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Phosphodiesterase 3A (PDE3A) selectively cleaves the
phosphodiester bond of cAMP and is inhibited by cGMP,
making it an important regulator of cAMP–cGMP signaling
crosstalk in the pulmonary vasculature. In addition, the nitric
oxide–cGMP axis is known to play an important role in
maintaining endothelial barrier function. However, the po-
tential role of protein kinase G-Iα (PKG-Iα) in this protective
process is unresolved and was the focus of our study. We
describe here a novel mechanism regulating PDE3A activity,
which involves a PKG-Iα–dependent inhibitory phosphoryla-
tion of PDE3A at serine 654. We also show that this phos-
phorylation is critical for maintaining intracellular cAMP levels
in the pulmonary endothelium and endothelial barrier integ-
rity. In an animal model of acute lung injury (ALI) induced by
challenging mice with lipopolysaccharide (LPS), an increase in
PDE3 activity and a decrease in cAMP levels in lung tissue was
associated with reduced PKG activity upon PKG-Iα nitration at
tyrosine 247. The peroxynitrite scavenger manganese (III) tet-
rakis(1-methyl-4-pyridyl)porphyrin prevented this increase in
PDE3 activity in LPS-exposed lungs. In addition, site-directed
mutagenesis of PDE3A to replace serine 654 with alanine
yielded a mutant protein that was insensitive to PKG-
dependent regulation. Taken together, our data demonstrate
a novel functional link between nitrosative stress induced by
LPS during ALI and the downregulation of barrier-protective
intracellular cAMP levels. Our data also provide new evi-
dence that PKG-Iα is critical for endothelial barrier mainte-
nance and that preservation of its catalytic activity may be
efficacious in ALI therapy.
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Second messengers, cAMP and cGMP, play key roles in
many aspects of cell signaling (1). In the pulmonary vascu-
lature, cAMP and cGMP are involved in regulating cyto-
skeletal structural remodeling in both endothelial and
smooth muscle cells and as such can regulate endothelial
barrier permeability and vasorelaxation (2–6). Downstream,
the cyclic nucleotide effectors, cAMP-dependent PKA and
cGMP-dependent protein kinase G-1α (PKG-Iα) can directly
regulate the endothelial barrier function via the phosphor-
ylation of proteins responsible for the cytoskeleton remod-
eling (2, 5, 7, 8). Acute lung injury (ALI) and acute
respiratory distress syndrome (ARDS) are characterized by
acute development of respiratory failure, bilateral diffuse
lung infiltrations, and hypoxemia because of endothelial
barrier dysfunction and hyperpermeability (reviewed in
Ref. (9)). Endothelial hyperpermeability is associated with
endothelial cytoskeleton rearrangement: disassembly of
cortical actin and actin stress fiber formation, which serve as
contractile force (6, 10). Numerous publications have
demonstrated protective effects of cAMP–cGMP-stimu-
lating compounds or inhibitors of cyclic nucleotide–specific
phosphodiesterases (PDEs) in cellular and animal models of
ALI–ARDS as well as chronic pulmonary diseases (11–15).
Excessive generation of reactive oxygen species and reactive
nitrogen species leading to oxidative and nitrosative stress is
characteristic for ALI–ARDS pathology (reviewed in
Ref. (9)). Peroxynitrite, produced by uncoupled endothelial
nitric oxide synthase, can induce protein tyrosine nitration
altering individual protein function. We have recently shown
that a key regulator of the barrier-disrupting actin skeleton
remodeling, small GTPase RhoA, is nitrated in LPS-
challenged cells. This tyrosine nitration activates RhoA and
exacerbates the barrier-disruptive effect of LPS (16). In
contrast, PKG-Iα can be modified by tyrosine nitration at
tyrosine 247 (Y247), and this nitration event inhibits its
enzymatic activity (17). Furthermore, in a series of studies,
we have confirmed the important role played by nitrosative
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PKG nitration and ALI
stress in the development of ALI (17–19). Thus, the goal of
this study was to determine if the nitration-mediated inhi-
bition of PKG-Iα is involved in the barrier disruption asso-
ciated with ALI.

Cyclic nucleotide–specific PDEs efficiently downregulate
cAMP-activated or cGMP-activated signaling pathways by
degrading their respective cyclic nucleotides. There is sig-
nificant diversity in PDE superfamily members that include
differences in their substrate specificity and kinetics, tissue
distribution, intracellular localization, enzymatic activity
regulation, and others (20–22). This along with the presence
of multiple PDE isoforms creates a complex multilevel
signaling network (21, 23). Phosphodiesterase 3 (PDE3), a
cGMP–cAMP-specific PDE, is ubiquitously expressed in
mammalian tissues (24). Two isoforms of PDE3 encoded by
PDE3A and PDE3B genes differ in their tissue specificity.
PDE3A is expressed in heart and lungs, whereas PDE3B is
detected in other organs such as the liver and fat pad (24).
Increased PDE3 activity has also been correlated with lung
pathological conditions such as chronic obstructive pulmo-
nary disease (25). As a PDE with dual specificity, PDE3 is
intimately involved in cyclic nucleotide crosstalk (26, 27). In
this study, we demonstrate a new aspect of PDE3A regula-
tion related to cAMP–cGMP crosstalk that is mediated by a
PKG-Iα–dependent inhibitory phosphorylation at serine 654
Figure 1. Altered phosphodiesterase (PDE) activities and cyclic nucleotide
treated with LPS and/or MnTMPyP as described in the Experimental procedures
PDE3, and PDE5 (A–C) and respective activities (D–F). LPS increases PDE3 activi
activity changes were sensitive to MnTMPyP pretreatment indicative of a per
cGMP levels were increased (H). MnTMPyP pretreatment prevented these cha
control lungs; †p < 0.05 versus LPS alone. ALI, acute lung injury; LPS, lipopolys
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(S654). Furthermore, our study links this PDE3A–PKG-Iα
functional axis to the development of ALI. We show that the
peroxynitrite generated in the lungs of LPS-challenged mice
negatively regulates cAMP levels via the activation of
PDE3A. This activation is the result of the nitration-
mediated inhibition of PKG-Iα and a subsequent decrease
in PKG-dependent PDE3A phosphorylation.
Results

