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Abstract
KCNJ11 null mutants, lacking Kir6.2 ATP-sensitive K+ (KATP) channels, exhibit a marked
susceptibility towards hypertension (HTN)-induced heart failure. To gain insight into the molecular
alterations induced by knockout of this metabolic sensor under hemodynamic stress, wild-type (WT)
and Kir6.2 knockout (Kir6.2-KO) cardiac proteomes were profiled by comparative 2-DE and
Orbitrap MS. Despite equivalent systemic HTN produced by chronic hyperaldosteronism, 114 unique
proteins were altered in Kir6.2-KO compared to WT hearts. Bioinformatic analysis linked the
primary biological function of the KATP channel-dependent protein cohort to energetic metabolism
(64% of proteins), followed by signaling infrastructure (36%) including oxido-reductases, stress-
related chaperones, processes supporting protein degradation, transcription and translation, and
cytostructure. Mapped protein–protein relationships authenticated the primary impact on metabolic
pathways, delineating the KATP channel-dependent subproteome within a nonstochastic network.
Iterative systems interrogation of the proteomic web prioritized heart-specific adverse effects, i.e.,
“Cardiac Damage”, “Cardiac Enlargement”, and “Cardiac Fibrosis”, exposing a predisposition for
the development of cardiomyopathic traits in the hypertensive Kir6.2-KO. Validating this
maladaptive forecast, phenotyping documented an aggravated myocardial contractile performance,
a massive interstitial fibrosis and an exaggerated left ventricular size, all prognostic indices of poor
outcome. Thus, Kir6.2 ablation engenders unfavorable proteomic remodeling in hypertensive hearts,
providing a composite molecular substrate for pathologic stress-associated cardiovascular disease.
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1 Introduction
Systemic HTN is a leading risk factor in the development of cardiomyopathy and heart failure
[1–3]. The adverse cardiac manifestations of HTN encompass ventricular enlargement,
interstitial fibrosis, and ultimately organ dysfunction, significantly contributing to morbidity
and mortality in the population at large [4–6]. Heart adaptation to hypertensive stress load is
however highly variable, with only certain individuals progressing from a state of risk to one
of overt disease [7]. Homeostatic processes that ensure stress tolerance are only partially
understood [8,9], warranting elucidation of individual cardioprotective components and their
underlying systems organization within the hypertensive myocardium.

A prototypic stress-response element is the ATP-sensitive K+ (KATP) channel, formed through
heteromeric assembly of the inwardly rectifying K+channel, Kir6.x, with the regulatory ATP-
binding cassette sulfonylurea receptor protein [10–13]. The KCNJ11 gene encodes the pore-
forming Kir6.2 isoform of cardiac KATP channels, particularly abundant in the sarcolemma of
ventricular myocytes [14–16]. KATP channels act as high-fidelity molecular rheostats,
adjusting membrane potential-dependent functions to match energetic demands of the working
heart [17,18]. Established in both experimental models and in humans, intact Kir6.2 is required
for securing cardiac stress adaptation, with KATP channel malfunction implicated in the
development of heart disease [19–21]. It has recently been recognized that a deficit in KATP
channels impairs tolerance to systemic stressors, ranging from sympathetic surge [22–26] and
endurance challenge [27] to hemodynamic load [28–30]. Moreover, genetic disruption of
KATP channels compromises the protective benefits of preconditioning [31–33], while
overexpression of channel subunits generates a resistant phenotype [34].

Cardioprotective properties of KATP channels have been linked to a tight integration of channel
proteins with the cellular metabolic infrastructure, ensuring effective coupling of channel
function with bioenergetic dynamics [35–41]. KATP channel subunits have been reported to
physically associate and/or communicate with myocardial energy shuttles, i.e., creatine kinase,
adenylate kinase, and lactate dehydrogenase, and energy production pathways catalyzed by
glycolytic or fatty acid biosynthesis enzymes, including glyceraldehyde-3-phosphate
dehydrogenase, triosephosphate isomerase, and long chain acyl-CoA dehydrogenase [42–46].
Privileged channel interactions with identified partners have been implicated in cellular
protection, whereas dysfunction of – or uncoupling from – interacting partners predisposes to
stress intolerance [47–49]. Although present knowledge indicates that the KATP channel is
integrated with cell metabolism, contributing to stress tolerance, a broader understanding of
the channel’s relationship with the cellular milieu and its implication on disease predisposition
is currently lacking.

