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Proteomic surveys of the mouse heart
unveil cardiovascular responses to nitric
oxide/cGMP signaling deficiencies
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Diminished bioavailability of nitric oxide (NO) contributes to the pathogenesis of cardiometabolic
disorders. However, the alterations in signaling under NO deficiency remain mostly unknown. We
combined genetics and proteomics to quantify changes in the heart proteome, phosphoproteome,
and S-nitrosocysteine proteome in mice lacking nitric oxide synthases (NOS1, NOS2, NOS3), lacking
all three enzymes (tNOS), or the alpha 1-regulatory subunit of the soluble guanylate cyclase (sGCα1).
Modest changes of less than 1% in the proteomeand4% in thephosphoproteome in singleNOSgene
or sGCα1 null mouse hearts indicate sufficient biological compensation. In contrast, the number of
S-nitrosylated proteins declined by 80%, 57%, and 35% in NOS3, NOS1, and NOS2 null mice,
respectively. A 21% remodeling of the proteome and 9% of the phosphoproteome in the tNOS null
mice included integral kinases that provide adaptive rewiring of signaling. The data revealed the
emergence of enhanced mitogen-activated-kinases Mapk3/Mapk1 signaling, documented by
increased phosphorylation of these kinases and their downstream targets. The data highlight that
adaptive compensation of signaling prevents overt phenotypes during NO signaling deficits. In
contrast, maladaptive signaling via Mapk3/Mapk1 may promote pathological cardiomyopathy that
progressively develops in the tNOS null mice.

Reduced bioavailability of NO and downstream signaling contribute to the
pathogenesis of hypertension, diminished cardiac and endothelial cell
function, and cardiometabolic disorders1–13. Genetic predisposition or
pharmacological interventions that enhance NO-signaling protect against
cardiovascular diseases5,14. The canonical biochemical pathway that
accomplishes NO signaling is a tiered biological process that includes three
enzyme families, nitric oxide synthases (NOS), soluble guanylate cyclase
(sGC; gene annotation Gucy1α1/Gucy1β1), and cGMP-dependent protein
kinases (Prkg), and three small molecules NO, cyclic guanosine mono-
phosphate (cGMP), and ATP1–4,15–19. The signaling begins with the enzy-
matic generation of NO by the three principal NOS isoforms. In the heart,
NO is generated by NOS3 and NOS1, and to a lesser level by NOS2, in
a highly regulated manner. NO binds to the iron in the heme center of the

β subunit of the sGC, leading to the conversion of guanosine triphosphate to
cGMP. Downstream of cGMP are the cGMP-dependent protein kinases,
primarily the Ser/Thr kinases Prkg1 and Prkg2. Prkg1α is the predominant
isoformexpressed in the cardiovascular system15–19. Thebindingof cGMPto
allosteric sites in the regulatory domain of the Prkg1 isozymes increases the
catalytic activity, leading to the phosphorylation of client proteins15–19. This
canonical signaling cascade is terminated in reverse order, by phosphatase-
mediated dephosphorylation, removal of cGMP by phosphodiesterases,
elimination of NO by competing reactions with metalloenzymes or super-
oxide, and termination of NO production by NOS.

The NO-mediated formation of protein S-nitrosocysteine also pro-
vides complementary signaling and regulation of protein function. This
reversible post-translational modification (often designated as cysteine
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S-nitrosylation) is implicated in the regulation of calcium homeostasis,
transcription factors, protein kinases, and metabolic pathways20–30. Overall,
the NOS/NO signaling is exceptionally regulated and fine-tuned to provide
spatial and temporal signaling that accomplishes diverse paracrine and
autocrine biological functions within the cardiovascular system.

Despite considerable knowledge regarding the NOS enzymes, sGC,
and Prkg1, the changes in this signaling pathway under conditions of NO
deficiency are unknown. Therefore, we quantified changes in the heart
proteome, phosphoproteome, and S-nitrosocysteine proteome in mice
lacking all three NOS enzymes, the alpha 1-regulatory subunit of sGC, and
mice null for each NOS enzyme. These mice have been well characterized,
and age-dependent cardiovascular alterations that reproduce human phe-
notypes have been documented31–42. To acquire and analyze these pro-
teomes, we employed established mass spectrometry-based (MS/MS)
platforms and bioinformatics that we used previously in variousmouse and
human tissues27,30,43. Analysis of the data was centered on two questions: (1)
how does the heart proteome and signaling adjust to NO/cGMP defi-
ciencies, and (2) what aberrant changes in the proteome or signaling may
explain the phenotypes described in mice with NOS and sGC genetic
deletions.

Results
We acquired and analyzed the proteome, phosphoproteome, and
S-nitrosocysteineproteomeofhearts frommalewild-typeC57BL/6Jmice as
well as mice with known genetic deficiencies in the nitric oxide-cGMP
signaling pathway. The experimental workflow for the acquisition,

identification, quantification, and bioinformatic analysis of mouse heart
proteomes is depicted in Fig. 1a. Simultaneous analysis of the three pro-
teomes provides a comprehensive view of signaling landscapes under
diminished NO-cGMP signaling.

The mouse heart proteome landscape under NO/cGMP
deficiency
We detected 3973 proteins in the mouse heart across all genotypes (Sup-
plementary Data 1 and Supplementary Fig. 1a). The detected proteins
spanned at least seven orders of magnitude in relative abundance and
mirrored the distribution of a curated mouse heart reference proteome
(Fig. 1b). We constructed the reference mouse heart proteome by down-
loading the MS/MS-based Data from the PAXdb: Protein Abundance
Database44, which we then mapped using UniProtKB45 to generate a list of
7071 mouse heart proteins (Supplementary Data 1).

The changes in the heart proteome of each genotypically different
mouse against the wild-type mice were statistically evaluated using the
Limma t-test and an adjusted p-value < 0.05 for significant differences. The
mice with a single NOS gene deletion exhibited minimal changes ranging
fromfourproteins inNOS1, three inNOS2, andnone in theNOS3nullmice
whereas 21 proteins were different in sGCα1 null hearts as compared to
wild-type (Supplementary Fig. 1a). The MS/MS data identified expected
results such as the presence of beta 1 but not of alpha 1 subunit of sGC in the
sGCα1 null hearts and the absence of NOS3 from the NOS3 and tNOS null
mice (Supplementary Data 1). The tNOS null mice exhibited extensive
remodeling of the proteome as the relative abundance of 814 proteins was
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Fig. 1 | Proteomic landscapes of themale mouse heart. aGraphical representation
of the experimental workflow for the acquisition, identification, quantification,
and bioinformatic analysis of mouse heart proteome, phosphoproteome, and
S-nitrosocysteine proteomes. The figure was created using BioRender (license to
Mohanty, I., 2024, https://biorender.com/z60z971), and the data images were gen-
erated from our proteomic analysis. b Histogram plot of the relative abundance of
the 3,663 proteins quantified in all genotypes (purple) and 816 that are statistically
different in the tNOS null mice, adjusted p-value < 0.05 (red). The proteome was
acquired from n = 5 wild-type, n = 4 NOS1, n = 5 NOS2, n = 5 NOS3, n = 4 sGCα1