Three families of PDEs can regulate cAMP–cGMP crosstalk
in the vasculature: phosphodiesterase 2 (PDE2), PDE3, and
phosphodiesterase 5 (PDE5) (26–28). Thus, our initial exper-
iments aimed to evaluate protein levels and enzymatic activ-
ities of these PDEs in mouse lung exposed to LPS. Our data
indicate that LPS exposure does not alter the protein levels of
PDE2, PDE3A, or PDE5 (Fig. 1, A–C, respectively) in the
mouse lung. However, certain PDE enzymatic activities were
modulated by LPS. Although PDE2 activity was not altered
(Fig. 1D), the activity of PDE3 was significantly increased
(Fig. 1E), whereas PDE5 was significantly reduced (Fig. 1F).
Furthermore, we identified dramatic changes in the levels of
the second messenger levels cAMP and cGMP such that
cAMP levels were significantly attenuated (Fig. 1G), whereas
the levels of cGMP were significantly increased (Fig. 1H). It is
levels in LPS-induced animal model of ALI. Lungs were isolated from mice
section. The tissue extracts were used to evaluate the protein levels of PDE2,
ty and a decrease in PDE5 activity, despite no changes in protein levels. PDE
oxynitrite-dependent mechanism. LPS decreased cAMP levels (G), whereas
nges (G and H). Data represent mean ± SEM, n = 3 to 5. *p < 0.05 versus
accharide; MnTMPyP, manganese (III) tetrakis(1-methyl-4-pyridyl)porphyrin.
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likely that the elevation of cGMP levels is linked to the inhi-
bition of cGMP-specific PDE5 we observed (Fig. 1F), whereas
an activation of cAMP-specific PDE3 leads to cAMP level
decrease (Fig. 1E). Since PDE3A is the only PDE3 isoform
expressed in lung tissue (24), we assume that PDE3 activity in
our experiments can be attributed to this isoform. Nitrosative
stress is characteristic for in vitro and in vivo models of ALI
(16–19, 29, 30) where it is associated with alterations in
protein–enzyme functions because of protein tyrosine nitra-
tion (16, 17). To explore a possible link between reactive ni-
trogen species generation and changes in cAMP–cGMP levels
and PDE activities in lungs of LPS-challenged mice, we pre-
treated a group of animals with a peroxynitrite scavenger,
manganese (III) tetrakis(1-methyl-4-pyridyl)porphyrin
(MnTMPyP). Data obtained clearly demonstrated that changes
in cAMP and cGMP levels detected in LPS-challenged mice
were peroxynitrite dependent: MnTMPyP pretreatment
significantly diminished this effect of LPS (Fig. 1, G and H).
Moreover, MnTMPyP efficiently reversed the levels of PDE
activities induced by LPS (Fig. 1, D–F), suggesting that
peroxynitrite-dependent modifications of cyclic nucleotide
signaling exist in ALI.

LPS-induced nitrosative stress modulates cyclic nucleotide–
dependent protein kinase activity in the mouse lung

Significant changes in PDE activities and cyclic nucleotide
levels in the lungs of LPS-challenged mice may affect functions
of the downstream effectors, cAMP-dependent and cGMP-
dependent protein kinases (PKA and PKG-Iα). This, in turn,
may have critical consequences for vascular permeability
in vivo. To study these possible effects of LPS, we evaluated
protein levels and enzymatic activities of the respective protein
kinases. Our data demonstrate that, while the protein levels of
PKG-Iα (Fig. 2A) and PKA (Fig. 2D) were unchanged by LPS
treatment, their activities were impaired in LPS-treated lungs.
Both PKG activity (Fig. 2, B and C) and PKA activity (Fig. 2E)
were significantly decreased. Importantly, treatment of
Figure 2. LPS treatment impairs PKA and PKG activities in vivo via peroxy
lung extracts obtained from mice treated with LPS and/or MnTMPyP as describ
enzymes were evaluated by immunoblotting. LPS treatment did not affect the
PKG-Iα (B and C) and PKA (E) activity. Again, MnTMPyP pretreatment preserved
*p < 0.05 versus control lungs; †p < 0.05 versus LPS alone. LPS, lipopolysacch
protein kinase G.
LPS-challenged mice with MnTMPyP attenuated the LPS-
induced decrease in PKG and PKA activity (Fig. 2, B, C, and
E) without any significant effect on their protein levels (Fig. 2,
A and D). Together, these results indicate that nitrative stress
plays an important role in the modulation of enzymatic ac-
tivities of cAMP-dependent and cGMP-dependent protein
kinases in ALI.
PKG-Iα nitration is increased in lung tissue of LPS-challenged
mice