Indeed, biological functions can rarely be attributed to individual molecules, but rather arise
through complex interactions between numerous cellular constituents [50–52]. Proteomic
analysis provides a high-throughput, unbiased approach for large scale identification of
proteins responsible for the execution of physiological processes [53]. As such, proteomic
methodology is suited for dissecting the molecular fingerprint of KATP channel-dependent
system associations. In the setting of HTN, the consequences of myocardial KATP channel
deficiency were here examined by comparative 2-DE followed by nanoelectrospray linear IT
tandem MS (nESI LC-MS/MS). Over one hundred identified proteins were differentially
expressed within the cytosol of KATP channel knockouts compared to their WT counterparts.
Bioinformatic examination of protein–protein relationships further mapped the primary impact
on metabolic pathways, delineating that the KATP channel-dependent subproteome resides
within a nonstochastic network. Stratification of the resolved interactome unmasked, in the
absence of KATP channel function, a maladaptive predilection for cardiomyopathic traits under
the stress of HTN. This proteomic approach thereby provides a systems-based diagnostic tool

Zlatkovic et al. Page 2

Proteomics. Author manuscript; available in PMC 2009 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to chart the composite molecular substrate of KATP channel deficiency in the hypertensive
heart.

2 Materials and methods
2.1 Volume overload hypertension model

Protocols were carried out in accordance with NIH guidelines, following approval of the Mayo
Clinic Institutional Animal Care and Use Committee. KATP channel Kir6.2 knockout (Kir6.2-
KO) mice, generated by disruption of the KCNJ11 gene encoding the Kir6.2 channel pore
[54], were back-crossed for five generations to a C57BL/6 background. Targeted Kir6.2
disruption generates null mutants with ventricular myocytes lacking functional KATP channels
[55]. Adult male C57BL/6 wild-type (WT) mice and age-matched male Kir6.2-KO
counterparts underwent left nephrectomy through a retroperitoneal flank excision under
isoflurane anesthesia to reduce urinary clearance. Mineralocorticoid-HTN was induced by
subcutaneous implantation of a 50 mg 21 day release deoxycorticosterone-acetate tablet
(Innovative Research of America) and supplementation with 1% NaCl plus 0.2% KCl in
drinking water [28]. Mice were given standard rodent chow, and housed individually under a
12 h day/night cycle. Water and salt intake were measured weekly. Mice had similar nonfasting
glycemic levels measured by tail sampling (OneTouch Ultra, Lifescan). Following one week
of acclimatization training to restraint, blood pressure was measured by automated tail-cuff
recording (Columbus Instruments) in awake restrained animals, two weeks post-nephrectomy.
Blood pressure values were digitally derived from ten sequential recordings, documenting
overt HTN in all WT and Kir6.2-KO by 14 days of mineralocorticoid/salt loading [28].

2.2 Protein extraction and quantitation
At 21 days, hypertensive WT and Kir6.2-KO animals were weighed, sacrificed under
isoflurane anesthesia, and hearts excised and rinsed in PBS. Left ventricles including septum
were removed, weighed ex vivo, snap-frozen in liquid N2, and stored at −80°C. Cytosolic tissue
extracts were prepared by mechanical homogenization at 4°C in four volumes of extraction
buffer, consisting of (in mM) HEPES 25 (pH 7.4), PMSF 0.25, and DTT 50, 1.25 μM pepstatin
A, Mini-Complete™ protease inhibitor cocktail (Roche Applied Science), and 1% phosphatase
inhibitor cocktails 1 and 2 (Sigma) [56]. Samples were centrifuged (16 000×g) at 4°C for 10
min, supernatants were transferred to fresh tubes, and protein was quantified in triplicate by
BioRad protein assay using the microassay procedure with a bovine gamma globulin standard
[57,58].