and n = 5 tNOS null mice. The gray bars represent the distribution of the manually
curated and integrated reference mouse heart proteome of 7071 proteins.
cHistogram of the relative abundance of phosphoproteins detected in all genotypes.
1064 proteins were identified only by the phosphorylation site (light green), whereas
1072 were detected in the proteome and phosphoproteome (blue). The phospho-
proteome was acquired from n = 5 wild-type, n = 4 NOS1, n = 5 NOS2, n = 5 NOS3,
n = 4 sGCα1 and n = 5 tNOS null mice. d Cumulative frequency histogram of the
relative abundance of 415 S-nitrosylated proteins (red) in thewild-typemouse,n = 6.
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statistically different from the wild-type controls. The distribution of pro-
teins for thepairwise comparisonbetween the tNOSnull andwild-typemice
is depicted in the MA plot (Fig. 2a) and a typical volcano plot (Supple-
mentary Fig. 1b). Principal component analysis segregated the tNOS null
mice from the wild type (Supplementary Fig. 1c).

The analysis indicated that the relative abundance of 448 proteins
decreased and 366 increased in the tNOS null compared to wild-type mice.
The major biological pathways represented within the 448 proteins were
cellular respiration, oxidative phosphorylation, long-chain fatty acid oxi-
dation, and branched amino acid catabolism (Fig. 2b, and supplementary
Fig. 2). Consistent with the enrichment data, 141 of the 448 proteins are
localized in the mitochondria and are functionally linked to metabolic
activities (Supplementary Data 1, and supplementary Fig. 2). Biological
processes enriched within proteins with increased relative levels included
mRNAprocesses essential for translationandproteins that participate in the
organization of cytoskeletal structures (Fig. 2c). Collectively alterations in
the tNOS null mouse heart proteome prioritize protein synthesis to main-
tain cellular integrity and an intact contractile apparatus while failing to
secure adequate levels of proteins in metabolic pathways.

The mouse heart phosphoproteome landscape in NO/cGMP
deficiency
The number of phosphosites and phosphoproteins detected in each geno-
type is depicted in Fig. 3a, supplementary Fig. 3a, and Supplementary
Data 2. We detected 12,528 unique phosphorylation sites mapped to 2136
proteins across all six genotypes. We observed a typical distribution of
phosphorylation 80.3% on serine, 17% on threonine, and 2.7% on tyrosine
residues. Of the 2136 phosphoproteins, 1072 were also detected in the
proteome, whereas 1064 were identified based on the detection of phos-
phosites. The distribution of the relative abundance of these two groups is
depicted in Fig. 1c, showing a greater number of proteins with lower
abundance detected only as phosphoproteins. A core of 1616 phospho-
proteins representing 76% of phosphoproteins detectedwere shared among
all genotypes (Supplementary Fig. 3b). Like the proteome, deletion of a
single NOS gene resulted in small perturbations in the relative levels of

phosphosites ranging from 0.84, 0.23, and 0.02% for NOS1, NOS2, and
NOS3, respectively, compared to the wild type. Correspondingly 3.5, 1.1,
and 0.06% of the quantified phosphoproteins differed in the NOS1,
NOS2, and NOS3 null mice, respectively. Modest changes, 3.7% of phos-
phosites and 1.5% of phosphoproteins, were also quantified in the sGCα1
null mice. In the tNOS null mouse heart, 401 phosphorylation sites were
regulated, 150 had decreased, and 251 increased phosphorylation (adjusted
p-value < 0.05) compared to wild type (Supplementary Fig. 4a, Supple-
mentary Data 2). Principal component analysis further confirms the dif-
ferences between tNOS null and wild-type mice (Supplementary Fig. 4b).
The 401 regulated sitesweremapped to 161 proteins representing 9% of the
phosphoproteins quantified in tNOSnullmice.Keybiological processes and
pathways enriched among the 161 regulated phosphoproteins included
functional clusters important in cardiomyocyte physiology such as con-
traction, membrane potential, cellular junction organization, and growth
regulation (Fig. 3b).

The mouse heart S-nitrosocysteine proteome under deficient
production of NO/cGMP
Using our previously established chemoselective enrichment platform27,43,
we precisely identified 728 S-nitrosocysteine residues in 415 proteins in the
wild-type mouse hearts (Supplementary Data 3). Unlike phosphorylation,
which canbederivedbymultiple overlappingkinase activities utilizingATP,
S-nitrosocysteine formation is restricted by nitric oxide levels. As such,
single-gene deletion of NOS impacted the formation and detection of
S-nitrosylated cysteine residues.We report an 85%, 68%, and38% reduction
in the S-nitrosylated cysteine residues identified inNOS3,NOS1, andNOS2
null mice, respectively. Correspondingly, an 80%, 57%, and 35% reduction
in the number of S-nitrosylated proteins were quantified in the NOS3,
NOS1, and NOS2 null mice respectively (Fig. 4a). The data indicated that
NOS3 is a major contributor to heart protein S-nitrosylation followed by
NOS1, which in part is consistent with the relative abundance of the NOS
isoforms in the mouse heart under physiological conditions34,46,47. The
relative abundance value from theMS/MS-based detection of NOS3 is 12.4,
whereas NOS1 is 0.03, and NOS2 is non-detectable by MS/MS
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Fig. 2 | Alterations in the mouse heart proteome. aA scatter MA plot depicting on
the X-axis the relative abundance and Y-axis the log2 fold change of the 3979
proteins quantified in tNOS (n = 5) and wild type (n = 5) mice. The 816 significantly
different proteins in the tNOS null mice hearts are depicted in red. b Biological
processes enriched in the 366 proteins with increased relative levels in the hearts of

tNOS mice compared to wild type. c Biological processes enriched in the 450 pro-
teins, in which the relative levels were decreased in tNOS compared to wild-type
mice. The X-axis indicates the enrichment ratio, the size of the circles indicates the
number of proteins in the cluster, and the color heat bar indicates the false discovery
rate values (FDR) of enrichment.
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(Supplementary Data 1). We detected 41 sites in 41 proteins in the tNOS
null heart. S-nitrosylated sites in the tNOS null may indicate the generation
of nitric oxide intermediates derived from dietary nitrate/nitrite or possibly
false identification of S-nitrosylated cysteine residues. Because of this
uncertainty, we removed these sites and proteins from all subsequent ana-
lyses. Proteins modified by S-nitrosylation participate in the generation of
ATP through actions in pyruvate metabolism, oxidative phosphorylation,
long-chain fatty acid oxidation, and branch-chain amino acid metabolism
(Fig. 4b), reaffirming previous observations that S-nitrosylation in the
mouse heart is enriched among proteins in metabolic processes30. The siz-
able absence of 330 S-nitrosylated proteins in NOS3 null hearts, of which

138 proteins are assigned metabolic functions and 107 are localized in
mitochondria (Fig. 4c), may explain the cardiometabolic deficits in these
mice in the absence of significant deficits in the proteome and phospho-
proteome.NOS3mice butnotNOS1andNOS2nullmicehavedocumented
cardiometabolic deficits48–50.

