theophylline,
and
standards
for sucrose
density
gradients
and gel filtration
chromatography were from Sigma.
RESULTS

cG-BPDE
dure

(Francis

Purification-The
rat lung purification
proceand Corbin, 1988) was modified to accommodate

increased tissue volume
of bovine
lung.
The addition
of the
final HPLC gel filtration
step removed several contaminating
proteins. Preparations
demonstrated
some variability,
with
hydrolytic
activity ranging from 2 pmol/min/mg
to 5 pmol/
min/mg, while optimal binding activity reached as high as
0.93 mol of cGMP bound/m01 enzyme monomer. Fig. 1 illustrates the comigration
of cGMP binding and cGMP hydrolytic
activities during HPLC gel filtration,
which yielded a single
major protein band of 93 kDa on SDS-PAGE
(inset, Fig. 1).
Purified cG-BPDE
sedimented at 9.35 S and had a Stokes
radius of 4.4 nm. Native molecular weight was calculated as
178 kDa and frictional
ratio as 1.18 by the method of Siegel
and Monty (1966), using a partial specific volume of 0.737
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FIG. 1. HPLC
Bio-Sil
TSK-250
chromatography
of purified
bovine
lung CC-BPDE.
cG-BPDE
was purified
as described
under
“Experimental
Procedures.”
Fraction
aliquots
from the final step of
the purification
were assessed for [‘H]cGMP
binding
activity
in the
presence
of 0.2 mM IBMX
and 0.5 mg/ml
histone
VIII-S
and for
cGMP
hydrolytic
activity
(PDE).
cGMP
binding
and phosphodiesterase assays were conducted
as described
under “Experimental
Procedures.”
Inset, SDS-polyacrylamide
gel electrophoresis
of purified
bovine lung CC-BPDE.
Aliquots
of HPLC
Bio-Sil TSK-250
fractions
were reduced,
denatured,
and applied to an 8% Laemmli
gel. Protein
bands were stained
with Coomassie
Blue. Migration
of molecular
weight markers
described
under “Experimental
Procedures”
is noted.

ml/g calculated from the determined amino acid composition
(Cohn and Edsall, 1943). These values differed somewhat
from those obtained for the partially purified enzymes from
rat lung and platelets where different standards and matrices
were used (Francis et al., 1980; Coquil et al., 1980), but
supported a model of cG-BPDE as a dimer with slight asymmetry and identical subunits of 93 kDa.
Hydrolytic Act&y-The
concentration of [“H]cGMP required for half-maximal velocity of hydrolysis was 5.6 pM. A
concentration of CAMP approximately 100 times greater than
that of cGMP was required to inhibit 50% of the hydrolysis
of 15 pM [“H]cGMP. Slight CAMP hydrolytic activity was
measurable if assays utilized [‘2P]cAMP with higher specific
activity than [“HIcAMP, and used IO-20-fold more concentrated cG-BPDE than required for assaysof cGMP hydrolysis.
No hydrolytic activity was detected with substrate concentrations of 5, 10, or 50 pM CAMP. Minimal (Cl%) hydrolytic
activity was noted with 100, 250, or 500 pM CAMP. More
significant (9%) hydrolysis of 100 pM CAMP was observed
only by extending the time of hydrolysis at 30 “C from 20 to
120 min.