2.3 2-DE and gel imaging
Protein extracts (100 μg) were resolved by IPG 2-DE following addition to IEF rehydration
buffer (7 M urea, 2 M thiourea, 2% w/v CHAPS, 50 mM DTT, 1x BioRad pH 3–10
ampholytes). IPG Ready Strips™ (pH 3–10, 170 mm, BioRad) were actively rehydrated at 50
V for 10 h, followed by rapid voltage ramping with a series of 15 min steps at 100, 500, and
1000 V, and a final step at 10 000 V for 60 kVh at 20°C. Focused IPG strips were rinsed with
distilled, deionized water, and incubated for 15 min in equilibration buffer (50 mM Tris-HCl,
pH 8.8, 6 M urea, 30% v/v glycerol, 2% w/v SDS) containing 10 mg/mL DTT, followed by
15 min in equilibration buffer containing 25 mg/mL iodoacetamide. After horizontal
positioning on 12.5% SDS–PAGE gels, strips were overlaid with SDS buffer (25 mM Tris,
192 mM glycine, 0.1% w/v SDS) containing 0.5% w/v agarose, and resolved orthogonally by
SDS–PAGE in a Protean® II XL system (BioRad). Resolved 2-D gels were silver stained and
digitized at 400 dpi for spot image analysis, including spot detection, matching, normalization,
and quantification, conducted with BioRad PDQuest v.7.4.0 [58,59]. Individual gel images
were normalized by total intensity of valid spots. Fold change was calculated as the [mean
Kir6.2-KO]:[mean WT] ratio for protein spots increasing, or the negative inverse for protein
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species decreasing, in KATP channel knockouts. For proteins identified in more than one spot,
the sum of values for all spots was used to determine a weighted average treatment ratio, unless
otherwise indicated.

2.4 Nanoelectrospray linear IT tandem MS
Significantly altered protein species were isolated, destained, and prepared for LC-MS/MS by
reduction, alkylation, tryptic digestion, peptide extraction, and drying [59,60]. Peptides were
reconstituted in 0.15% formic acid, 0.05% TFA, and trap injected onto a 75 μm × 10 cm
ProteoPep C18 PicoFrit™ nanoflow column (New Objective). Chromatography was performed
using 0.2% formic acid in solvents A (99% water, 1% ACN) and B (80% ACN, 5% isopropanol,
15% water), with peptides eluted over 30 min with a 5–45% solvent B gradient using an
Eksigent nanoHPLC system (MDS Sciex) coupled to an LTQ-Orbitrap mass spectrometer
(Thermo Fisher Scientific). Continuous scanning of eluted peptide ions was carried out
between 375–1600 m/z, automatically switching to MS/MS CID mode on ions exceeding an
intensity of 8000. Raw MS/MS spectra were converted to.dta files using Bioworks 3.2 (Thermo
Fisher Scientific), and merged files matching +1, 2, or 3 peptide charge states were correlated
to theoretical tryptic fragments in Swiss-Prot (v.53.0) using Mascot™ v.2.2 [61]. Searches were
conducted on mammalian sequences (53 539 entries), tolerating up to two missed cleavages,
a mass tolerance of ±0.01 Da for precursor ions (including 13C peak detection) and ±0.6 Da
for MS/MS product ions allowing for protein N-terminal acetylation, methionine oxidation,
and cysteine carbamidomethylation. Protein identities were confirmed by matching multiple
peptide spectra at p<0.05, with proteins accepted at p<0.01. Proteins identified by a single
peptide were subjected to a higher stringency level (p<0.01), and were confirmed by manual
spectrum inspection with detected fragment ions from the MS/MS spectrum required to be
above baseline noise, have demonstrable continuity in b- or y-ion series, and proline residues
yielding intense y-ions [62]. Protein assignments were further validated by congruence of
observed versus predicted pI/Mr, using the ExPASy pI/Mr tool
(http://us.expasy.org/tools/pi_tool.html), taking into consideration protein processing and
PTMs [59].