Proteomic and signaling changes in functional pathways
To further explore the alterations in signaling we curated major functional
clusters in the cardiovascular system, specifically, the NO-cGMP pathway,
cardiomyocyte contraction, type-1 angiotensin II receptor (AT1R), glucose
metabolism, tricarboxylic acid and oxidative phosphorylation, lipid, and
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Fig. 4 | Analysis of the cysteine S-nitrosylation proteome. a The bars indicate the
number of precisely identified S-nitrosocysteine sites (red) and the corresponding
proteins (blue) for each genotype (n = 6 wild-type, n = 6 NOS1, n = 6 NOS2, n = 6
NOS3, null mice). Insert indicates the relative abundance levels of the NOS isoforms
in themouse heart. bGeneOntology analysis for biological processes enriched in the

336 proteins that are S-nitrosylated in wild-type but not in NOS3 mouse hearts. The
X-axis indicates the combined score, the natural log of the p-value multiplied by the
z-score, where the z-score is the deviation from the expected rank from the Enrichr95

analysis. cThe same asb for the cellular component, indicating the localization of the
proteins.

a                                                                                     b       

Fig. 3 | Changes in the phosphoproteome of the male mouse heart. a Bars
represent the number of phosphosites detected in each genotype (n = 5 wild-type,
n = 4 NOS1, n = 5 NOS2, n = 5 NOS3, n = 4 sGCα1, and n = 5 tNOS null mice). The
number of significantly different from wild-type (adjusted p-value < 0.05) regulated
sites is indicated in red and in parentheses. b Gene ontology enrichment analysis of

the 161 phosphoproteins with 401 regulated phosphosites in the tNOS null mice.
The data depicts four major enriched biological processes. The size of the circles
indicates the number of proteins in the cluster, and the color bar signifies the fold
change from the wild-type mice.

https://doi.org/10.1038/s42003-025-08203-8 Article

Communications Biology |           (2025) 8:817 4

www.nature.com/commsbio


branched-chain amino acids metabolism, responses to stress and redox
regulation, autophagy, cell death, and both positive and negative regulation
of cardiac hypertrophy. To construct these reference sub-proteomes, we
collected data from three primary databases, UniProt-KB45, the Kyoto
Encyclopedia of Genes and Genomes51, and Reactome52, followed by
literature-based manual curation. We then mapped changes in these clus-
ters for the proteome, phosphoproteome, and S-nitrosocysteine proteome,
for each mouse genotype (Fig. 5a, Supplementary Data 4, and Supple-
mentary Figs. 5-7). The NOS-sGC-Prkg1/2 pathway includes 32 proteins
that participate in the production of nitric oxide, the production and
destruction of cGMP, the Prkg1/2 kinases, and 73 curated downstream
phosphorylation clients of Prkg1/2. Of the 105 proteins, we detected 60, of
which 24 were regulated in the tNOS null mice, indicating a significant
disturbance in this signaling pathway under severe loss of nitric oxide
(Fig. 5b). Themetabolic pathways were also significantly impacted in tNOS
null mice, primarily due to changes in the proteome and S-nitrosocysteine
proteome. Cardiomyocyte contraction a primary function of the cardio-
myocytes was also influenced (21% regulated) in tNOS null mice (Fig. 5c).
Cardiac muscle contraction was also highly enriched in the regulated
phosphoproteome of the NOS1 null mice, a finding consistent with the
known function of this enzyme in the regulation of cardiomyocyte
contraction34,46,47. Specifically, the data in NOS1 null mice showed altered
phosphorylation of primary proteins participating in contraction such as
troponin I, sodium channel protein type 5 subunit alpha, protein phos-
phatase 1 regulatory subunit 12A,myosin-6, titin, and secondary regulators
such as desmin, plasma membrane calcium-transporting ATPase 1, myo-
mesin-1, PGC-1 and ERR-induced regulator in muscle protein 1 were
quantified (Supplementary Data 2).

Kinases and phosphatases in NO/cGMP deficiency
Since signaling is typically amulti-tiered cascade, we inspected changes in
kinases and phosphatases in the tNOS null mice. Using multiple protein

database sources, we identified 293 kinases expressed in mouse hearts
(SupplementaryData 5) of which 94were detected at the proteome, 100 at
the phosphoproteome, and 10 at the S-nitrosocysteine proteome (Fig. 6a).
The relative levels of 20 kinases were regulated in the tNOS null mice
proteome (Fig. 6b). The levels of mitochondrial pyruvate dehydrogenase
kinase isozyme 4, a regulator of pyruvatemetabolism, were also decreased
in the sGCα1 null mice. Twenty-two phosphosites in 11 kinases were
regulated in the tNOS null mice heart (Fig. 6c). These regulated phos-
phosites represented known sites of autophosphorylation or regulatory
phosphorylation events in response to various stimuli (Supplementary
Data 5). Known regulatory sites included Ser2481 in the serine/threonine-
protein kinase mTOR, Thr196 in cAMP-dependent protein kinase cata-
lytic subunit alpha (PKA C-alpha), and Thr193 in STE20-like serine/
threonine-protein kinase. In wild-type mice, a total of 13 sites of
S-nitrosylation were identified in 10 kinases, including previously
reported S-nitrosylated kinases 5’-AMP-activated protein kinase catalytic
subunit alpha-2, integrin-linked protein kinase, striated muscle-specific
serine/threonine-protein kinase, and glycogen synthase kinase-3 beta25,29.
Based on the known biological functions of the regulated kinases, it
appears that five central nodes of signaling are regulated under severe NO
signaling deficit (Supplementary Fig. 8). Kinases participating in the
regulation of wingless-related integration site signaling and cell death are
downregulated, suggesting potential protective adaptive signaling
responses. Kinases important for signaling required for cardiomyocyte
contraction are upregulated or activated. Integral multifunctional kinases
AMPK, Akt, Mtor, Gsk3b, and Pdk4, which primarily coordinate and
regulate metabolic processes, are also regulated, reflecting an adaptive
signaling response to the proteomic changes in metabolic proteins. This
coordinated kinase response likely accounts for the increased phosphor-
ylation levels in 251 of the 401 regulated phosphosites in tNOS null mice.
The increased phosphorylation is mapped to proteins that regulate
cytoskeletal dynamics, contraction, calcium homeostasis, and autophagy

cba

Nos1/ Nos2/ Nos3

Gucy1α1/1β1

Prkg1α/β

Protein phosphorylation

cGMP

NO

ATP

Fig. 5 | Pathway-specific analysis in the tNOS null mice. aManually curated sub-
proteomes for major functional pathways were used to identify proteins, and
phosphoproteins detected and/or regulated in the tNOS null mice. The number of
regulated proteins includes S-nitrosylated proteins in thewild-type hearts, which are
missing in the tNOS null mice. b Graphical depiction of the canonical signaling

cascade of NO/cGMP that includes downstream targets of Prkg1 phosphorylation
and a heat map depicting changes in the proteome and phosphoproteome in this
pathway for all genotypes. c Heat map depicting changes in the proteome and
phosphoproteome for the cardiomyocyte contraction pathway. White boxes indi-
cate that the protein or the phosphoprotein was not detected.
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in the heart, consistent with the known activity of the regulated kinases
(Supplementary Fig. 8).