Relative potencies of selected phosphodiesterase inhibitors
for inhibition of cGMP hydrolysis are shown in Fig. 2. The
most potent inhibitor was zaprinast (May and Becker 22,948),
which had an ICsOat least an order of magnitude lower than
that reported for zaprinast inhibition of cGMP hydrolysis by
Ca’+/calmodulin-stimulated phosphodiesterases (Lugnier et
al., 1986; Weishaar et al., 1986). Dipyridamole, an effective
inhibitor of selected CAMP and cGMP phosphodiesterases
(Lugnier et al., 1986; Weishaar et al., 1986), was also a potent
inhibitor of cG-BPDE. The nonspecific inhibitors IBMX and
papaverine (not shown) and the selective inhibitor of Ca’+/
calmodulin-stimulated
phosphodiesterases, 3-isobutyl-lmethyl-8-methoxymethylxanthine
(MeOxMeMIX) (Kramer
et al., 1977; Wells et al., 1981), were less potent. Cilostamide
and CI-914, selective inhibitors of cGMP-inhibited phosphodiesterases (Macphee et al., 1986; Beavo, 1988), were poor
inhibitors of cG-BPDE hydrolytic activity as were rolipram
and RO 20,1724, potent inhibitors of certain “low K,” CAMP
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FIG. 2. Inhibition
of cGMP
phosphodiesterase
activity
by
selected
inhibitors.
Purified
cG-BPDE
was assayed
for cGMP
hydrolytic
activity
(20 pM [‘H]cGMP)
as described
under “Experimental
Procedures”
in the presence
of a series of concentrations
of
the phosphodiesterase
inhibitors.
The results shown are averages
of
duplicate
determinations.
I&
values calculated
from these curves
are as follows:
zaprinast
(May and Becker
22,948),
300 nM; dipyridamole,
800
nM;
3-isobutyl-1-methyl-%methoxymethylxanthine
(MeOxMeMIX),
6 FM; 3-isobutyl-1-methylxanthine
(IBMX),
8 pM;
cilostamide,
150 pM; theophylline,
250 pM.

phosphodiesterases (Yamamoto et al., 1984; Beavo, 1988) (not
shown).
Binding Actiuity-Under
optimum conditions, the [3H]
cGMP concentration required for half-maximal [3H]cGMP
binding by cG-BPDE was approximately 200 nM. 100-fold
higher concentrations of unlabeled CAMP were required to
inhibit cGMP binding activity by 50%. Stoichiometry of
binding was determined by measuring [3H]cGMP binding
activity of purified cG-BPDE in the presence of 0.2 mM IBMX
and 0.5 mg/ml histone VIII-S (Sigma). Protein concentration
was measured by the Bradford method (1976). Binding stoichiometry of purified cG-BPDE was calculated from seven
independent preparations of the enzyme with a range from
0.65 to 0.93 mol [“H]cGMP bound/m01 93-kDa monomer.
However, these values should be taken as a minimum estimate
of stoichiometry since [3H]cGMP association (not shown)
and curvilinear dissociation rate curves (Fig. 3) suggested
multiple species of cGMP-binding sites. The dissociation rate
experiment was also done in the presence of 0.2 mM IBMX
and 10 mM MgClz and a similar curvilinear profile was observed (not shown).
When a trace quantity of [“H]cGMP was incubated with
purified cG-BPDE prior to HPLC-DEAE, some [3H]cGMP
remained bound to cG-BPDE throughout chromatography.
Free [“H]cGMP eluted early in the gradient (not shown). The
peak of bound [3H]cGMP appeared only in the trailing edge
of the cG-BPDE activity peak (Fig. 4), suggesting that cGBPDE which retained bound [3H]cGMP during chromatography eluted at a higher ionic strength than did cG-BPDE
without associated [“H]cGMP. A second experiment was conducted using higher 13H]cGMP (2 pM) for incubation and
included 10 pM unlabeled cGMP in the elution buffer. As
determined by cGMP binding activity (Fig. 5), the cG-BPDE
underwent a small shift to elute at a later position in the
gradient. The overlap of the two peaks might have been caused
by incomplete saturation of cGMP-binding sites under these
suboptimal (absence of IBMX or histone VIII-S) conditions.
In addition, a subpopulation of cG-BPDE to which cGMP
was already bound in the initial experiment could not be
excluded. Both the 93-kDa protein band on SDS-PAGE and
the cGMP binding activity coincided with the peak of bound
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FIG. 4. HPLC-DEAE
chromatography
of cG-BPDE
preincubated
with
[3H]cGMP.
125 nM [3H]cGMP
was incubated
with
1.0 pM purified
cG-BPDE
for 60 min at 4 “C. The reaction
mixture
was loaded onto an HPLC
TSK-DEAE-5PW(75
x 7.5 mm) column
in 20 mM PEM and eluted with a 60-ml linear gradient
from 50 to
200 mM NaCl. The quantitative
presence
of cG-BPDE
was measured
by [3H]cGMP
binding
assays conducted
as described
under “Experimental Procedures.”
[3H]cGMP
retained
during chromatography
was