2.5 Interactome network analysis
Differentially expressed proteins, with fold change ratios, were submitted as focus proteins for
network analysis using Ingenuity Pathways Knowledge Base (Ingenuity® Systems,
www.ingenuity.com) to identify associated functional networks. An overview of interactions
was obtained by merging functional subnetworks into a composite interactome. The composite
was depicted using the molecular interaction network visualization program Cytoscape 2.5.1,
with topological properties characterized as an undirected network using Network Analyzer
[63]. Computed properties included node degree (k), the number of links connected to the node,
and node degree distribution (P[k]), the probability that a specified node has k links, defined
as P[k] = X[k]/n, where X[k] is the number of nodes with degree k and n is the total number of
network nodes [64,65]. P[k] versus k discriminates between random and scale-free
topographies, defined by normal and power law distributions, respectively [64]. The
Anderson–Darling normality test [66] ruled out a normal distribution, so P[k] versus k was
calculated as a power law relationship using a cumulative distribution function [67] to
determine γ in the power law distribution (P[k] ~ k−γ) according to Eq. (1)

(1)
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where γ is the power law exponent, n the number of networknodes, xi node degree, and xmin
is the minimum node degree within the network, with statistical error σ [67] for Eq. (1) defined
by Eq. (2)

(2)

To link expression data with predicted pathological outcomes, the resolved network was
interrogated with Ingenuity Pathways Analysis by screening for associated toxicity functions.

2.6 Cardiac function and structure
Prior to and following the 21 day HTN protocol, trans-thoracic echocardiography (Model c256
with a 15L8 probe, Acuson) was performed in lightly anesthetized (1.25% isoflurane) WT and
Kir6.2-KO mice. Images were digitally acquired and stored for offline blinded analysis. Stroke
volume was determined by the product of aortic root cross-sectional area and the velocity time
integral taken from peak trans-aortic Doppler tracings [29,30]. The product of stroke volume
and heart rate, expressed as mL/min, was used to calculate cardiac output [29]. Interstitial
fibrosis was quantified by computer analysis (MetaMorph, Visitron Universal Imaging) of 0.5
μm thick, paraffin-embedded, Sirius red stained sections.

2.7 Statistical analysis
Comparison between groups was performed using a standard t-test of variables with 95%
confidence intervals, with data expressed as mean±standard error.

3 Results
3.1 KATP channel knockout alters cardiac proteome in hypertension

Systemic HTN is a common condition of stress faced by the heart [9] with chronic
hyperaldosteronism a leading cause [68], replicated herein through unilateral nephrectomy and
mineralocorticoid/salt challenge (Fig. 1A). Sustained hemodynamic stress produced
comparable HTN in WT and KATP channel knockout (Kir6.2-KO) mice (Fig. 1B). At 14 days
of follow-up, systolic blood pressure increased significantly from 112 ± 5 to 137 ± 5 mm Hg
in WT (n = 14, p<0.05), and similarly from 110 ± 4 to 135 ± 5 mm Hg in age-matched mice
lacking the KCNJ11-encoded Kir6.2 channel pore (n = 12, p<0.05 compared to baseline and
p = 0.8 when compared to WT). To assess the molecular consequences of KATP channel
disruption, the left ventricular cytosolic proteome was extracted from WT (n = 4) and Kir6.2-
KO (n = 5) hearts and profiled by comparative 2-DE (Fig. 1C). In broad pH range (pH 3–10)
silver-stained gels, more than 900 protein species were consistently resolved. Reproducibility
was documented by a high degree of correlation (R2 = 0.922) between protein spot intensities
from WT and Kir6.2-KO gels (Fig. 1D). Densitometric quantification demonstrated that a
subset of 81 unique protein spots (9% of the total) was significantly altered in response to
Kir6.2 deletion, 56 of which were downregulated and 25 upregulated (Fig. 1E). Thus,
comparative expression profiling of WT and Kir6.2-KO myocardium revealed that, in response
to equivalent hypertensive stress, the absence of functional KATP channels translates into a
distinct, remodeled cardiac subproteome.