We also curated 116 phosphatases in cardiomyocytes of which 41were
detected in the proteome and the phosphoproteome (Fig. 6a). The relative
protein levels of dual specificity protein phosphatase 23 (DUSP23), serine/
threonine-protein phosphatase 2A, and serine/threonine-protein phos-
phatase PP1-beta catalytic subunit decreased, while the levels of serine/
threonine-proteinphosphatasePP1-gammacatalytic subunit, and receptor-
type tyrosine-protein phosphatase mu increased in the tNOS null mice. An
increase in phosphosite Ser461 in protein phosphatase Slingshot homolog 2
was the only significant change in the phosphoproteome of tNOS nullmice.
Four phosphatases were S-nitrosylated at a single site in wild-type mice
(Supplementary Data 5).

Characterizing emergent changes in signaling during NO/cGMP
deficiency
The MS/MS Data indicated increased phosphorylation of the mitogen-
activated protein kinase 3 (Mapk3) and mitogen-activated protein kinase 1
(Mapk1) in both the tNOS and sGCα1 null mice (Fig. 7a,b).Mapk3/Mapk1
are activated by phosphorylation at Thr203, Tyr205, Thr208 inMapk3 and
Thr183, Tyr185, Thr188 in Mapk1 via a canonical three-tiered kinase cas-
cade. Thr203, Tyr205, and Thr183, Tyr185, are phosphorylated by the dual
specificity mitogen-activated protein kinase kinase 1 and 2 (Map2k1/2 or
Mek1/2), whereas Thr208 and Thr188 represent autophosphorylation sites.
TheMS/MSDatawas further confirmed in tNOSnullmice byprobingheart
homogenates with antibodies that recognize phosphorylated and non-
phosphorylated Mapk3 and Mapk1 (Fig. 7c). A significant increase in the
ratio of phosphorylated Mapk3 (1.9-fold) and Mapk1 (2.3-fold) relative to
unmodified proteins was observed in tNOS null as compared to wild-type
mice.Moreover, the proteomic data indicated that the relative protein levels
of Mapk3 and Mapk1 were not different among all genotypes, which is
confirmed by the western blot analysis in the tNOS mice (Fig. 7c).

We also utilizedHL-1 cells to test if changes in nitric oxide and cGMP
levels replicated the in vivo findings. HL-1 cells, an immortalized cell line

derived from the AT-1 mouse atrial cardiomyocyte tumor lineage cells,
retain contractile, electrophysiological, and biochemical properties of pri-
mary cardiomyocytes53. Treatment of HL-1 cells with the NOS inhibitor
N(gamma)-nitro-L-arginine (L-NAME) and 1H-[1,2,4] oxadiazole [4,3-a]
quinoxalin-1-one (ODQ), a selective and irreversible heme-site inhibitor of
sGC, elevated the ratio of phosphorylated to total protein by 2.96 ± 0.82 fold
for Mapk3, and 2.38 ± 0.90 for Mapk1 relative to untreated cells (Fig. 7d).
Treatment with L-NAME increased the ratio of phosphorylated to total
protein by 1.81 ± 0.41 for Mapk3 and 1.56 ± 0.42 for Mapk1, (n = 4 inde-
pendent culture experiments). Treatment with ODQ increased the phos-
phorylated to total protein ratio by 1.49 ± 0.19 forMapk3 and1.60 ± 0.15 for
Mapk1 (n = 3 independent culture experiments) relative to untreated cells.
These data are consistent with the in vivo data and reaffirm that NO pro-
duction by NOS and cGMP generation by sGC contribute to the activation
of Mapk3/Mapk1 signaling.

Additional evidence for the activation of the Mapk3/Mapk1 comes
from documenting increased phosphorylation of microtubule-associated
protein 2 (Map2), the first known target forMapk3,microtubule-associated
protein 4 (MAP4),microtubule-associated protein tau (MAPT), and the Src
substrate cortactin in the tNOS null mice (Supplementary Data 2). More-
over, previous data in the tNOS mice indicated that pharmacological
inhibition of the type-1 angiotensin II receptor (AT1R) and downstream
signaling reduced the development of left ventricular hypertrophy and
cardiac dysfunction at 5months of age37.Mapk3/Mapk1 activation is awell-
knowndownstreamevent in theAT1R signaling orAT1R transactivation of
the epidermal growth factor receptor cascade54–58. In addition to the
increased phosphorylation of Mapk3/Mapk1, eight other proteins partici-
pating in AT1R signaling were also altered in tNOS but not in the sGCα1
null mice hearts. These include increased protein levels of the guanine
nucleotide-binding proteinG(q) subunit alpha, guanine nucleotide-binding
protein subunit beta-5, both of which modulate signaling by guanine
nucleotide-binding proteins, protein kinase C alpha type, and RAC-alpha
serine/threonine-protein kinases 1 and 2 kinases. Increased phosphoryla-
tion of Kalirin, a serine/threonine-protein kinase that promotes the

a                                          b                                                                        c
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Fig. 6 | Regulated kinases and phosphatases in the tNOS mice hearts. a We
generated reference lists of 295 and 116 putative kinases expressed in mouse hearts
by curating data from available resources. In the proteome, phosphoproteome, and
S-nitrosocysteine proteome, we assess changes in 49% of the putative kinases and
35% of the phosphatases expressed in the heart. b Kinases that were significantly

regulated (adjusted p-value < 0.05) at the proteome level. c Fold changes in the
relative abundance of phosphosites in kinases. Phosphosites Slk_T1931,
Speg_S1954, and Speg_T1956 were below the detection level in tNOS null mice. The
relative levels of Stk, Camk2d, and Akt1 were also regulated at the protein level.
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exchange of GDP by GTP and activates Rho GTPase proteins that are
critical components of AT1R activation, was also quantified in the tNOS
null mice. These data indicate that activation of the AT1R and Mapk3/
Mapk1 signaling cascades may represent a prominent adaptive response
during NO/cGMP deficiency in the cardiovascular system.