measured by counting fraction aliquots in aqueous scintillant.
dashed

line indicates

the approximate
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FIG. 3. Dissociation
of [3H]cGMP
from
cG-BPDE.
60 nM
purified
cG-BPDE
was incubated
in 50 mM sodium
phosphate,
pH
6.8, 1 mM EDTA,
and 12 mM fl-mercaptoethanol
for 60 min at 30 “C
with 6.4 pM [3H]cGMP
and 0.5 mg/ml
histone
VIII-S
in a total
volume
of 2.3 ml. At time i, three loo-p1 aliquots
were withdrawn
for
Millipore
filtration,
in order to assess initial bound
[3H]cGMP.
100
pM unlabeled
cGMP
was immediately
added to the reaction.
At 3min intervals
(times t), equivalent
aliquots
were withdrawn
for Millipore
filtration
as described
for the cGMP
binding
assay under
“Experimental
Procedures.”
Data was corrected
by subtraction
of a
parallel
control
performed
with no enzyme,
and plotted
as In B/B,
uer.s’sus time t, where
B,/B:
represents
the fraction
of [3H]cGMP
remaining
bound at any time t. The bars represent
the range of values
obtained
in two experiments.
Parabolic
regression
of the data (r =
0.98) conducted
with F1G.P software
generated
the curve as shown.

FRACTION

’
10
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The

in PEM.

[3H]cGMP,
and had the same elution position
as did the
protein-bound
[3H]cGMP
peak in the previous experiment.
Although
the shift in elution position was small, it was confirmed by a quantitative
chromatographic
shift of the 93-kDa
cG-BPDE
with respect to an internal
standard protein observed using SDS-PAGE
analysis. The elution of cG-BPDE
from DEAE at a higher ionic strength suggested that cGMP
binding
to cG-BPDE
possibly
induced
a conformational
change, thereby increasing the apparent surface electronegativity of cG-BPDE
and causing the enzyme to adhere more
tightly to the anion-exchange
column. A cGMP-binding
domain was implicated
in this putative conformational
change
since an analogous
electronegative
shift was observed for

NUMBER

FIG. 5. HPLC-DEAE
chromatography
of cG-BPDE
preincubated
with
trace or 2.0 pM [3H]cGMP.
Purified
cG-BPDE
was
incubated
with 125 nM (0) or 2.0 fiM (0) [3H]cGMP
for 60 min at
4 “C!. The reaction
mixture
was loaded onto the HPLC
TSK-DEAE5PW column
in 20 mM PEM (0) or 20 mM PEM containing
10 pM
cGMP
(0) and eluted with a 60-ml linear gradient
from 50 to 200
mM NaCl. cG-BPDE
was measured
by [3H]cGMP
binding
assay and
results are presented
as percentage
of maximum
binding
activity
(514
pmol [3H]cGMP
bound/ml
for 0,21.8
pmol [3H]cGMP
bound/ml
for
w.