3.2 Mapping the Kir6.2-dependent subproteome
To characterize the KATP channel-dependent subproteome in the setting of HTN, a
discriminatory analysis was carried out by LTQ-Orbitrap MS/MS contrasting WT versus
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Kir6.2-KO. As examples of this multistep identification approach, spots 40 and 67 (Fig. 1C
and enlarged in Fig. 2A, left insets), both down-regulated in the Kir6.2-KO dependent
subproteome (Fig. 2A, right insets), were identified by MS/MS spectral peptide assignments
as creatine kinase M (Fig. 2A, upper spectrum and peptide sequence) and adenylate kinase 1
(Fig. 2A, lower spectrum and peptide sequence) isoforms. These prototypic phosphotransfer
enzymes have been demonstrated to couple cellular bioenergetics with KATP channel activity
[42,43,47]. Indeed, metabolic enzymes with previously recognized associations to KATP
channel function were altered in response to Kir6.2 deletion (Fig. 2B), including long chain
acyl-CoA dehydrogenase, lactate dehydrogenase A and B, glyceraldehyde-3-phosphate
dehydrogenase, and triosephosphate isomerase [42–47], thereby validating the sensitivity and
specificity of the employed proteomic approach.

Beyond verifying these previously identified KATP channel interactions, the high-throughput
approach utilized here expanded the metabolism-related KATP channel-dependent
subproteome (Fig. 3). Specifically, a total of 114 unique proteins were found to be altered in
Kir6.2-KO hearts, following assignments for 63 of the 81 differentially expressed protein
species [see Table S1 and S2 of Supporting Information]. Cellular metabolism was the primary
function associated with 64% of identified proteins, accounting for 45 mitochondrial and 28
cytoplasmic metabolic proteins within the resolved KATP channel-dependent subproteome
(Fig. 3). Complete ontological annotation revealed that the remaining 41 identified proteins
form a metabolism-related infrastructure encompassing oxidoreductases (15 proteins), stress
related chaperones (2), components of the proteasome (6), signaling regulation (5),
transcription and translation (8), as well as cellular structure and scaffolding (6) (Fig. 4). Thus,
this comprehensive protein identification and ontological stratification approach mapped a
definitive set of 114 proteins in the setting of HTN, expanding by over an order of magnitude
the resolved elements of the Kir6.2 interactome.

3.3 Kir6.2-dependent network assembly and topography
Network analysis was carried out to chart physiological and pathophysiological systems
processes associated with the Kir6.2-dependent subproteome. The 114 identified proteins were
integrated into a composite neighborhood comprised of 242 nodes linked by 1215 interactions
or edges (Fig. 5). Network topology was not random, demonstrating a definitive nonstochastic
property confirmed by examination of the interrelationship between node degree (k) and degree
distribution (P[k]) (Fig. 5). The organized assemblage followed a power law distribution
indicative of scale-free architecture, where P(k) ~ k−γ, with γ = 1.713 ± 0.046 (Fig. 5) falling
within the predicted confidence range of biological networks [52,53]. The resolved KATP
channel dependent network unmasked ontological linkage to modules of bioenergetic and
metabolism related processes, integrating multiple energy producing, consuming and
distributing pathways (Fig. 5). By encompassing vital hallmarks of inter-linked cardiovascular
energy metabolism [69], the composite non-stochastic, metabolism-centric neighborhood
provides an unbiased systems framework for predictive interrogation of KATP channel
criticality in the setting of HTN.

