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Abstract

Background—Hypoxia followed by reoxygenation (H-R) observed during perinatal asphyxia is
a serious complication with a high mortality and morbidity rate which may cause adverse
cardiovascular effects in neonates. Our aim was to determine if oxidative stress related to H-R
induces peroxynitrite-dependent modifications of the cardiac contractile protein, myosin
regulatory light chain 2 (MLC2) and whether this is associated with development of cardiac
systolic dysfunction.

Methods and Results—Twelve newborn piglets were acutely instrumented for hemodynamic
monitoring and randomized to a control group ventilated with only atmospheric air or to the H-R
study group, exposed to alveolar normocapnic hypoxia followed by reoxygenation. Afterwards,
animals were euthanized and the hearts harvested for biochemical analyses. Systolic function as
well as cardiac MLC2 levels decreased in H-R animals, whereas nitrates and nitrotyrosine levels
increased. Negative correlations between nitrates, nitrotyrosine and MLC2 levels were observed.
Moreover, H-R induced nitration of two tyrosine residues within the MLC2 protein. Similarly, in
vitro exposure of MLC2 to peroxynitrite resulted in the nitration of tyrosine, which increased the
susceptibility of MLC2 to subsequent degradation by matrix metalloproteinase-2 (MMP-2).
Substitution of this tyrosine with phenylalanine prevented the MMP-2 dependent degradation of
MLC?2. In addition, a large decrease in MLC2 phosphorylation due to H-R was observed.

Conclusions—1. Oxidative stress related to asphyxia induces nitration of cardiac MLC2 protein
and thus increases its degradation. This and a large decrease in MLC2 phosphorylation contribute
to the development of systolic dysfunction. 2. Inhibition of MLC2 nitration and/or direct inhibition
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of its degradation by MMP-2 could be potential therapeutic targets aiming at reduction of
myocardial damage during resuscitation of asphyxiated newborns.
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Introduction

Although neonatal asphyxia affects various organs due to poor perfusion and changes in
oxygen delivery, the most serious effects are observed in the central nervous and
cardiovascular systems. Asphyxia, being the third major cause of neonatal mortality,
accounts for more than one million neonatal deaths worldwide annually [1]. Even though
resuscitation revives three quarters of newborns [2], late complications of asphyxia still
remain an important cause of morbidity and mortality in children [1,2]. These include
cardiovascular dysfunction, which is among the most common problem occurring in more
than 60% of asphyxiated neonates [3,4]. Therefore, it is necessary to understand the factors
leading to cardiac dysfunction and to develop therapeutic strategies to prevent or reverse
such detrimental outcomes.

It has been well established that changes in myocardial contractility might be due
postranslational modifications of several proteins which compose the contractile machinery
of the heart [4,5,6,7]. These modifications could be attributed to increased levels of reactive
oxygen species (ROS), mainly peroxynitrite (ONOO™). Increased ONOO™ formation has
been correlated with the development of systolic dysfunction [8,9,10,11,12,13]. Recently,
we showed that neonatal asphyxia results in ONOO™-dependent modification of the cardiac
contractile protein, myosin essential light chain 1 (MLC1), which is followed by its
subsequent degradation by matrix metalloproteinase-2 (MMP-2 leading to cardiac systolic
dysfunction [14]. In fact, in several pathological models of ischemia, MMP-2, a zinc
proteinase was identified as the primary enzyme responsible for degradation of extracellular
matrix components as well as intracellular targets such as the contractile proteins troponin |
and MLC1 [6, 15].