fragments of cG-BPDE
as described below.
Inhibitors
of cGMP Hydrolysis Stimulate cGMP BindingA distinctive property of the cG-BPDE,
noted for the rat lung
cG-BPDE
(Hamet and Coquil, 1978; Francis et al., 1980;
Francis and Corbin, 1988) and for other cGMP-binding
phosphodiesterases
(Yamazaki et al., 1980; Miot et al., 1985), was
the ability of IBMX, a competitive
inhibitor
of cGMP hydrolysis, to stimulate
[3H]cGMP
binding activity 2-5-fold.
IBMX
enhanced binding of [3H]cGMP
under assay conditions (1 mM EDTA, 2 “C) in which no hydrolysis
of [3H]
cGMP was detectable, thereby excluding substrate protection
as the mechanism for increased binding. Other inhibitors
of
cGMP hydrolysis, including
NL-hexyl-cGMP
and zaprinast,
also stimulated
[3H]cGMP
binding activity under the same
conditions.
On the basis of this property, the 93-kDa protein
band was confirmed to be the cG-BPDE
subunit by specific
IBMX-stimulated
[32P]cGMP
photoaffinity
labeling of its
cGMP-binding
site (Fig. 6). Labeling of a hydrolytic
site by
[32P]cGMP was possible and was suggested for the cGMPstimulated phosphodiesterase
(Stroop et al., 1989). However,
the addition of competitive
inhibitors
of hydrolysis
such as
IBMX would have been expected to diminish
cG-BPDE
hydrolytic site labeling. In such a case, even greater enhancement of binding site labeling would have been required to
produce the net enhanced labeling observed. A minor band of
-85 kDa was also labeled, and probably represented a breakdown product of cG-BPDE,
since it was variably present in
enzyme preparations
and bands of similar size could be generated upon cG-BPDE
storage. A 20-fold excess of CAMP
only slightly attenuated the labeling of cG-BPDE, while a 20fold excess of cGMP almost completely blocked it. Hydrolyticsite-specific
cGMP analogs, such as NL-hexyl-cGMP
(not
shown), also stimulated
photoaffinity
labeling,
consistent
with the presence of communication
between an occupied
cGMP hydrolytic
site and a cGMP-binding
site. A protein
band of similar size was previously
reported to be photoaffinity labeled by [32P]cGMP in platelet extracts (Walseth
et al., 1985). Photoaffinity
labeling of cG-BPDE
with subsaturating [32P]cGMP was a low efficiency reaction that yielded
a binding stoichiometry
of less than 1%; such low labeling
stoichiometry
was consistent with previous reports (Stroop et
al., 1989).
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FIG. 6. [“‘P]cGMP
photoaffinity
labeling
of cG-BPDE.
Purified cG-BPDE
was incubated
in auartz
tubes for 60 min at 0 “C
with [‘“P]cGMP
(0.06 IJM, 2 X 10” &m/tube),
2 mM EDTA,
12 mM
@-mercaptoethanol,
f 0.2 mM IBMX,
10 pM CAMP,
10 pM cGMP,
and 10 pM NL-hexyl-cGMP
as indicated.
Ultraviolet
irradiation
was
conducted
as described
under “Experimental
Procedures”
and followed by reduction,
denaturation,
and electrophoresis
of the samples
on an 8% Laemmli
gel. The corresponding
autoradiograph
is shown.
The migration
position
of the 93-kDa
cG-BPDE
on the Coomassie
Blue-stained
gel is indicated.

FRACTION
NUMBER
FIG. 7. HPLC-DEAE
chromatography
of a partial
cu-chymotryptic
digest
of cG-BPDE.
1.0 pM purified
CC-BPDE
was
incubated
with cu-chymotrypsin
for 30 min at 32 “C at a ratio of 10
pg of CC-BPDE/rg
cu-chymotrypsin,
followed
by an incubation
for 30
min at 4 “C with 0.07 ~.LM [“H]cGMP.
The reaction
mixture
was
applied in 20 mM PEM to an HPLC
TSK-DEAE-5PW
column and
eluted with a 60.ml linear gradient
from 0 to 200 mM NaCl in PEM.
[“H]cGMP
retained
by fractions
during chromatography
was measured by counting
fraction
aliquots
in aqueous
scintillant;
cGMP
phosphodiesterase
activity
(PDE) was measured
by the assay described under “Experimental
Procedures”
with a 120-min
hydrolytic
period;
and [“H]cGMP
binding
activity
was measured
as described
under “Experimental
Procedures.”
Peak-undigested
cG-BPDE
was
expected
at fraction
27 (90 mM NaCI); post-digestion
peak phosphodiesterase
activity
was observed
at fraction
32 (105 mM NaCl) and
peak cCMP
binding
activity
at fraction
40 (130 mM NaCl).
Inset,
SDS-polyacrylamide
gel electrophoresis
of cGMP-binding
fragments.
An aliquot from the peak of [“HJcGMP
binding
activity
was reduced,
denatured,
and applied to an 8% Laemmli
gel which was stained with
Coomassie
Blue. Migration
of molecular
weight
markers
described
under “Experimental
Procedures”
is noted.