3.4 Adverse outcomes predicted from the Kir6.2-dependent network
Criticality enables coordination of complex behaviors, balancing stability with adaptability
[70]. Interrogation of the KATP channel-dependent network for links to a broad spectrum of
134 pathological conditions and toxicological pathways, curated in Ingenuity Pathways
Knowledge Base, exclusively extracted three adverse effects: “Cardiac Damage”, “Cardiac
Enlargement”, and “Cardiac Fibrosis” (Fig. 6A). This highly targeted cardiac-specific outcome
with a likelihood of 1 in >2 000 000 of obtaining only these three outcomes at random
(1/134×1/133×1/132 = 1/[2.35×106]), without other significantly over-represented
pathological or toxicological link-ages, indicated a critical role for KATP channels in
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coordinating proper adaptive response to hypertensive stress load. The maladaptive response
forecast was validated at both functional and structural levels. Specifically, in response to HTN,
Kir6.2-KO (n = 8) compared to WT (n = 8) demonstrated poor cardiac muscle performance
(Fig. 6B, left), an increase in heart to body weight ratios (Fig. 6B, right), and exaggerated
collagen deposition (Fig. 6C), indicating damage, enlargement, and fibrosis, respectively. With
HTN, heart contractile function was significantly impaired only in Kir6.2-KO, with a 32%
decrease in cardiac output, in contrast to WT where no significant change was observed (Fig.
6B, left). Increased left ventricular mass in the setting of systemic HTN, a major predictor of
poor outcome, was significantly greater in the Kir6.2-KO versus WT cohort (Fig. 6B, right).
Moreover, Sirius red staining of left ventricular tissue revealed greater prevalence of
noncontractile, collagen-rich fibrotic deposition in hypertensive Kir6.2-KO relative to WT in
response to HTN (Fig. 6C). Thus, objective forecasting of severe adverse cardiac outcomes,
predicted from the resolved Kir6.2-dependent sub-proteome network, establishes a role for
KATP channels as molecular contributors to criticality, ensuring adaptability under
pathophysiological hypertensive stress load.

4 Discussion
High blood pressure is a common cause of cardiovascular disease, yet there is marked variation
in the susceptibility of hypertensive individuals to develop cardiomyopathy [1–9]. Why certain
patients progress to overt heart failure while others do not, despite similar risk load, has been
attributed to genomically predetermined homeostatic reserve [71]. In this regard, genetic
divergence in stress-responsive KATP channels was recently implicated as a risk factor for
transition from hypertensive stress to cardiac maladaptation [72], with knockout of the Kir6.2
channel pore precipitating severe heart failure when superimposed upon HTN [28]. However,
the global molecular adaptation that occurs in response to myocardial KATP channel deficiency,
and that underlies individual susceptibility for developing hypertensive cardiomyopathy,
remains unknown.

The present study demonstrates that KATP channel deficit significantly remodels the cardiac
proteome in HTN. Specifically, in a chronic hypertensive KATP channel knockout model, we
identified a myocardial proteome of 114 altered proteins assembling into an interconnected,
metabolism-centric KATP channel-dependent neighborhood. This resolved subproteome
exposed a predilection for cardiomyopathy and onset of heart failure through unfavorable
reorganization of the elucidated set of altered proteins and their expanded protein web.
Dissecting the molecular fingerprint of KATP channel-dependent associations by
comprehensive protein identification, ontological stratification, and predictive interrogation
thus creates a systems framework tool to forecast outcome.

2-D gel separation coupled with nanoelectrospray linear IT tandem MS provided a high
throughput, unbiased method to resolve and characterize the multiplicity of changes arising
from the KATP channel-dependent subproteome in the hypertensive state [50–53,59]. High
specificity protein cartography of the hypertensive KATP channel knockout heart displayed
pronounced re-arrangement in cellular energetics (73 of 114 proteins), consistent with the
proposed role for KATP channels as metabolic checkpoints supporting the adaptive,
cardioprotective response to sustained hemodynamic stress [21,28]. In fact, over two-thirds of
detected changes were down-regulated, in line with the notion that intact KATP channels
contribute to functional metabolic integration within the heart [17,49,73]. Down-regulated
proteins included creatine kinase, adenylate kinase, and lactate dehydrogenase isoforms, all
previously recognized for their direct KATP channel linkages in support of cardiac homeostasis
[35,39,42,43,47,48]. The remaining 41 altered members of the KATP channel-dependent
subproteome encompassed oxido-reductases, stress-related chaperones, proteasome subunits,
and proteins involved in signaling regulation, transcription and translation, as well as cellular
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structure and scaffolding components. Here, unbiased large scale proteomic mining establishes
the comprehensive nature of the KATP channel related metabolic infrastructure of the
hypertensive heart.