Myosin is the key protein of the contractile apparatus of the heart and its interaction with
actin is responsible for the ability of the heart muscle to contract and, correspondingly to
beat. The myosin molecule consists of two heavy chains and two types of light chains, two
essential light chains (MLC1), and two regulatory light chains (MLC2) [16]. Both light
chains play important structural and functional roles by supporting the structure of the
myosin neck region and fine-tuning the kinetics of the actin myosin interaction (reviewed in
[17,18,19]. This neck region of myosin is proposed to act as a lever arm, amplifying small
conformational changes that originate at the catalytic site of myosin head into large
movements allowing myosin to generate motion and force [20,21]. Two functionally
important domains of MLC2 include a highly conserved N-terminal phosphorylatable serine
15 constituting a myosin light chain kinase (MLCK) phosphorylation site and a Ca2*-Mg%*
binding site comprising the N-terminal helix-loop-helix MLC2 motif [18]. Given the
important role of MLC2 in muscle contraction, it is not surprising that oxidative stress due
to hypoxia-reoxygenation could lead to protein modifications and its subsequent
degradation. Similar to MLC1, it has been shown that the levels of MLC2 drastically
decrease in cardiac myocytes during myocardial infarction [22]. We hypothesized that
similar to stress-induced modifications observed in MLC1 [14], the same can be detected in
MLC2 from hearts subjected to H-R.
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In this study we examined the asphyxia induced modifications in MLC2, which led to a
decrease in its level and resulted in the development of systolic heart failure. We aimed to
elucidate: 1) whether the increase in ONOO™ production caused by global hypoxia and
reoxygenation results in post-translational modifications of MLC2 such as nitration and/or
nitrosylation; 2) whether H-R leads to alterations in MLC2 phosphorylation, and 3) if these
modifications are associated with an increase in degradation of MLC2. Finally, we assessed
4) the relevance of these pathophysiological events by determination of their effects on
cardiac hemodynamic function.

This project is one of our on-going studies to identify the factors related to cardiac
dysfunction after neonatal hypoxia-reoxygenation and to develop novel therapeutic
strategies to treat asphyxiated neonates effectively. If our hypothesis is confirmed — that the
myocardial contractile dysfunction is associated with the degradation of these cardiac
contractile proteins by MMP-2, this will result in the development of new strategies
including the use of a specific myocardial MMP-2 inhibitor, in addition to the conventional
therapies with fluid and inotropes which have no significant effect in the outcome of these
critically ill neonates [23].

Materials and Methods

Animals

Sixteen mixed breed piglets 1 to 3 days of age, weighing 1.4 to 2.3 kg, were used. This
investigation conforms to the Guide to the Care and Use of Experimental Animals published
by the Canadian Council on Animal Care (1996).

The instrumentation and protocol have been described previously [24]. Briefly, animals
were anesthetized by inhalational halothane (2-5%) and then switched to intravenous
fentanyl (0.005-0.015 mg/kg/h), midazolam (0.1-0.2 mg/kg/h) and pancuronium (0.05-0.1
mg/kg/h) after starting mechanical ventilation. Femoral arterial and venous catheters (5F,
Argyl®, Sherwood Medical Co., St. Louis, MO) were placed and positioned in the
abdominal aorta and right atrium, respectively. After endotracheal intubation via
tracheotomy, pressure-controlled assisted ventilation was commenced (Sechrist infant
ventilator model 1V-100, Sechrist Industries Inc., Anaheim, CA) with pressures of 18/4 cm
H,O0 at a rate of 15 to 20 breaths/min. A left anterior thoracotomy in the third intercostal
space was performed. Following the ligation of Ductus Arteriosus, a 6-mm transonic flow
probe (6SB906, Transonic Systems Inc., Ithica, NY) was placed around the main pulmonary
artery for continuous measurement of blood flow, as a surrogate of cardiac output (CO).

Piglets were monitored for heart rate and mean arterial pressure (MAP) with a Hewlett
Packard 78833B monitor (Hewlett Packard Co., Palo Alto, CA). Inspired oxygen
concentration was measured using an Ohmeda 5100 oxygen monitor (Ohmeda Medical,
Laurel, MD) and maintained at 0.21-0.24 to keep fraction of volume for oxygen saturation
between 90% and 96%, which was continuously monitored with a pulse oximeter (Nellcor,
Hayward, CA). Maintenance fluids during experimentation consisted of 10% dextrose in
water at 10 ml/kg/h and 0.9% NaCl at 2 ml/kg/h. Piglet temperature was maintained at
38.5°C to 39.5°C using an overhead warmer and a heating pad.