Limited Proteolysis Generates cGMP-binding
FragmentsInitial attempts to proteolyze the native purified cG-BPDE
using different
proteases (Staphylococcus
aureus protease,
trypsin, and chymotrypsin)
resulted in each case in cG-BPDE
fragments, ranging from 30 to 45 kDa on SDS-PAGE.
These
fragments
displayed 2-3-fold
increased [“H]cGMP
binding
activity and could be photoaffinity
labeled by [“LP]cGMP (not
shown). Low levels (~5%) of cGMP hydrolytic
activity remained following partial proteolysis. The data suggested that
a cG-BPDE
cGMP-binding
domain was resistant to limited
proteolysis. This domain was apparently
proximal to an exposed region of the protein which was readily accessible to
proteases.
cG-BPDE
was partially
proteolyzed with a-chymotrypsin,
incubated with a trace of [“H]cGMP,
and subjected to HPLCDEAE (Fig. 7). A cGMP binding activity was separated from
a cGMP hydrolytic
activity, suggesting a chimeric structure
for cG-BPDE.
Such a structural
organization
has also been
suggested for other phosphodiesterases
(Beavo, 1988; Stroop
et al., 1989), and is analogous to structures proposed for cyclic
nucleotide-dependent
protein
kinases (Monken
and Gill,
1980; Lincoln and Corbin, 1983; Taylor et al., 1988). SDSPAGE revealed two comigrating protein fragments of approximately 35 and 45 kDa which coeluted with enhanced cGMP
binding activity. A 55-kDa fragment (not shown) appeared to
correlate with the peak of low cGMP hydrolytic activity. Two
peaks of radioactivity
were resolved. The first peak presumably represented free [“H]cGMP.
The second peak of radioactivity corresponded
to the right half of the cGMP binding
activity peak and appeared to represent peptide fragments to
which [“H]cGMP
remained bound during chromatography.
Filtration
of fraction aliquots on Millipore
filters (0.45 pm)

confirmed that this peak of radioactivity
was peptide bound,
while the radioactivity
of the first peak in the profile was not.
This finding suggested that the cGMP-binding
fragments,
like the native cG-BPDE, shifted their chromatographic
elution position when bound to cGMP.
The 35- and 45-kDa-binding
fragments cochromatographed
under a variety of conditions: in 100 mM sodium phosphate
on HPLC TSK-250, in 50 mM NaCl in sucrose density gradients, in 0.08% trifluoracetic
acid, 50% CH&N
on Cs and
Clx reverse-phase HPLC, and in 100 mM triethylamine
acetate
on HPLC TSK-DEAE-5PW.
Although
cochromatography
could be coincidental,
the results suggested a persistent association which might be expected if a cGMP-binding
domain
included, or was adjacent to, a dimerization
domain of cGBPDE. The molecular mass for the non-denatured
cGMPbinding
fragments was calculated
to be 106 kDa from a
sedimentation
coefficient of 6.3 S and a Stokes radius of 3.9
nm, consistent with a dimeric structure containing
any combination of two cGMP-binding
fragments of 45 and 35 kDa
in size. The frictional
ratio of the binding fragments was
determined to be 1.24, which was similar to the value obtained
for the native enzyme.
The two cG-BPDE
fragments
of 45 and 35 kDa were
photoaffinity
labeled by [“‘P]cGMP
as shown in Fig. 8. This
labeling displayed specificity for cGMP relative to CAMP but
was not enhanced by IBMX. [“H]cGMP
binding assays, conducted in the presence of 10 pM CAMP and 10 PM 8-bromocGMP to increase specificity, confirmed the inability of hydrolytic site-specific analogs to enhance cGMP binding to the
purified binding fragments. These findings were consistent
with partial proteolysis having severed a line of communication between cG-BPDE
hydrolytic
and binding sites. Other
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FIG. 8. [“2P]cGMP

photoaffinity

labeling

of cGMP-binding

cGMP-binding fragments generated from
partial cu-chymotryptic digestion followed by chromatography on
HPLC-DEAE
as shown in Fia. 7 were uhotoaffinitv
labeled and
electrophoresed as described fo; cG-BPDE in Fig. 6.“The resulting
autoradiograph is shown. Molecular weights noted for the fragments
were calculated on the basis of their migration relative to molecular
weight standards on the corresponding Coomassie Blue-stained gel.
fragments

of cG-BPDE.