Discussion
Decades of research have firmly established the importance of NO/cGMP
signaling in cardiovascular physiology1–4. Studies in humans and animal
models have also documented that reduced NO/cGMP bioavailability

resulting from debilitated production or rapid elimination of NO/cGMP
signaling is central to thepathogenesis of cardiovascular disorders5,6. To gain
a global appreciation of the changes during NO-signaling deficiency, we
quantified for the first time changes in the proteome, phosphoproteome,
and S-nitrosocysteine proteome in the hearts of wild-type, NOS1, NOS2,
NOS3, all three NOS, and sGCa1 gene deletion mice. The analysis was
performed in 2–4-month-oldmale mice. At this age, male NOS1 and tNOS
nullmice have increased basal contraction and increased calcium loading to
the sarcoplasmic reticulum. The NOS3 and tNOS mice are hypertensive as
comparedwith thewild-typemice31–39. TheNOS2nullmicedonot have any
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Fig. 7 | Adaptive responses in NO/cGMP deficiency. aMS and MS/MS extracted
ion chromatograms (XIC) for theMapk3 peptide IADPEHDHTGFLpTEpYVApTR
and b for the Mapk1 peptide VADPDHDHTGFLpTEpYVApTR. In both graphs,
the top tracings are the MS2, and the bottom are the MS1 XIC. These peptides
correspond to the three phosphorylation sites in theThr-Glu-Tyr-X-X-Thrmotif of
the activation loops, corresponding to Thr203, Tyr205, and Thr208 in Mapk3, and
Thr183, Tyr185, and Thr188 in Mapk1 across all genotypes. c Western blot for
phosphorylated and total Mapk3 and Mapk1 in the tNOS and wild-type mouse
hearts (n = 3). Quantification of the ratio of phosphorylated to total Mapk3 and

Mapk1 from three different mouse hearts (values represent mean ± standard
deviation). Total Mapk3 and Mapk1 levels were normalized to GAPDH. *p
value = 0.0056 forMapk3 and p value = 0.0292 forMapk1. d Representative western
blots and quantification of the fold increase in the ratio of phosphorylated to total
Mapk3 and Mapk1 in HL-1 cells after inhibition of NOS and sGC. (C) indicates no
treatment control, and (I) treatment with the NOS inhibitor L-NAME and the sGC
inhibitor ODQ (n = 4 independent cell cultures and treatments, values represent
mean ± standard deviation).
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reported cardiovascular phenotype at the time of the analysis. Similarly,
sGCα1 null mice backcrossed to the C57BL/6J background do not exhibit
cardiovascular phenotypes59,60. The tNOS and, to a lesser extent, the NOS3
null mice will develop additional age-dependent progressive phenotypes,
primarily left ventricular dysfunction and pathological hypertrophy37–39.
Mice with tNOS and sGCα1 gene deletion show dysfunctional cardiac
responses upon secondary challenges59–62. All the phenotypes are described
in male mice, which were exclusively utilized in this study and do not
apply to female mice that exhibit different responses to NO/cGMP
deficiencies40–42.

Micewith a singleNOSgenedeletion exhibitedminimal changes in the
proteome and phosphoproteome but a substantial reduction in the
S-nitrosocysteine proteome. Previous work indicated regulatory functions
of protein S-nitrosylation in coordinating the flow of intermediates across
different metabolic pathways to avoid metabolic gridlocks and maximize
ATP production, which is critical for the heart27–30. NOS3 mice have
documented cardiometabolic deficits48–50, which could arise from the
absence of S-nitrosylated proteins since these mice have minimal pertur-
bations in the proteome and phosphoproteome. Similarly, progressive
deterioration of NO signaling via protein S-nitrosylation is likely to con-
tribute in part to the phenotypic changes in the tNOS null mice, since these
mice also exhibit deficits in the relative levels of metabolic proteins in
addition to a substantial decline in protein S-nitrosylation. The metabolic
deficits in the tNOSmice include reduced levels of proteins participating in
triglyceride metabolism (Supplementary Data 1), consistent with the
reported dyslipidemia and development of high-fat diet-induced athero-
sclerosis in thesemice61,62. Theminimal changes in the phosphoproteome in
the single NOS gene deletions likely reflect the compensation provided by
the expression of the other NOS isoforms. Although compensation dam-
pens the changes in phosphorylation signaling, subtle changes such as the
alteration in cardiac muscle contractility signaling are evident in NOS1 null
mice. The compensation provided by other NOS is consistent with data
documenting heightened age-dependent development of phenotypes in
double NOS knock-out mice as compared to single NOS gene deletion33,34

and severe phenotypic changes in the triple NOS null mice37–39,61,62.
Modest changes in the proteome and phosphoproteome in the sGCα1

null mice indicate that, in part, signaling may proceed by cGMP generated
from the sGCα2/β1 cardiac isoform63 or the membrane-associated parti-
culate-GC. However, data have indicated compartmentalization in the
production andutilization of cGMPgenerated by the guanylate cyclases63–65.
Consistent with previous observations41, the phosphoproteome data (Sup-
plementary Data 2) confirmed that known targets of Prkg1 phosphoryla-
tion, such as Ser23 and Ser24 in troponin I were not diminished in the
sGCα1nullmice, indicating the redundancy in biological signaling to secure
essential biological functions.

The most significant changes in the proteome and phosphoproteome
were observed in the tNOSmice. The analysis revealed that 1212of the 4782
proteins evaluated in the tNOS mice were regulated. Despite these sig-
nificant perturbations, compensation afforded by increased levels and sig-
naling by other kinases with known regulatory functions (Fig. 5d) may
secure proper contraction and energy supply to overcome the NO/cGMP
signaling deficiency. Moreover, the increased levels of antioxidant proteins
such as the extracellular superoxide dismutase (SOD 3), glutathione per-
oxidase 1, and peroxiredoxin 4, may counter oxidative stress in the tNOS
null mice. Although these adaptive changes may support and maintain
cardiovascular function under severeNO/cGMPdeficit, the tNOSnullmice
ultimately develop significant cardiovascular phenotypes. In part, these
phenotypes are due tometabolic insufficiency resulting from remodeling of
the proteome or the absence of protein S-nitrosylation, which may con-
tribute to impaired contractile function, a hallmark of cardiomyocyte dys-
function in 5-month-old tNOS null mice37–39. The progressive development
of phenotypes may also be due to maladaptive signaling alterations that
counter adaptive responses.