Experimental protocol

After surgical instrumentation, piglets were allowed to recover from the surgical procedure
until baseline hemodynamic measures were stable (change less than 10% over 20 min).
Then, the animals were separated into two groups (n=8/group): 1) a sham-operated
normoxic group with no period of H-R, and 2) a H-R group where animals were exposed to
alveolar normocapnic hypoxia at inspired oxygen concentrations of 10 to 15% for 120 min.
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At the end of hypoxia, the animals were in cardiogenic shock with decreased CO (<50% of
normoxic baseline), severe hypotension and metabolic acidosis. The hypoxic period was
followed by reoxygenation with 100% oxygen for 60 min and then 21% oxygen for 180 min
(Figure 1). At the end of the experiment, animals were euthanized with an intravenous bolus
of 100 mg/kg pentobarbital, and the left ventricular myocardium of the heart was harvested
and freeze-clamped in liquid nitrogen for subsequent proteomic analysis.

Measurement of hemodynamic parameters

HR, MAP and CO were continuously recorded throughout the experiment. Analogue outputs
of the pressure amplifiers and flow monitor were digitized by a DT 2801-A analogue to
digital converter board (Data Translation, Ontario, Canada). Software was custom written
using the Assist programming environment. Stroke volume (SV) was calculated by dividing
the CO by HR. The hemodynamic parameters were analyzed at normoxic baseline, 60t and
120t min of hypoxia, 10t and 60t min of reoxygenation with 100% oxygen, and 60,
120t and 180t min of reoxygenation with 21% oxygen.

Preparation of heart extracts

Protein samples for 2-dimensional electrophoresis (2-DE) were prepared by mixing frozen
(—80 °C), powdered heart tissue (40 to 60 mg wet weight) with 200 pl rehydration buffer (8
mM urea, 4% CHAPS, 10 mM DTT, 0.2% Bio-Lytes 3/10 [BioRad]). Samples were
sonicated on ice twice for 5 s and centrifuged for 10 min at 10000 g at 4 °C to remove any
insoluble particles. Protein content of the heart extract in rehydration buffer was measured
with a BioRad protein assay. The efficient solubilization of contractile proteins using this
method was previously verified to be suitable [6]. For other biochemical studies, frozen
heart tissue powder was homogenized on ice in 50 mM Tris-HCI (pH 7.4) containing 3.1
mM sucrose, 1 mM DTT, 10 pg/ml leupeptin, 10 pg/ml soybean trypsin inhibitor, 2 pg/ml
aprotinin and 0.1% Triton X-100. Homogenates were centrifuged at 10000 g at 4 °C for 10
min, and the supernatant was collected and stored at —80 °C until use.

2-dimensional gel electrophoresis (2-DE)

After preparing the tissue extract, 100 pg of protein was applied to 11 cm immobilized
linear pH gradient (3 to 10) strips (IPG, BioRad), with rehydration for 16-18 h at 20 °C. For
isoelectrofocusing (IEF), the BioRad Protean IEF cell was used with the following
conditions at 20 °C with fast voltage ramping: Step 1: 15 min with end voltage at 250 V;
Step 2: 150 min with end voltage at 8000 V; Step 3: 35 000 V-hours (approximately 260
min). After IEF, the strips were equilibrated according to the manufacturer’s instructions.
Second dimension of 2-DE was then carried out with Criterion pre-cast gels (8 to 16%)
(BioRad). To minimize variations in resolving proteins during the 2-DE run, all gels were
run simultaneously using a Criterion Dodeca Cell (BioRad). Because, we could only run 12
gels simultaneously using the system, 6 randomly chosen samples from each group (control
and H-R) were used.

All gels were stained in the same staining bath with the Silver Staining Plus kit (BioRad).
Developed gels were scanned using a GS-800 calibrated densitometer (BioRad). The
intensity of protein spots from 2-DE gels was measured using PDQuest 7.1 software
(BioRad). Equivalent protein loading was confirmed by determination of actin, tropomyosin
and ATP synthase alpha subunit spot level.

Because the image profile of an ideal spot conforms to a Gaussian curve, PDQuest uses
Gaussian modeling to create "ideal" spots that can be easily identified and quantitated.
Gaussian spot is a precise three-dimensional representation of an original scanned spot.
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Mass spectrometry

MLC?2 protein spots were manually excised from the 2-DE gel. These spots were then
processed using a MassPrep Station from Micromass using the methods supplied by the
manufacturer. Briefly, the excised gel fragment containing the protein spot was first
destained, reduced, alkylated, digested with trypsin and extracted. Analysis of the trypsin
digest of MLC2 for ONOO™ dependent modifications were performed on Q-TOF Ultima
Global (Waters) and Applied Biosystems 4800 MALDI TOF-TOF analyzers. A mass
deviation of 0.6 was tolerated and one missed cleavage site was allowed. Resulting values
from mass spectrometry (MS/MS and MS) analysis were used to search against the NCBInr
and Swiss-Prot databases with Mammalia specified. We used the Mascot
(www.matrixscience.com) search engine to search the protein database.