Mapping of protein–protein relationships authenticated the primary impact on metabolic
pathways, delineating the KATP channel-dependent subproteome within a functional
neighborhood comprised of 242 proteins. The resolved interactome fulfilled criteria of
nonstochastic topography based on indices of connectedness, including node degree (k) and
degree distribution (P[k]), with the log–log plot of P[k] versus k fitting a power law distribution
indicative of scale-free network topography [52]. Most biological systems display a scale-free
organization, with disease-perturbed regulatory networks differing from their normal
counterparts in functional prioritization [74,75]. Iterative systems interrogation of the KATP
channel-dependent web prioritized only heart-specific adverse effects, i.e., “Cardiac Damage”,
“Cardiac Enlargement”, and “Cardiac Fibrosis”, exposing a predisposition for development of
cardiomyopathic traits specific to the hypertensive Kir6.2 KO proteome. Validating this
maladaptive forecast, functional and structural phenotyping documented aggravated
myocardial contractile performance associated with massive interstitial fibrosis and
exaggerated left ventricular size, strong prognostic indices of poor outcome. Indeed, in
experimental HTN, knockout of the KCNJ11 gene, encoding the Kir6.2 pore-forming subunit
of KATP channels, causes defective decoding of HTN-induced metabolic distress signals setting
in motion pathological calcium overload and aggravated structural remodeling, ultimately
precipitating organ failure and survival disadvantage [28]. In this way, the networked
integration of proteins provides a systems understanding of pathophysiological processes
associated with development of hypertensive cardiomyopathy in the setting of KATP channel
deficiency.