LPS-induced signaling increased peroxynitrite levels in vivo,
as determined by the oxidation of dihydrorhodamine 123
(DHR123) to rhodamine 123, whereas MnTMPyP abrogated
an accumulation of peroxynitrite in LPS-exposed tissue
(Fig. 3A). Using 3-nitrotyrosine–specific antibody, we were
able to detect a significant increase in PKG-Iα nitration
(Fig. 3B). We have previously reported that PKG-Iα is sus-
ceptible to nitration at Y247 and that this modification impairs
PKG activity (17), and using an antibody developed specifically
against nitrated Y247 of PKG-Iα (17), we also found a signifi-
cant increase in this PKG-Iα modification in PKG-Iα–trans-
fected human embryonic kidney 293T (HEK293T) cells
exposed to the peroxynitrite generator, 3-
morpholinosydnonimine (Fig. 3C) and, more importantly, in
mouse lungs exposed to LPS (Fig. 3D). Specificity was again
validated by our data showing that DHR123 oxidation and
PKG-Iα nitration were attenuated by MnTMPyP (Fig. 3).
Identification of a novel PKG-specific phosphorylation site in
PDE3A involved in regulating PDE3A activity

To study possible effects of PKG-Iα on PDE3A function, we
first determined if a physical association exists between the
two proteins. To accomplish this, we overexpressed PKG-Iα in
HEK293T cells, and using immunoprecipitation (IP) analysis,
we were able to demonstrate an association of PKG-Iα and
PDE3A in a pulled-down protein complex, which may suggest
nitrite-dependent mechanism. The activity of PKA and PKG was tested in
ed in the Experimental procedures section. The protein levels of respective
protein levels of either PKG-Iα (A) or PKA (D). However, LPS attenuated both
the activity of PKA and PKG (B, C, and E). Data are mean ± SEM, n = 3 to 5.

aride; MnTMPyP, manganese (III) tetrakis(1-methyl-4-pyridyl)porphyrin; PKG,
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Figure 3. Nitrosative stress induced by LPS in vivo leads to PKG-Iα tyrosine nitration. A, peroxynitrite levels, estimated using DHR oxidation, were
significantly increased in LPS-treated mice. Specificity of signal was demonstrated by MnTMPyP pretreatment attenuating DHR123 oxidation. B, immu-
noprecipitation analysis using an antibody specific to nitrotyrosine (3-NT) demonstrated an increase in the tyrosine nitration of PKG-Iα immunoprecipitated
from LPS-exposed tissues. MnTMPyP pretreatment prevented the nitration of PKG-Iα. IgG (HC) is the immunoglobulin heavy chain. C, immunoblotting using
an antibody specific to nitro-Y247 in PKG-Iα confirmed the increase in PKG-Iα nitration in HEK293T cells transfected with a PKG-Iα expression plasmid and
treated with 3-morpholinosydnonimine. D, an increase in PKG-Iα nitration in mouse lungs exposed to LPS was also shown to occur at Y247. MnTMPyP
reduced Y247 nitration in PKG-Iα in response to LPS. Data represent mean ± SEM, n = 3 to 5. *p < 0.05 versus control lungs; †p < 0.05 versus LPS alone. DHR,
dihydrorhodamine; HEK293T, human embryonic kidney 293T cells; LPS, lipopolysaccharide; MnTMPyP, manganese (III) tetrakis(1-methyl-4-pyridyl)porphyrin;
PKG-Iα, protein kinase G-Iα; Y247, tyrosine 247.
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an interaction between the enzymes (Fig. 4A). Furthermore,
this association between PDE3A and PKG-Iα correlated with a
decrease in PDE3 activity (Fig. 4B) and an increase in cAMP
levels (Fig. 4C). Taken together, these data suggest that PDE3A
may be phosphorylated by PKG-Iα, and this phosphorylation
regulates PDE3A activity toward cAMP. To further investigate
this possibility, we performed database searches in order to
reveal putative PKG-dependent phosphorylation sites in the
PDE3A primary structure using NetPhos 3.1 (DTU Bioinfor-
matics). Several PKG-specific phosphorylation sites conserved
in human and mouse PDE3A amino acid sequences were
predicted (Fig. 4D). To validate these PKG-Iα–specific post-
translational modifications, we then used MS analysis. To
accomplish this, HEK293T cells were transfected with
expression plasmids containing PDE3A and PKG-Iα comple-
mentary DNAs (Fig. 5A). PDE3A was then immunopurified
Figure 4. Expression of PKG-Iα downregulates PDE3A activity and increase
HEK293T cells; as a negative control, the cells were transfected with an empty
with PKG-Iα. PKG-Iα–expressing cells also exhibit a significant decrease in PD
mean ± SEM, n = 3. *p < 0.05 versus empty vector. D, comparative analysis of h
conserved PKG-specific phosphorylation sites (shown in red). HEK293T, human
kinase G-Iα.
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from the cell lysates, separated by SDS-PAGE and in-gel
trypsinized. MS analysis was performed on the extracted
peptides. Our results identified S654 phosphorylation in
PDE3A in cells overexpressing PKG-Iα (Fig. 5, B and C). To
further validate this PKG-dependent PDE3A phosphorylation
site, we generated an antibody to specifically recognize p-S654