Immunoblotting for MLC2 levels

MLC?2 content in the myocardium was determined by immunoblot. We separated 20 pg of
protein from each heart extract using 12% SDS-PAGE and transferred the protein to a
polyvinylidene difluoride membrane (Bio-Rad). MLC2 was identified using a polyclonal
anti-MLC2 antibody (from Santa Cruz Biotechnology Inc.). Band densities were measured
using GS-800 calibrated densitometer and Quantity One measurement software 4.6
(BioRad).

Measurement of MMP-2 by zymography

Gelatin zymography was performed as described previously [25]. Briefly, heart extract
preparations (30 pg of protein) were applied to 8% polyacrylamide gel copolymerized with
2 mg/ml gelatin. After electrophoresis gels were rinsed 3 times for 20 min each in 2.5%
Triton X-100 to remove SDS. The gels were then washed twice in incubation buffer (50 mM
Tris-HCI, 5 mM CaCl,, 150 mM NacCl, and 0.05% NaN3) for 20 min each at room
temperature and then incubated in incubation buffer at 37°C for 24 h. The gels were stained
in 0.05% Coomassie Brilliant Blue G in a mixture of methanol: acetic acid: water (2.5: 1:
6.5, v:v) and destained in aqueous 4% methanol: 8% acetic acid (v:v). Developed gels were
scanned with GS-800 densitometer (BioRad) and the MMP-2 activity was measured using
Quantity One measurement software 4.6.

Measurement of nitrite and nitrate (NO,)~™ concentration

We measured (NO,)™ as a marker of induction of ONOO™ hiosynthesis. Myocyte
homogenates were diluted 1:1 with deionized water and then deproteinized by centrifugal
ultrafiltration (Ultrafree-MC micro-centrifuge tubes UFC3, Millipore Corporation, Bedford,
MA). Ultrafiltrates were analyzed for total nitrate and nitrite content according to the
method of Green [26]. Briefly, all nitrates were first reduced to nitrites online by passing the
sample through a high-pressure liquid chromatography column packed with copper-coated
cadmium. These nitrites were then reacted online with Griess reagent to produce an “azo”
compound that was detected at 546 nm by means of a visible light detector. The
concentrations of nitrite in each sample were quantified through generation of a standard
curve using sodium nitrite.

Measurements of nitrotyrosine levels using HPLC

Nitrotyrosine and tyrosine concentrations in cardiomyocyte homogenates were determined
by high-pressure liquid chromatography (HPLC) as previously described [27]. Briefly,
tissue samples were sonicated in 400 pl of sodium acetate (10 mM, pH 6.5) and vortexed for
1 h. Afterwards samples were centrifuged at 12000 g for 10 min and a 50 pl aliquot was
removed and used for a protein assay according to the Bradford method. Proteolysis was
performed by adding 150 pl of the supernatant to 25 pl of sodium acetate buffer and 50 pl of
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pronase (1 mg/ml in acetate buffer) followed by heating at 50 °C for 18 h. After digestion,
samples were dried in a Speed Vac system and the extract was dissolved in acetonitrile.
Derivatization with 4-fluoro-7-nitrobenzeno-2-oxa-1,3-diazole was performed. A 10 pl
aliquot was used for HPLC quantification as described [28].

Preparation of recombinant human cardiac MLC2

The cDNA clone for the human ventricular myosin light chain 2 (MLC2) (NCBI
#AAB07462) was isolated with a two-tube RT-PCR method and Omniscript RT kit
(Qiagen) using total adult human heart RNA (Stratagene), Oligo dT;5 (Promega) and MLC2
specific primers. The sequence of MLC2 wild type (WT) clone was verified and confirmed.
MLC2-WT DNA was used to transform BL21 (DE3) Codon Plus competent cells
(Stratagene). The MLC2 protein was expressed in 8 L of enriched media consisting of 30 g
of peptone/L, 20 g of select yeast extract/L, and 10 g/L of M9 minimal salts with 20 pg/mL
of ampicillin and purified using column chromatography (S-Sepharose, DEAE-Sephacel).
The fractions of protein purity 97-99% were pooled and stored frozen at —80°C until
needed.