One of the potential maladaptive responses is the increased phos-
phorylation and activation of Mapk3 and Mapk1 kinases in the tNOS and

sGCa1 null mice. The amino acid sequences of Mapk3 (also commonly
known as Erk1 or p44) and Mapk1 (Erk 2, or p42) are 83% identical, and
since these kinases share similar upstream and downstream regulation, are
commonly referred to as Mapk3/Mapk1 or Erk1/266–68. The canonical
activation of Mapk3/Mapk1 includes the upstream receptor or stimuli-
induced activation of RAF proto-oncogene serine/threonine-protein kinase
(Raf1), the recruitment of scaffold proteins to form a signalosome that
activates the Map2k1/2 (MEK1/2) kinases to phosphorylate Thr208,
Tyr205, and Thr183, Tyr185 inMapk3 andMapk1, respectively.Map2k1/2
andMapk3/Mapk1 activities are also regulated by protein-protein complex
regulators such as the Lamtor 3 and 2 and Mapk organizer 169,70. The
intensity and duration of Mapk signaling is also controlled by the depho-
sphorylation of downstream targets by the dual-specificity Mapk phos-
phatases (DUSP 1, 2, 14, 23). Interestingly, the levels of DUSP 23, which is
shown to dephosphorylateMapk3 in vitro71, were significantly decreased by
55% (p-adjusted value = 0.045) in tNOS mice hearts. In addition to these
regulatory steps, negative feedback regulation, such as Mapk3/Mapk1
phosphorylation and inactivation of Raf1, determines the specificity and
magnitude of the signaling outcome. One of the negative regulatory sites of
Raf1 phosphorylation is Ser43, which is effectively phosphorylated by
Prkg1, thus providing one molecular mechanism for the NO/cGMP reg-
ulationof theMapk3/Mapk1 cascade72. The activationof theMapk3/Mapk1
documented in the tNOS and sGCα1 null mice is consistent with previous
observations in endothelial, smoothmuscle cells, andblood vessels, inwhich
inhibition of NO or cGMP synthesis increased the phosphorylation and
activation of Mapk3/Mapk172–78. In blood vessels responding to growth
factors, the activation of Mapk3/1 resulting from the inhibition of NO
synthesis was associated with increased protein synthesis73, an observation
consistent with the increased levels of proteins participating in protein
synthesis in the tNOSmice. Collectively, these in vivo data indicate that the
NO/cGMP signaling is a negative regulator of the Mapk3/1 pathway, pos-
sibly harnessing overactivation that may have pathological consequences.

Like the NO/cGMP signaling, published results document cardio-
protective contributions of the Mapk3/Mapk1 signaling in heart develop-
ment, the physiological responses to contraction, responses to growth
factors, and productive cardiac differentiation and remodeling after
injury79–88. With regards to the development of pathological cardiac remo-
deling and hypertrophy most but not all studies support a role for heigh-
tenedMapk3/Mapk1 signaling82–88. The discord may in part originate from
the autonomous, non-redundant functionof these twokinases as deletionof
Mapk3 does not generate remarkable phenotypes, whereasMapk1 deletion
is embryonic lethal89,90. It may also relate to the relative abundance of these
two kinases in the heart, as Mapk1 levels are nearly 3.5 times higher than
Mapk3 (reference proteome, Supplementary Data 1). Finally, site-specific
phosphorylation may dictate the outcome, as data indicated that sustained
phosphorylation of Thr188 in Mapk1 (Thr205 in Mapk3) induces patho-
logical cardiac hypertrophy in response to various stimuli86,87. Previous data
have also established that Mapk3/Mapk1 signaling partially executes the
hypertrophic responses in the heart after sustained activation of AT1R
signaling. ATR1 signaling includes the assembly and interaction of het-
erotrimeric G-proteins, which then transduce signals to secondmessengers,
including Rho GTPase family members, members of the PKC, and Akt
kinases54–57. Another important signaling event includes the binding of β-
arrestin 2 to the AT1 receptor, which is critical for activating the Mapk3/
Mapk1 kinases91. Evidence in both the proteome and phosphoproteome
supports activationofAT1Rsignaling in the tNOSbutnot in the sGCα1null
heart, consistent with the reduced pathological left ventricular hypertrophy
in the tNOS mice following pharmacological attenuation of AT1R
signaling37. At 5 months of age, significant left ventricular hypertrophy,
increased left ventricular weight, and cardiac myocyte hypertrophy were
noted in the tNOSand to a lesser extent in eNOSandnullmicebutnot in the
nNOS, or iNOSnullmice, compared towild-typemice37,38. The data suggest
that regulation of AT1R and Mapk3/Mapk1 signaling by NO/cGMP
opposes the development of pathological remodeling and adds another
molecular mechanism for the cardioprotective functions of the NO/cGMP
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signaling. Although a similar increase in Mapk3/Mapk1 phosphorylation
was observed in the sGCα1 nullmice, thesemicedonot exhibit the signaling
and phenotypic changes documented in the tNOS null mice. The rela-
tionship between genotype and phenotypes is confounded by the presence
ofNO in the sGCα1nullmice,which alleviates someof the burdenplacedby
the reduction in cGMP levels Several lines of evidence indicate that not all
biological actions of NO are mediated by cGMP, and not all actions of
cGMP are derived from the NO-mediated activation of sGC including the
activation ofMapk3/Mapk120–27. The data collectively revealed that adaptive
responses in single NOS gene deletions restrict proteomic and signaling
remodeling. However, the single NOS3 gene deletion mice exhibit a sig-
nificant loss of S-nitrosylated proteins, which may account for the devel-
opment of cardiometabolic phenotypes.Adaptive responses are also present
in mice with deletion of sGCα1 or all three NOS isoforms. Whereas the
activation of the Mapk3/Mapk1 signaling in the sGCα1 null mice may
prevent the development of phenotypes, the tNOS null mice experience a
profound reduction in both the NO and cGMP levels and exhibit increased
activation of the AT1R and Mapk3/Mapk1 signaling pathways which may
contribute to the development of pathological cardiomyocyte hypertrophy
and cardiac dysfunction.

Materials and methods
Animals
All procedures were performed under the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were approved by
the Children’s Hospital of Philadelphia Animal Care and Use Committee.
We have compliedwith all relevant ethical regulations for animal use.Wild-
type male C57BL/6J (#000664), Nos1tm1Unc C57BL/6J (nNOS–/–: #002986),
Nos2tm1Lau C57BL/6J (iNOS−/−:002609), andNos3tm1UncC57BL/6J (eNOS−/−:
#002684)mice were obtained from Jackson Laboratories (BarHarbor,ME).
Soluble sGCα1 null and tNOS null mice were generated as described
previously37–42. All the mice used in this study were male and were back-
crossed to the C57BL/6J background for more than 10 generations. Mice
were anesthetized using Nembutal 50mg/kg and transcardially perfused
through the left ventricle with ice-cold PBS. Mouse hearts were collected,
frozen in liquid nitrogen immediately, and stored at −80 °C until use. On
average, the time interval between perfusion and snap-freezing of the heart
was 3minutes.

Sample preparation for mass spectrometry analysis
Frozen heart tissue (150mg wet weight) was cut into smaller pieces and
placed into a 5mL Eppendorf tube with two 5mm stainless steel balls
(Retsch), then frozen in liquid nitrogen. The tissuewas cryopulverized using
a MM400 ball mill (Retsch) for four cycles at 30 Hz for 30 s. Subsequently,
1.5mL of lysis buffer (8M Urea, 75mM NaCl, 50mM Tris-HCl pH 8.0,
1mM EDTA, 1mM PMSF, 2 µg/mL leupeptin, 10 µM aprotinin, 10mM
sodium fluoride, 5mM sodium butyrate, 5mM iodoacetamide, 1:100
phosphoprotease inhibitor cocktails 2 and 3 (Sigma P5726, P0044), Ben-
zonase (Novagen 70664-3)) was added to the frozen tissue powder and
processed in the ball mill for two cycles at 30Hz for 30 s. The samples were
spun at 2500 rcf at 4 °C for 4min to reduce foam, transferred to a 2mL
Dounce tissue grinder (Kimble), and processed with 10 strokes of pestle A
and 20 strokes of pestle B. Themixturewas then centrifuged at 15,000 rcf for
10min at 4 °C. The protein concentration of the supernatant was assessed
by Micro BCA (Thermo Scientific: 23235), and the remaining lysate was
stored at −80 °C.