in PDE3A. Using this antibody, we were able to demonstrate
an increase in p-S654-PDE3A when PDE3A was coexpressed with
PKG-Iα in HEK293T cells (Fig. 5D). Using this antibody, we
were also able to detect an abundant phosphorylation of
PDE3A at S654 in the mouse lung and importantly demonstrate
that LPS challenge dramatically decreases this post-
translational modification (Fig. 5E). To study the possible
regulatory role of PKG-Iα–mediated phosphorylation of
PDE3A at S654, we generated a PDE3A mutant in which S654

was replaced by alanine (S654A-PDE3A) and tested its
s cAMP levels in vitro. PKG-Iα was transiently expressed in PKG-Iα–deficient
vector. A, immunoprecipitation analysis identified an association of PDE3A
E3 activity (B) and a significant increase in cAMP levels (C). Data represent
uman and mouse PDE3A amino acid sequences using NetPhos 3.1 revealed
embryonic kidney 293T cells; PDE3A, phosphodiesterase 3A; PKG-Iα, protein



Figure 5. PKG-Iα phosphorylates PDE3A at S654. HEK293T cells were transfected with an expression plasmid for PDE3A either alone or cotransfected with
a PKG-Iα expression plasmid. Then cell lysates were subjected to PDE3A immunoprecipitation followed by SDS-PAGE and MALDI-TOF MS analysis as
described in the Experimental procedures section. A, transfection and expression of PDE3A and PKG-Iα in HEK293T cells were confirmed by immunoblotting
using antibodies against FLAG-tag, PDE3A, and PKG-Iα. B and C, MS/MS identified a PDE3A-specific peptide containing a serine located at position 654
(predicted PKG phosphorylation site) that was only phosphorylated when cells were transfected with PDE3A and PKG-Iα. D, the antibody generated against
PKG-specific phosphorylation site, phospho-S654 in PDE3A, specifically recognized this modification when PDE3A expressed with PKG-Iα in HEK293T cells
and did not react with PDE3A expressed alone. E, the antibody specific to phospho-S654-PDE3A demonstrated dramatic changes of this PDE3A modification
in mouse model of ALI. Data represent mean ± SEM, n = 7. *p < 0.05 control versus lipopolysaccharide (LPS)-treated mice. HEK293T, human embryonic
kidney 293T cells; PDE3A, phosphodiesterase 3A; PKG-Iα, protein kinase G-Iα; S654, serine 654.
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functional regulation in vitro. myc-DDK-tagged wtPDE3A or
the S654A-PDE3A mutant was expressed in the presence or the
absence of PKG-Iα in HEK293T cells. IP analysis showed that
both wtPDE3A and the S654A-PDE3A mutant efficiently
interacted with PKG-Iα (Fig. 6A). wtPDE3A was also phos-
phorylated at S654, when the cells expressing wtPDE3A were
simultaneously transfected with PKG-Iα (Fig. 6B). However,
the S654A-PDE3A–PKG-Iα interaction (Fig. 6A) did not lead to
S654A-PDE3A mutant phosphorylation (Fig. 6B). The phos-
phorylation of wtPDE3A by PKG-Iα correlated with a decrease
in wtPDE3 activity (Fig. 6C) and a subsequent increase in
cAMP levels (Fig. 6D). In contrast, the activity of the phospho-
null S654A-PDE3A mutant (Fig. 6C) was unaffected, and cAMP
levels (Fig. 6D) were unchanged in the presence of PKG-Iα.
Together, these data clearly indicate that S654 is a previously
Figure 6. PKG-Iα–dependent phosphorylation of PDE3A at S654 inhibits P
HEK293T cells, overexpressed PKG-Iα associates with both wtPDE3A and muta
cells were treated with 8-bromo-cGMP (4 h). C, the activity of wtPDE3A was
PDE3A was unaffected. D, similarly, cAMP levels were increased by PKG-Iα o
S654A-PDE3A mutant. Data in B represent mean ± SEM, n = 3. *p < 0.05 wtPD
wtPDE3A + PKG-Iα. Data in C and D represent mean ± SEM, n = 4. *p < 0.05 w
mutPDE3A + PKG-Iα. HEK293T, human embryonic kidney 293T cells; PDE3A, p
unidentified PKG-dependent phosphorylation site in PDE3A
that negatively regulates PDE3A activity.
Discussion