Preparation of human recombinant Y152F mutant MLC2

The Tyrosine 152 Phenylalanine (Y152F) mutant of MLC2 was cloned using a two-step
sequential overlapping PCR method. Wild type MLC2 was used as the template DNA and
specific primers were designed to introduce the Y152F mutation. Clones positive for insert
were sent for DNA sequencing and confirmed clones were used for protein expression after
transformation into BL21 (DE3) Codon Plus RIPL competent cells (Stratagene).
Transformed colonies were screened for overexpression of the mutant MLC2-Y152F
protein. Eight liters of enriched media was inoculated with a small culture of the
overexpresser and grown overnight at 37 °C. Pellets were harvested by centrifugation and
then resuspended in the buffer of 2 M urea, 20 mM citrate, pH=6, 0.02% NaNs, 0.1 mM
PMSF, and 1 mM DTT. Pellets were stored frozen at —20 °C until needed. Frozen pellets
were thawed and then sonicated for 10 min total time, in cycles of 30 s on 2 min off, while
on ice using a Heat Systems XL2020 Sonicator. Sonicate was clarified by centrifugation for
45 min in a JA20 rotor at 18000 rpm at 4 °C. The resultant supernatant was loaded onto a 5
x 10 cm previously equilibrated S-Sepharose column and eluted with a linear gradient of 0—
0.45M KCI. Fractions found to contain pure protein by SDS-PAGE were pooled, dialyzed
into a buffer of 2 M urea, 25 mM Tris, pH=7.5, 0.02% NaNs3, 0.1 mM PMSF, and 1 mM
DTT and loaded onto a previously equilibrated Q-sepharose column. MLC2 mutant was
eluted with a linear gradient of 0-0.45 M KCI and pure fractions determined by SDS-PAGE
were pooled, aliquoted and stored for later use at —20 °C.

In vitro nitration of MLC2 followed by its degradation by MMP-2

Because a commercial preparation of pig MLC2 is not available, we used human cardiac
MLC?2 for in vitro degradation of MLC2 by MMP-2. Using the LALIGN peptide
comparison program (www.ch.embnet.org/software/LALIGN_form.html), the primary
sequence of pig cardiac ventricular MLC2 (Q8MHY0) was compared to human cardiac
ventricular MLC2 (P10916). Comparison of the primary structures of pig and human MLC2
shows 93.5% identity for all amino acids.

The preparation of human cardiac MLC2 was used for assessment of ONOO™ effect on in
vitro degradation of MLC2 by MMP-2. Purified human cardiac MLC2 (12 ug) was pre-
incubated with ONOQ™ at three concentrations (10 uM, 100 uM and 1 mM) for 30 min at
room temperature. This was followed by incubation for 120 min with 200 ng of MMP-2
(Calbiochem) in 50 mM Tris-HCI buffer (5 mM CaCl,, 150 mM NacCl, total volume 40 uL)
at 37°C for 60 min. The reaction mixtures were analyzed by 12% SDS-PAGE under
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reducing conditions and visualized by the Coomassie Brilliant Blue G-250 staining method.
Developed gels were then scanned using a GS-800 calibrated densitometer (BioRad). The
degradation of MLC2 was calculated using Quantity One 4.6 software (BioRad).

Immunoprecipitation (IP)

We incubated 500 pg of heart extract proteins/sample with 5 g rabbit anti—nitrotyrosine
1gG or 0.5 ug rabbit anti-MLC2 IgG or 12 ug rabbit anti-MMP-2 IgG in a total volume of
500 pl RIPA buffer (150 mM NacCl, 1% IGEPAL CA-630, 0.5% sodium deoxycholate
(DOC), 0.1% SDS, 50 mM Tris, pH 8.0, 1 mM PMSF) overnight at 4 °C. This buffer was
chosen because of its known high stringency to avoid unspecific binding. As a negative
control, unrelated 1gG was used instead of anti-MMP-2, anti—nitrotyrosine or anti-MLC2
1gG. We added 100 pul of slurry of protein A-Sepharose beads and incubated the mixture
overnight at 4 °C. The mixture was washed three times with 0.5 ml of RIPA buffer at 4 °C
and 20 pl of sample buffer was added. In order to show co-localization of MLC2 with
MMP-2 the immunoprecipitates with anti-MLC2 IgG were analyzed by zymography for
MMP-2 activity. The immunoprecipitates with anti-MMP-2 1gG were analyzed by
immunobloting for MLC2 level. The changes in nitrated MLC2 were analyzed by
immunobloting following IP with anti-nitrotyrosine 1gG.