In summary, this study provides the first proteomic profiling of KATP channel-deficient
hypertensive hearts, expanding the understanding of molecular alterations caused by lack of a
critical metabolic sensor during hemodynamic stress challenge. In contrast to the WT that
tolerates hypertensive load, genetically compromised hearts devoid of the KCNJ11-encoded
Kir6.2 KATP channel function engender unfavorable proteomic remodeling, revealing the
metabolism-centric molecular substrate for pathologic stress-associated cardiovascular
disease. In conjunction with the use of bioinformatic interrogation to predict adverse effects
[53,76], the resolved subproteome unmasked risk for maladaptive cardiomyopathic outcome
in the context of KATP channelopathy and environmental challenge. In view of KCNJ11 genetic
variants conferring cardiac disease risk [72,77], the present demonstration that KATP channels
are critical for the proteomic response to hemodynamic load establishes a foundation to further
investigate the role of these cardioprotective channels in predictive medicine.
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Figure 1.
Impact of Kir6.2 KO on the ventricular proteome in HTN. (A) Unilateral nephrectomy (left)
and implantation of deoxy-corticosterone acetate (DOCA) releasing tablet (right) were
implemented in WT and age/sex-matched Kir6.2-KO mice to induce HTN through volume
overload. (B) Blood pressure measurements revealed significant yet comparable HTN at 14
days of volume overload in WTand Kir6.2-KO. (C) Representative 2-D gels of left ventricular
cytoplasmic protein extracts (100 μg per gel) from hypertensive WT (WT HTN) and Kir6.2-
KO (KO HTN) mice resolved by pH 3–10 IEF/12.5% SDS–PAGE. Differentially expressed
spots are circled, and numbered on the WT HTN gel to cross-reference with the corresponding
protein identities determined by LTQ-Orbitrap MS/MS analysis of excised tryptic digests
(listed in Fig. 3 and Fig. 4 and Table S1 and S2 of Supporting Information). (D) Average
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normalized intensities of matching protein spots from WT HTN and Kir6.2-KO HTN gels
indicated a high level of gel-to-gel reproducibility and correlation (R2 = 0.922) across cohorts.
(E) Statistical analysis comparing WT to Kir6.2-KO gel densitometric spot quantitation
revealed a subset of 81 spots that differed in Kir6.2-KO extracts (p<0.05), with 56 down-
regulated and 25 up-regulated protein species.
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Figure 2.
Metabolic enzymes associated with KATP channel function are among the differentially
affected subproteome. (A) Representative LTQ-Orbitrap MS/MS product ion spectra obtained
for spots #40 (upper) and #67 (lower), modified from BioWorks 3.2 to indicate detected b-ions
in red and y-ions in blue, with corresponding peptide sequences of the identified proteins,
creatine kinase M-type and adenylate kinase 1 (upper right insets). Spots are shown for
comparison by 2-D gel region enlargement (circled in red) and 3-D rendering (upper left insets),
with relative spot intensities indicated in the histogram (middle right insets). (B) A number of
additional metabolic enzymes with known association to KATP channels were significantly
altered in Kir6.2-KO hypertensive hearts.
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Figure 3.
Metabolism is the predominant function of Kir6.2-KO proteins differentially altered in
response to HTN. Significantly altered spots identified by LTQ-Orbitrap MS/MS analysis and
functionally categorized by their respective Swiss-Prot ontological annotations were primarily
associated with metabolism related processes, with 45 and 28 proteins involved in
mitochondrial or cytoplasmic metabolism, respectively. Protein names are listed with
corresponding spot numbers to locate their 2-D gel position(s) in Fig. 1, and with Swiss-Prot
gene names for locating them in the protein interaction network in Fig. 5. Protein Mascot score,
number of unique identified peptides, % sequence cov. (coverage), predicted Mr and pI for
each protein (following expected post-translational processing, e.g., removal of a
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mitochondrial signal peptide), and fold change (KO vs. WT) are indicated. For proteins detected
in more than one spot, the maximum score and corresponding number of unique peptides are
reported. Fold change was calculated as described in experimental procedures, and for proteins
detected in both increasing and decreasing spots, both values are indicated. Complete MS/MS
data for all proteins is outlined in Table S1 and S2 of Supporting Information.
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Figure 4.
Remaining Kir6.2-KO proteins differentially altered in response to HTN comprise a
metabolism infrastructure related module. Significantly altered spots identified by LTQ-
Orbitrap MS/MS analysis included 41 proteins, and functionally categorized by their respective
Swiss-Prot ontological annotations as oxidoreductases, cytostructure, and scaffolding proteins,
stress related chaperones, proteasome, and degradation components, and elements of signaling
regulation, and transcription and translation. Protein names are listed with corresponding spot
numbers to locate their 2-D gel position(s) in Fig. 1, and with Swiss-Prot gene names for
locating them in the protein interaction network in Fig. 5. Protein Mascot score, number of
unique identified peptides, % sequence cov. (coverage), predicted Mr and pI for each protein
(following expected post-translational processing, e.g., removal of a mitochondrial signal
peptide), and fold change (KO vs. WT) are indicated. Fold change was calculated as described
in experimental procedures. Complete MS/MS data for all proteins is outlined in Table S1 and
S2 of Supporting Information.
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Figure 5.
Kir6.2-dependent protein–protein interaction network in HTN. The 114 differentially
expressed proteins of the Kir6.2-dependent subproteome were submitted to Ingenuity
Pathways Analysis as focus nodes, generating a 242 protein interaction network. Nodes are
listed by Swiss-Prot gene names. Nodes are colored to correspond to functional categorization,
while node shape indicates directionality of expression level change, unless the protein was
not detected during proteomic analysis (legends, lower right). A plot of degree distribution (P
[k]) versus degree (k) followed a power law distribution, indicating a scale free, nonstochastic
network architecture (lower left).
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Figure 6.
Functional validation of adverse outcomes predicted from the Kir6.2-dependent network. (A)
Interrogation of the KATP channel-dependent proteome for existing toxicological pathways in
Ingenuity Pathways Knowledge Base revealed three statistically significant adverse effects:
“Cardiac Damage”, “Cardiac Enlargement”, and “Cardiac Fibrosis”. Each of these predicted
adverse effects was confirmed in vivo by (B) marked reduction of cardiac function as measured
by cardiac output and increased cardiac mass measured by normalized heart to body weight
(HW:BW) and (C) cardiac fibrosis as illustrated by Sirius red staining of increased collagen
deposition (* p<0.05, −HTN vs. +HTN; ** p<0.05, WT +HTN vs. KO +HTN).
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