Stimulation of soluble guanylate cyclases by nitric oxide or
nitric oxide–independent activators leads to intracellular
cGMP elevation and PKG-Iα activation. Moreover, soluble
guanylate cyclase activation is accompanied by an increase in
cAMP levels and PKA activity (31–33). This suggests direct
crosstalk between cGMP-dependent and cAMP-dependent
pathways. However, the molecular mechanisms underlying
this crosstalk are not completely understood. PKG-Iα is a well-
known cGMP-dependent modulator of vasorelaxation, which
acts, in part, via phosphorylation of actin cytoskeleton–
DE3A activity and protects intracellular cAMP from degradation. A, in
nt S654A-PDE3A. B, however, only wtPDE3A is phosphorylated at S654 when
also downregulated by PKG-Iα overexpression, whereas the S654A-mutant
verexpression in cells expressing wtPDE3A but not in cells expressing the
E3A alone versus wtPDE3A + PKG-Iα; †p < 0.05 mutPDE3A + PKG-Iα versus
tPDE3A alone versus wtPDE3A + PKG-Iα; †p < 0.05 wtPDE3A + PKG-Iα versus
hosphodiesterase 3A; PKG-Iα, protein kinase G-Iα; S654, serine 654.
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regulatory protein vasodilator-stimulated phosphoprotein
(VASP) at serine 239 (S239) (34, 35). However, recent publi-
cations have identified VASP-S239–independent effects of
PKG-Iα in smooth muscle cells, suggesting other PKG-Iα–
dependent regulatory mechanisms exist. These mechanisms
may involve PKG-dependent phosphorylation of MYPT1,
myosin light chain–targeting subunit of PP1 (36) and an
inhibitory phosphorylation of RhoA (37). In this study, we
show the involvement of PKG-Iα in the regulation of cAMP–
cGMP signaling crosstalk via an inhibitory phosphorylation of
the cAMP-degrading enzyme, PDE3A. The identified phos-
phorylation site, S654, is present in the C-terminal region of
PDE3A. Furthermore, we have confirmed that S654 phos-
phorylation status is crucial for PDE3A activity and intracel-
lular levels of cAMP. Mutation of S654 to A654 produced a
PDE3A mutant insensitive to PKG-Iα regulation. Recently,
PKA and PKC phosphorylation events have been identified in
PDE3A that stimulate its activity (38–40). The respective
phosphorylation sites, serine 312 (S312) and serine 428 (S428),
are present in the common N-terminal sequences in the
PDE3A1 and PDE3A2 splice variants, whereas the shorter
PDE3A3 variant lacks the N-terminal region containing S312

and S428 and cannot be modulated by PKA and PKC (40).
Interestingly, PDE3A1 is mainly phosphorylated by PKA at
S312, whereas PDE3A2 is mainly phosphorylated by PKC at
S428. This difference in regulation determines further speci-
ficity in protein–protein interactions and PDE3A stability (40).
In contrast, S654 is located in the common C-terminal region
of PDE3A, and, therefore, all three variants of the PDE3A
enzyme could be inhibited by PKG-Iα phosphorylation.
However, further studies will be required to investigate this
possibility.

Inhibition of cyclic nucleotide–specific PDEs is a thera-
peutic approach for a number of pathological states (41, 42).
Cyclic nucleotide–dependent cell signaling plays an important
role in the endothelial barrier–protective role in both cellular
and animal models of ALI–ARDS (13, 43). Various com-
pounds activating adenylate cyclase and, respectively, stimu-
lating cAMP synthesis (such as purine receptor agonists) are
protective against effects of LPS or other barrier-
compromising factors in vitro and in vivo (13, 43–45). How-
ever, this effect is rather transient, since cyclic nucleotides can
be rapidly degraded by specific PDEs. Moreover, some cAMP
effectors can actually stimulate PDE isoforms allowing the
termination of the signaling cascade (46). Therefore, active
cAMP-specific PDEs may be involved in the direct inhibition
of cAMP production. In our study of crosstalk in cyclic nu-
cleotides in ALI, we evaluated the activities of the three fam-
ilies of PDEs that regulate cAMP–cGMP crosstalk in the
vasculature: PDE2, PDE3A, and PDE5 (26, 28). It is well
documented that PDEs 2, 3, and 5 are involved in the
modulation of cGMP-dependent cell signaling. PDE2 is
cGMP-specific PDE, whereas PDE5 is cGMP-activated cAMP-
specific PDE (28). Our data show a specific perturbance of
cyclic nucleotide signaling in LPS-exposed lung tissues. We
found that LPS exposure activated PDE3A and inhibited PDE5.
As a result, cAMP levels are diminished, and cGMP levels are
6 J. Biol. Chem. (2021) 297(2) 100946
elevated. However, cGMP elevation did not result in PKG-Iα
activation because of the inhibitory effect of a peroxynitrite-
induced modification resulting in the nitration of the protein
at Y247 nitration.