Protein hydrolysis
Lysates were spiked with chicken ovalbumin (1:1000 w/w) as a phospho-
protein internal standard, reducedwith 5mMdithiothreitol for 40minutes,
and alkylated with 20mM iodoacetamide for 40min in the dark. Lysates
were then diluted with 50mM Tris-HCl pH 8.0 to achieve a final urea
concentrationof 2M. Sampleswerehydrolyzedovernight at 27 °Cwith a 1:1
ratio of Trypsin (Promega V5111) and LysC (FUJIFILMWako, 129-0254)

at an enzyme:substrate ratio of 1:50, followed by an additional 3 hours of
digestion with the same enzyme ratio at 27 °C. After digestion, formic acid
(Thermo Scientific, 28905) was added to a final concentration of 1% to
acidify the samples, which were then centrifuged at 20,000 rcf for 10min.
Peptides were desalted using an Oasis HLB 96-well plate (60mg, Waters,
186000679), which was conditioned with 400 µL 100% acetonitrile and
equilibrated with 2 × 400 µL 0.1% trifluoroacetic acid (J T Baker, 9470-00).
Peptides were loaded, washed with 3 × 400 µL 0.1% trifluoroacetic acid,
and eluted into a new protein Lobind plate 96/2000 µL (Eppendorf,
EP0030504305) with 3 × 100 µL 50% acetonitrile/0.1% trifluoroacetic acid.
5% of each sample was used for whole proteome analysis, 75% for phos-
phopeptide enrichment, and the remaining sampleswere pooled to generate
a phosphoproteome spectral library. All peptides were lyophilized and
stored at −80 °C. Peptides were reconstituted in 0.1% TFA with iRT pep-
tides (Biognosys, Schlieren, Switzerland), and 2 µg was injected for whole
proteome analysis.

Spectral library for phosphoproteome analysis
The pooled peptide sample was reconstituted in 20mM ammonium for-
mate (pH 10.0) and separated via high pH RP-HPLC using a Zorbax 300 Å
Extend-C18 4.6 mm× 250mm column (Agilent, 3.5 μm bead size) on an
Acquity H-Class UPLC (Waters). Solvent A (2% acetonitrile, 5mM
ammonium formate, pH 10) and solvent B (90% acetonitrile, 5mM
ammonium formate, pH 10) were used at a flow rate of 1ml/min. The
column was monitored for separation efficiency with an in-house standard
tryptic digest of BSA and bovine fetuin (Sigma). Peptide fractions were
recombined into six fractions for phosphoproteome analysis, with sub-
fractions created in a serpentine, concatenated pattern to match hydro-
phobic complexities. Fractions were lyophilized prior to IMACenrichment.

Immobilized metal affinity chromatography (IMAC) for phos-
phopeptide enrichment
Peptides were dissolved in 50% acetonitrile/0.1% water and diluted (1:1)
with 100% acetonitrile/0.1% TFA to a final concentration of ~0.5 µg/µL.
Phos-Select iron affinity beads (Sigma, P9740-5ML)werewashed twicewith
30% acetonitrile/250mM acetic acid and centrifuged at 8000 rcf for 1min.
Peptide mixtures were incubated with 58 µL of 25% IMAC beads for 1 h at
1000 rpm at room temperature, then transferred to a pre-washed 96-well
glass fiber filter plate (Phenomenex, AF0-8265). Beads were washed twice
with 400 µL of W/E buffer for 20 s while shaking, then buffer was removed
using a vacuum manifold. Beads were washed sequentially with 400 µL of
80% acetonitrile/0.1% TFA and 400 µL of 30% acetonitrile/water. Phos-
phorylated peptides were eluted with 100 µL of 400mM ammonium
hydroxide/30% acetonitrile, mixed for 1min, and collected into a protein
LoBind 96-well plate (Eppendorf, 0030 504.305) using a vacuummanifold.
Elution was repeated twice, and peptides were dried by vacuum cen-
trifugation and reconstituted in 13 µL of 0.1%TFA containing iRT peptides
(Biognosys, Schlieren, Switzerland).

Mass spectrometry data acquisition
Samples were randomized and analyzed on an Exploris 480 mass spectro-
meter (ThermoFisher Scientific) coupled with an Ultimate 3000 nano
UPLC system and EasySpray source. A 5 µL sample was loaded onto an
Acclaim PepMap 100 75 µm× 2 cm trap column at 5 µL/min, then sepa-
rated by reverse phase HPLC on a 75 µm id × 50 cm PepMap RSLC C18
column.Mobile phaseAwas 0.1% formic acid, andmobile phaseBwas0.1%
formic acid/acetonitrile. Peptides were eluted into the mass spectrometer at
210 nL/min using a 150-min gradient from 3% B to 45% B. DIA mass
spectrometry settings included one fullMS scan at 120,000 resolutionwith a
range of 350–1200m/z, an AGC target of 300%, and automatic maximum
inject time.Thiswas followedby variableDIA isolationwindows,MS2 scans
at 30,000 resolution with an AGC target of 1000%, and automatic injection
time. The default charge state was 3, the first mass was fixed at 250m/z, and
the normalized collision energy for each window was set at 27.
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Mass spectrometry QA/QC and system suitability
The suitability of the instrumentation was monitored using QuiC software
(Biognosys; Schlieren, Switzerland) to analyze spiked-in iRT peptides. For
quality control, we injected standard E. coli protein digest between samples
and collected Data in Data-dependent acquisition (DDA)mode. The DDA
Data were analyzed in MaxQuant92 and visualized using the PTXQC93

package to track instrumentation quality.

Mass spectrometry raw data processing for proteome, phos-
phoproteome, S-nitrosocysteine proteome
The DIA raw files were processed using Spectronaut 16.2. For whole
proteome analysis, we used the DirectDIA mode, while for phospho-
proteome analysis, we employed a merged spectral library from both
DDA files from pooled samples and individual DIA files. We utilized a
mouse (Mus musculus, 17,120 entries) Database with reviewed cano-
nical Uniprot entries, supplemented with 245 common protein con-
taminants and iRT peptides. Enzyme specificity was set to trypsin with
two allowed missed cleavages. Fixed modifications included carbami-
domethylation of cysteine, and variable modifications included
N-terminal acetylation, oxidation of methionine, and phosphorylation
of serine, threonine, and tyrosine for phosphoproteome data. A false
discovery rate limit of 1% was applied for precursors, peptides, and
protein identification, with all other search parameters set to default.
Proteomics data processing and statistical analysis were conducted in R.
MS2 intensity values from Spectronaut were analyzed with log2 trans-
formation and normalization by subtracting the median value for each
sample. We filtered the data to include only proteins with complete
values in at least one cohort.