of the cGMP-binding fragments were indistinguishable from the native cG-BPDE, including [“H]cGMP
association and dissociation profiles, saturation of binding,
and [“H]cGMP binding affinity of approximately 200 nM.
The purified cG-BPDE yielded no amino-terminal amino
acid sequence, but the amino termini of the 35 and 45-kDa
cGMP-binding fragments were not blocked. cGMP-binding
fragments generated from partial chymotryptic digestion of
cG-BPDE were electrophoresed on a 10% SDS-polyacrylamide gel and electroblotted onto Immobilon polyvinylidene
difluoride (Millipore) according to the method of Matsudaira
(1987). Migration of an aliquot of a [“*P]cGMP photoaffinity
labeled digest compared with molecular weight standards on
the Coomassie Blue-stained blot permitted identification of
the 45 and 35-kDa cGMP-binding fragments, which were
excised from the membrane for automated gas-phase amino
acid sequence analysis. The 45-kDa fragment had the following sequence: TSPRFDNDEG. The 35-kDa fragment yielded
the same sequence, with a small amount of alanine and lysine
also noted in the first cycle of the Edman degradation. This
result suggested that the 35-kDa fragment was derived from
a second chymotryptic cleavage near the carboxyl terminus
of the 45-kDa fragment. An alternative explanation was that
an internal gene duplication event could have resulted in two
independent portions of cG-BPDE with identical sequences.
A computer-based search for similar amino acid or corresponding nucleic acid sequences was conducted using multiple
databases (The National Protein Information Resource
Database, EMBL, and Genbank). No significant homology
with other proteins was found, including published sequences
for phosphodiesterases or proteins known to bind CAMP or
cGMP.

properties

DISCUSSION

The stringent specificity of cG-BPDE for cGMP at both
the binding and hydrolytic sites, and the high concentration
of this enzyme relative to cGMP-dependent protein kinase in
lung tissue (Francis et al., 1980), suggest an important role
for cG-BPDE as an intracellular cGMP receptor. The affinity
of cGMP for the binding site(s) of cG-BPDE is approximately
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200 nM, which is within the physiological range of cGMP
levels for lung. The Km of the hydrolytic site for cGMP is 5.6
pM, which would make the enzyme highly sensitive to small
changes in cGMP concentrations, independent of any regulatory mechanisms or factors which might influence catalytic
activity.
Although similar enzymes have been noted in numerous
tissues, the cGMP-binding assay described is very specific for
cG-BPDE and may provide a more accurate assessment of its
levels in other tissues. Inclusion of excessCAMP and 8-bromocGMP in the cGMP-binding assay enhances specificity for
cG-BPDE by preventing [“H]cGMP binding to the CAMPand cGMP-dependent protein kinases. Highly charged proteins, such as histone VIII-S, phosvitin, and polyarginine
enhance cGMP binding activity for both the rat (Francis and
Corbin, 1988) and bovine lung cG-BPDEs; including such a
protein in the binding assay improves sensitivity by at least
lo-fold. cG-BPDE may have been obscured in some tissues
since it cochromatographs on DEAE with Ca’+/calmodulinsensitive cGMP phosphodiesterases under certain conditions
(Beavo, 1988). The potency of zaprinast in inhibiting cGBPDE hydrolysis of cGMP may be relevant to studies of
crude systems in which calmodulin-insensitive, zaprinastsensitive, cGMP-specific hydrolytic activities have been noted
(Weishaar, 1987; Pang, 1988).
The limited sequence data in this report provide evidence
that this enzyme is an unique gene product. Both a cGMPbinding domain and a dimerization domain apparently lie
within

a 35-kDa

segment which originates

with this sequence.