PDE3 is one of the critical regulators of cAMP-dependent
signaling cascades. It is rather unique among other cAMP-
specific PDEs because of its very low Km toward cAMP as a
substrate (47), which indicates that PDE3 is able to regulate
basal levels of cAMP, and its activation does not depend on an
increase in intracellular cAMP concentration. In contrast,
other cAMP-specific PDEs require high levels of cAMP for an
efficient downregulation of cAMP signaling. Together, this
suggests that PDE3 may be particularly critical for the efficient
downregulation of stimuli-induced cAMP signaling as it will
already be active at early stages of the cAMP induction pro-
cess. In addition, recent studies have revealed PDE3 specificity
toward cUMP, novel cyclic nucleotide secondary messenger
involved in the regulation of PKG–PKA activities (reviewed in
Ref. (48)). However, the importance of cUMP in the regulation
of the endothelial function and pulmonary pathology will
require further investigation. Recently, intracellular compart-
mentalization of PDE3A has been shown to exist, and its
involvement in signalosome complexes suggests it plays an
important role in fine tuning of cyclic nucleotide–induced
signaling (49). PDE3 activity is also critical for the regulation
of endothelial permeability via cytoskeletal rearrangements.
Thus, the inhibition of PDE3 itself may have the barrier-
enhancing effects. Indeed, in primary rat brain capillary
endothelial cells and human brain microvascular endothelial
cells, treatment with the PDE3 inhibitor, cilostazol, led to
reorganization of F-actin, a dramatic increase in the expression
of the tight junction protein, claudin-5, and barrier enhance-
ment (50, 51). Cilostazol treatment also protected the barrier
integrity of human brain microvascular endothelial cells from
ethanol-induced disruption (52). The effects of cilostazol are
abolished by PKA inhibition (50–52), suggesting that PDE3
inhibition increases basal levels of cAMP and stimulates PKA-
dependent signaling. Therefore, PKG-Iα–dependent control of
PDE3A activity via S654 phosphorylation in pulmonary endo-
thelium could be absolutely critical for maintaining barrier
integrity. Conversely, LPS-induced inhibition of PKG-Iα via
Y247 nitration may be sufficient to initiate endothelial barrier
disruption secondary to PDE3A activation and a decrease in
cAMP levels.

PKG-Iα has been shown to act as redox effector, since under
oxidative stress conditions, the enzyme is activated by dimer-
ization via S–S bond formation (53, 54). This activation occurs
in the absence of cGMP (53, 54) and is considered to be a cell-
defensive mechanism. However, in ALI, when oxidative stress
is also accompanied by increases in peroxynitrite formation,
nitration of Y247 ultimately leads to PKG-Iα inhibition, and we
show here that Y247 nitration, which impairs binding of cGMP
by PKG-Iα (17), keeps the protein kinase in an inactive state
even in the presence of cGMP. This inhibition likely plays a
role in the endothelial barrier dysfunction associated with LPS,
at least in part, through the resulting increase in PDE3A ac-
tivity and the subsequent increased degradation of cAMP.
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Basal cAMP levels are important in maintaining the endo-
thelial barrier, and ALI-induced endothelial integrity loss is
characterized by decreases in intracellular cAMP (14, 15) fol-
lowed by inhibition of the barrier-protective effectors PKA and
Epac-1 as well as small GTPase, Rac-1, all of which have been
shown to be critical for maintaining endothelial integrity (55).
Furthermore, our data suggest that under normal physiological
conditions, PKG-Iα controls basal levels of cAMP. The pro-
tective effects of peroxynitrite scavenging in our experiments
suggest a link between decreased PKG-Iα tyrosine nitration
and the recovery of basal levels of cAMP.

Thus, in conclusion, we have elucidated a novel aspect of
intracellular cAMP regulation via a cGMP-dependent
pathway. This cyclic nucleotide crosstalk is regulated by
cGMP-dependent PKG-Iα via an inhibitory phosphorylation
of cAMP-specific PDE3A. Inhibition of PKG-Iα activity by
nitration during ALI results in a dramatic loss of intracellular
cAMP secondary to PDE3A activation, which is then followed
by endothelial barrier disruption (summarized in Fig. 7).
Finally, we speculate that the novel functional link described
Figure 7. Schematic representation of PKG-Iα–dependent cAMP/cGMP
crosstalk in pulmonary endothelial cells. A, under normal physiological
conditions, NO-mediated cGMP generation activates PKG-Iα leading to
inhibitory phosphorylation of PDE3A at S654. This results in cAMP elevation
and stimulation of barrier-enhancing effectors. B, LPS-mediated generation
of peroxynitrite inhibits PKG-Iα via protein tyrosine nitration. Although
cGMP levels are high because of LPS-dependent inhibition of PDE5, nitrated
PKG-Iα cannot phosphorylate and inhibit PDE3A. This leads to PDE3A-
dependent cAMP degradation and impaired barrier function. LPS, lipo-
polysaccharide; PDE3A, phosphodiesterase 3A; PKG-Iα, protein kinase G-Iα;
NO, nitric oxide; S654, serine 654.
here may result in new approaches to ALI focused on pre-
venting PKG-Iα nitration, thereby maintaining cAMP levels
and leading to the protection of the pulmonary endothelial
barrier.