For the phosphoproteome, the peptide quantification report was col-
lapsed into amodification-specificpeptide-like tableusingdefault settings in
Spectronaut. High-confidence sites were retained with a PTM Localization
Probability cutoff of 0.75. Variablemodifications included phosphorylation
of Ser, Thr, and Tyr, acetylation of protein N-terminal, and oxidation of
Met. Phosphopeptide intensities were log2-transformed and normalized to
the median for each sample, and Data were filtered to retain only phos-
phosites with complete values in at least one cohort. Phosphoprotein
quantification involved calculating the absolute intensity of detected
phosphopeptides for each protein and reporting the maximum value as the
overall intensity.

A chemoselective method for direct S-nitrosocysteine conjugation
utilized organomercury reagents27,43. Organic mercury selectively reacts
with reduced cysteine and S-nitrosocysteine residues to form stable
mercury-thiolate conjugates. After blocking reduced cysteine residues,
samples are reacted with either organomercury resin or biotin-mercury
conjugates which directly enriches S-nitrosylated proteins with no cross-
reactivity with disulfides. The column-bound peptides are released after
oxidation with performic acid, which oxidizes the cysteine residues to sul-
fonic acid and facilitates the precise identification of the S-nitrosylated
peptide by mass spectrometry.

Data annotation for S-nitrosylated proteins (Supplementary
Data 3). The precise localizations (cysteine residue modified) are indi-
cated under cysteine location and multiple peptides from the same
protein separated by commas. Most of the peptide sequences included
one cysteine residue which makes the localization of the modified
cysteine residue unambiguous. However, tryptic digestion occasionally
produces peptides with two or more cysteine residues. Thus, these
cysteine residues are included in the total count as one peptide without
precise localization. The location of these cysteine residues is indicated
by the / symbol. The protein lists include protein isoforms given that
canonical proteins and their isoforms cannot always be differentiated.
Isoforms share the same gene symbol and protein name but have a
uniqueUniProt number. Protein isoforms were included and counted as
separate proteins if the sites (peptides) were unique to the isoform. If the
peptides were the same between the major protein and the isoform, then
they were counted only once.

Bioinformatic analysis, construction of the mouse brain refer-
ence proteome and reference biological networks
Protein databases, PAXdb: Protein Abundance Database44, UniProt: the
universal protein knowledgebase45, KEGG: Kyoto Encyclopedia of Genes
and Genomes51, Reactome GSA-Efficient Multi-Omics Comparative
PathwayAnalysis52, andGeneOntology94were utilized to generate reference
proteomes and functional pathways sub-proteomes. Enrichment analyses
were performed using Gene Ontology94 or Enrichr: a comprehensive gene
set enrichment analysis web server95.

Mouse heart processing for western blot analysis
Frozen hearts of wild-type and tNOS null mice were processed in high-
speed 400 rpm homogenizer (Glass clow) using 500 µl homogenization
buffer supplementedwith protease inhibitor, phosphatase inhibitors 2 and3
cocktail, and 1mM PMSF. The homogenate was centrifuged (13,000 rpm,
4 °C) for 20min. The supernatant was collected, and protein concentration
was determined by Pierce™ BCA Protein Assay Kit (ThermoFisher Scien-
tific,Waltham,MA).Tissue lysateswere added toNupage samplebuffer and
heated for 5min at 95 °C, followed by sample loading (40 µg of total pro-
tein), protein separation by Nupage-PAGE (10% gel), and transferred at
35 v overnight to polyvinylidene difluoride (PVDF) membranes (Merck,
Rahway, NJ). The following day, the PVDF membranes were blocked with
Odyssey Licor Blocking buffer (LI-COR Biotechnology, Lincoln, NE) for
1 h, followed by overnight incubation on a rocker at 4 °C with corre-
sponding primary antibodies against p-p44/42 MAPK (T202/Y204)
(D13.14.4E) XP (R)(Cell Signaling, 4370S, 1:2000), p44/42 MAPK (ERK 1/
2) (137FS) (Cell Signaling, 4695S, 1:1000). FollowingdayPVDFmembranes
were developed for protein band visualization using IRDye conjugated
secondary Antibodies (Licor, 1:5000) and scanned using Odyssey infrared
scanner. Densitometric analysis of the protein bands was performed with
Image Studio (Licor, Lincoln, NE).

Cell model
HL-1 cardiomyocytes were maintained in Claycomb medium, supple-
mented with 2mM glutamine, 100U/mL penicillin/streptomycin, 100 μM
norepinephrine in 30 mM L-ascorbic acid, and 10% fetal bovine serum, as
described previously53. The culture dishes were precoated with 0.02% (wt/
vol) gelatin containing 5 μg/mL fibronectin. Cells were grown in an atmo-
sphere of 5%CO2at 37 °C. Experimentswereperformedusing cells between
passages 6 and 9. CultureHL-1 cells were plated at 35,000 cells/cm2, and the
following day were used for treatment at 80% confluency. In a 6-well plate,
cells were incubated with 10 µML-Arginine, and/or 100 µML-NAME, and
30 µM ODQ for 24 h. Cells were harvested in 80 µl homogenization media
perwell supplementedwithprotease inhibitor, phosphatase inhibitors 2 and
3 cocktail, and 1mM PMSF and were either processed for western blot
analysis as described above.

Statistics and reproducibility
The number of hearts analyzed by mass-spectrometry-based proteomics is
indicated in the appropriate figure legends. Differential relative abundance
analysis of the proteome and phosphopeptides was conducted using a
Limma t-test with p adjusted value < 0.05 as a significant cutoff. Limmauses
moderated t-test, whichwas developed for transcriptomic data analysis and
adapted to proteomic data statistical analysis. The differences in the ratio of
phosphorylated to total Mapk3 and Mapk1 in Fig. 7c were evaluated using
the Student’s t-test.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The mass spectrometry proteomics data have been deposited at the Pro-
teomeXchange Consortium via the PRIDE96 partner repository with the
dataset identifier PXD060084.
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Supplemental Data 1 contains the numerical source data for Fig. 1b,
Fig. 2, SupplementaryFig. 1, andSupplementaryFig. 2. SupplementalData2
contains the numerical source data for Figs. 1c, 3, Supplementary Fig. 3, and
Supplementary Fig. 4. Supplemental Data 3 contains the numerical source
data for Figs. 1d, 4. Supplemental Data 4 contains the numerical source data
for Fig. 5 and Supplementary Figs. 5-7. Supplemental Data 5 contains the
numerical source data for Figs. 6, 7c, d. Supplementary Fig. 9 provides the
full western blots for Fig. 7c, d.
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