It is possible that the sequence encompasses part of a cGMPbinding domain, although there is no apparent sequence homology with identified cyclic nucleotide-binding domains.
The studies of the purified cG-BPDE provide a basis for
constructing a tentative structural model of cG-BPDE. The
purified

enzyme apparently

consists

of two identical

93-kDa

monomeric units, but an alternate protein structure consisting
of two different subunits unresolved by SDS-PAGE cannot
be excluded. Each monomer would include a specific cGMP
hydrolytic domain separated from a specific cGMP-binding
domain by an exposed region. A dimerization domain of cGBPDE includes, or is adjacent to, a cGMP-binding domain
which may contain multiple cGMP-binding sites. Limited
proteolysis generates an isolated cGMP-binding domain as
dimeric fragments which retain functional properties exhibited within the native cG-BPDE.
The stimulation of the binding site(s) by cGMP occupation
of the hydrolytic site could occur within or between monomeric subunits of cG-BPDE. From the principle of reciprocity
(Weber, 1975), an occupied cGMP-binding site would be
expected to affect the activity of a cGMP hydrolytic site.
Enhanced cGMP binding activity upon partial proteolysis
may be analogous to stimulation of binding activity by hydrolytic site analogs. Both mechanisms could relieve a constraint
consisting of a domain within cG-BPDE which inhibits a
cGMP-binding site in the absence of hydrolytic site agonists.
Hamet and Tremblay (1988) have proposed that cGMPbinding sites in the partially purified cGMP-binding phosphodiesterase of platelets could serve as a buffer to protect
submicromolar levels of cGMP from hydrolysis. The cGMPbinding sites of cG-BPDE may have a broader role in regulating cellular metabolism. cGMP binding to the cG-BPDE
or its cGMP-binding fragments induces an electronegative
shift in their elution positions on DEAE-cellulose. A similar
electronegative shift for the cGMP-dependent protein kinase
upon binding of cGMP has been suggested to represent a
conformation change of the kinase (Wolfe et al., 1987). Ad-
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dition of a single negative charge from the cGMP molecule
itself is a possible explanation
for the observed “charge shift”;
however, the addition of two negative charges to many other
proteins by phosphorylation,
presumably
to the molecular
surface, has not significantly
affected the migration
of these
proteins analyzed by the same chromatographic
system. Further evidence for a cGMP-induced
conformational
change in
CC-BPDE is its substrate-directed
phosphorylation,
which is
the subject of another report (Thomas et al., 1990). In this
regard, exposure of sites of the enzyme by a conformational
change upon cGMP binding could be mechanistically
important in the translation
of cGMP binding to an alteration of a
function or property of cG-BPDE.
The cGMP-binding
site of cG-BPDE
might function in a
manner analogous to those of the cGMP-binding
phosphodiesterase from Dictyostelium discoideum (Van Haastert and
Van Lookeren Campagne, 1984; Kesbeke et al., 1985) and the
mammalian cGMP-stimulated
phosphodiesterase
(Miot et al.,
1985) to allosterically
regulate the activity of the cGMP
hydrolytic
site. The absence of proof for this mechanism for
cG-BPDE
may be due to the lack of availability
of cGMP
analogs specific for the cGMP-binding
site relative to the
hydrolytic
site. If cGMP binding to cG-BPDE
were stimulatory for catalysis, then a possible physiological
function of the
site could be negative feedback regulation
analogous with
negative feedback control of CAMP levels by “low K,,,” phosphodiesterase
activation
(Gettys et al., 1987; Gettys et al.,
1988; Macphee et al., 1988; Grant et al., 1988). A stimulatory
effect of cGMP binding might also increase cGMP flux, a
process proposed (Goldberg and Haddox, 1977; Goldberg et
al., 1983) to mediate some cyclic nucleotide effects. Alternatively, the cGMP-binding
domain of cG-BPDE
might be
inhibitory
for catalysis and prolong effects of elevated cGMP
levels or decrease cGMP flux.
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