Experimental procedures

Materials

Goat polyclonal anti-PKG-Iα antibodies were from Santa
Cruz Biotechnology; mouse monoclonal antinitrotyrosine
antibody (clone: CC22.8C7.3) was from EMD Biosciences,
Inc; rabbit polyclonal anti-pSer239VASP, rabbit polyclonal
anti-VASP, rabbit polyclonal anti-PKAcat, and rabbit poly-
clonal PDE5 antibodies were from Cell Signaling; rabbit
polyclonal anti-PDE2A antibodies were from Abcam; rabbit
polyclonal anti-PDE3A antibodies were from LS Bio; mouse
monoclonal anti-ß-actin antibody (clone: AC-15) and
MnTMPyP were from Sigma Life Sciences; cGMP/AMP EIA
Kits, 8-bromo-cGMP, and DHR were from Cayman Chemi-
cal; and a nonradioisotopic kit for measuring PKG activity
was from Cyclex Co, Ltd. The Y247-nitration–specific PKG-Iα
antibody was generated as described (17). Phospho-S654–
specific PDE3A antibody was generated in rabbits by Gen-
Script using a peptide derived from human PDE3A protein
sequence (NP_000912), PLRKA(pS654)ACSTYAPE, as an
antigen.

Measurement of peroxynitrite levels

The formation of peroxynitrite (ONOO−) was determined
by the ONOO−-dependent oxidation of DHR123 to rhodamine
123 in peripheral lung tissue obtained from control and LPS-
exposed mice (56). Tissues were pulverized; 10 mg of tissue
was placed in a microfuge tube, 100 μl of PBS was added, and
vortexed three times for 10 s. The lysate was incubated with
PEG-labeled catalase (100 U) to reduce hydrogen peroxide–
dependent DHR123 oxidation, for 30 min and then added to
a 96-well black plate in the presence of 5 μmol/l DHR123 in
PBS for 1 h. In both cases, the fluorescence of rhodamine 123
was measured at excitation 485 nm and emission 545 nm using
a Fluoroskan Ascent Microplate Fluorometer (ThermoFisher
Scientific).

Immunoblotting analysis

Cells or peripheral lung tissue were lysed in Triton X-100
lysis buffer (containing protease and phosphatase inhibitors),
centrifuged at 6000g, and the supernatant was collected as
previously described (57, 58). Tissue and cell extracts (25 μg)
were resolved using 4 to 20% SDS-PAGE, electrophoretically
transferred to Immuno-Blot PVDF membrane (Bio-Rad Lab-
oratories), and blocked with 5% nonfat dry milk in Tris-
buffered saline with 0.1% Tween-20. The membranes were
probed with respective primary and secondary antibodies.
Reactive protein bands were visualized using chem-
iluminescence (Pierce Laboratories) using either a Kodak
440CF image station or LI-COR Odyssey image station. Bands
were quantified using either Kodak 1D image processing
J. Biol. Chem. (2021) 297(2) 100946 7
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software or LI-COR Image Station software. Expression was
normalized by reprobing membranes with anti β-actin.
IP analysis

Cells or lung tissues were homogenized in 3× weight/vol-
ume of IP buffer (25 mM Hepes, pH 7.5, 150 mM NaCl, 1%
NP-40, 10 mM MgCl2, 1 mM EDTA, 2% glycerol, and sup-
plemented with protease and phosphatase inhibitors). Ho-
mogenates were centrifuged at 20,000g at 4 �C for 10 min, the
supernatants were collected, and protein concentrations were
quantified using Bio-Rad DC Protein Assay (Bio-Rad Labora-
tories). To 1000 μg of total protein, 4 μg of antibodies were
added; the volumes were adjusted to 1 ml with IP buffer, and
the mixtures were rotated at 4 �C overnight. To precipitate the
protein–antibody complexes, 30 μl of protein G plus agarose
suspension (EMD Biosciences, Inc) were added, and the
samples were rotated for 2 h at 4 �C. To collect the bead-
bound complexes, the samples were centrifuged at 2000g for
5 min, the supernatants were discarded, and the beads were
washed three times with 0.5 ml of IP buffer. Then 30 μl of 2×
Laemmli buffer were added to each sample, and the samples
were boiled for 5 min and analyzed by 4 to 20% Tris–SDS–
Hepes PAGE followed by immunoblotting.
Determination of PKG and PKA activities

Total PKG activity was determined using a nonradioactive
immunoassay to measure PKG-mediated phosphorylation of a
synthetic substrate, according to the manufacturer’s directions
and as described (17). 8-Br cGMP was used to activate PKG to
ensure that endogenous cGMP was not a limiting factor, as per
the manufacturer’s instructions. The results were expressed as
picomoles of phosphate incorporated into the glutathione-S-
transferase-G substrate fusion protein in the presence of
cGMP (10 μM) per minute per microgram of total protein
(pmol/min/μg) at 30 �C. PKA activity was evaluated in tissue
extracts using PepTag Non-Radioactive PKA assay (Promega)
according to the manufacturer’s manual.
Measurement of cAMP and cGMP levels

Cells were lysed in 0.1 M HCl, and the supernatant was
collected by centrifugation at 1000g for 10 min. Subsequently,
cGMP–cAMP levels were measured using immunoassay-
based EIA kits (Cayman Chemical), according to the manu-
facturer’s protocol.

For tissue cGMP–cAMP determinations, lung tissue sam-
ples were snap frozen in liquid nitrogen and stored at −80 oC
until use. For the assays, the tissues were ground into a fine
powder under liquid nitrogen. Powdered samples were
weighed, homogenized, and dissolved in 10 volumes of 0.1 M
HCl, yielding units of picograms/milliliter, and centrifuged at
6000g at RT. cGMP levels were measured with the Assay
Design EIA direct cGMP kit, acetylated version (Assay
Design), according to the manufacturer’s instructions.
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Cell culture

HEK293T cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 1%
antibiotics–antimycotics at 37 �C in a humidified atmosphere
with 5% CO2. For transient transfection, Effectene (Qiagen) or
ViaFect (Promega) transfection reagents were used according
to the manufacturer’s instructions. To stimulate protein
tyrosine nitration, the cells were treated with 500 μM 3-
morpholinosydnonimine (peroxynitrite generator) for 1 h.

PDE activity assays

Determination of PDE5 activity

For determination of PDE5 activity, mouse peripheral lung
extracts (~25 μg) were incubated in the presence of dimethyl
sulfoxide (DMSO) or the PDE5 inhibitor, sildenafil (1 μM), for
1 h at RT in a 1.5-ml microfuge tube. The levels of cGMP were
measured using an immunoassay-based EIA kit, according to
the manufacturer’s protocol. The difference between cGMP
levels in samples in the presence and absence of sildenafil was
presumed to be the cGMP degraded by PDE5 and therefore a
readout of PDE5 activity. The results were reported as fem-
tomoles of cGMP degraded per minute at 25 �C per micro-
gram of total protein (fmol/min/μg).

Determination of PDE2 and PDE3 activity

PDE3 and PDE2 activity was determined in mouse periph-
eral lung extracts, and PDE3 activity was determined in
HEK293T cell lysates using the Bridge-It cAMP PDE Assay kit.
For determination of PDE3 activity, equal protein (~25 μg)
from each sample was incubated in the presence of DMSO or
the PDE3 inhibitor, cilostamide (50 μM), for 1 h at RT in a
1.5-ml microfuge tube. Similarly, for determination of PDE2
activity, equal protein (~25 μg) from each sample was incu-
bated in the presence of DMSO or the PDE2 inhibitor, BAY-60
to 7550 (2 μM), for 1 h at RT in a 1.5-ml microfuge tube.
Subsequently, cAMP (600 nM) and PDE reaction buffer were
added, and the mixture was incubated for 1 h at RT. The re-
action was stopped, PDE assay solution was added, and the
mixture was transferred to a 96-well black plate. After 30 min,
the fluorescence intensity was read at excitation/emission
490/535 nm in a Fluoroskan Ascent Microplate Fluorometer.
The concentrations of cAMP in each duplicate sample were
determined through extrapolation from a standard curve, ac-
cording to the manufacturer’s instructions. The difference
between cAMP levels in samples in the presence and absence
of the specific PDE inhibitor was presumed to be the cAMP
degraded by the respective PDE and therefore a readout of
either PDE3 or PDE2 activity. The results were reported as
femtomoles of cAMP degraded per minute at 25 �C per
microgram of total protein (fmol/min/μg).

Animals

All animal housing protocols were approved by the Insti-
tutional Animal Care and Use Committee in facilities
accredited by American Association for the Accreditation of
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Laboratory Animal Care at Augusta University and the Uni-
versity of Arizona. Mice were injected intraperitoneally with
Escherichia coli 0111:B4 lipopolysaccharide (6.75 × 104 EU/g
body weight; Sigma–Aldrich) prepared in 0.9% saline, whereas
control mice received vehicle (0.9% saline). Mice were eutha-
nized 12 h after lipopolysaccharide injection, and the lungs
were flushed with ice-cold EDTA–PBS, excised, snap frozen in
liquid nitrogen, and stored at −80 �C until used.
MALDI-TOF MS

PDE3A and PKG-Iα constructs were transiently transfected
in HEK293 cells for 48 h. PDE3A was immunoprecipitated
from the cell lysates as described previously. The protein was
resolved using 4 to 20% Tris–glycine SDS-PAGE and visual-
ized by colloidal Coomassie stain (Bio-Rad Laboratories). The
band corresponding to PDE3A (approximately 130 kDa) was
excised and destained with 100 mM ammonium bicarbonate/
50% (v/v) acetonitrile. Protein in gel was subjected to reduc-
tion and alkylation of cysteine residues before overnight in-gel
digestion with chymotrypsin in 100 mM Tris–HCl containing
10 mM CaCl2. The peptides were extracted with 0.1% TFA,
60% acetonitrile, and evaporated to near dryness. MS analysis
of PDE3A was then performed as described (59). All spectra
were taken on an ABSciex 5800 MALDI-TOF mass spec-
trometer in positive reflector mode (10 kV) with a matrix of
cyano-4-hydroxycinnamic acid. At least 1000 laser shots were
averaged to get each spectrum. The masses were calibrated to
known peptide standards. The MS spectra were analyzed in
the ProteinPilot software package (AB Sciex).
Statistical analysis

Statistical calculations were performed using the GraphPad
Prism software (GraphPad Software, Inc). The mean ± SEM
was calculated for all samples. Statistical significance was
determined either by the unpaired t test (for two groups) or
ANOVA (for three and/or more groups) with Newman–Keuls
post hoc testing. A value of p < 0.05 was considered
significant.
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