Statistical analysis

Results

The protein spot intensities, analyzed using PDQuest measurement software, were evaluated
by Mann-Whitney test and/or t-test, as appropriate. Kruskal-Wallis or Friedman ANOVA, as
appropriate, were used in functional studies (repeated measurements of hemodynamic and
metabolic parameters). Immunoblot results were assessed using Mann-Whitney test.
Correlation was performed with Spearman test. Data are expressed as the mean+SEM.

Hemodynamic function

Significant worsening of hemodynamic parameters for the cardiac function was observed in
the H-R group as compared to the control group (Table 1). Heart rate measured in the 120t
min of the experiment, was similar in both groups. However, during reoxygenation an
increase in heart rate in the H-R group was observed. At 360 min of experiment, heart rate
was significantly higher in the H-R group as compared to the control group (256+15 vs.
193+18 bpm, p<0.05, respectively) (Table 1).

Mean arterial pressure (MAP) significantly decreased during hypoxia (27.0£0.4 vs. 66.2+4.6
mmHg in the control group, p<0.05). During reoxygenation MAP significantly increased in
the H-R group, however it was still lower in comparison to the control group (38.6+2.8 vs.
59.2+1.9 mmHg, respectively, p<0.05) (Table 1).

There was a significant decrease in cardiac output (CO) during hypoxia (9616 vs. 165+18
ml/kg/min. in the control group, p<0.05). The CO in the H-R group increased during
reoxygenation, but remained significantly lower in comparison the control group (109+16
vs. 181+17 ml/kg/min, respectively, p<0.05) (Table 1).

Stroke volume (SV) was significantly lower in the H-R group in comparison to that
observed in the control group, both at the 120t minute of hypoxia (0.59+0.06 vs. 0.89+0.12
ml/beat, respectively, p<0.05) and after reoxygenation at the 360t minute of experiment
(0.51£0.08 vs. 0.92+0.07 ml/beat, respectively, p<0.05) (Table 1).
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Markers of metabolic acidosis

During hypoxia severe lactic acidosis developed (pH=7.04+0.04 vs. 7.38+0.02, p<0.05;
plasma lactates level=14.5+0.6mM vs. 3.6+£0.5 mM in the control group, respectively,
p<0.05), which subsequently recovered during the reoxygenation period (pH=7.34+0.02;
lactates 5.7+1.1 mM at 360t minute of experimentation in the H-R group) (Table 2).

Analysis of changes in MLC2 levels

In heart homogenates we identified two forms of myosin light chain 2 (MLC2) showing
identical molecular weights but differing in their isoelectric points (Figure 2A) with pl 5.51
and 5.68 (Figure 2B). The difference of 0.17 pH unit between both forms suggests that the
more acidic form depicts the phosphorylated form of MLC2. Interestingly, the theoretical pl
of MLC2 (calculated on the base of amino acid sequence without any modifications) is 4.86
units. The level of phosphorylated MLC2was significantly lower in the samples from H-R
group compared to those from the control group, as assessed by 2-DE (103.2+18.7 AU in H-
R groups vs. 305.7£66.5 AU in control form, pl 5.51) Similarly, the level of non-
phosphorylated MLC2 decreased due to H-R (887+79.8 AU in H-R vs. 1149.5+80.9 AU in
the control group, for spots with pl 5.68). It should be noted that while non-phosphorylated
MLC?2 (pl 5.68) decreased by ~33% due to H-R, the decrease in the level of phosphorylated
MLC2 (pl 5.51) was ~66% in H-R animals (Figure 3B). Additionally the changes in total
MLC2 evaluated by immunoblot were 66.8+3.7 AU (H-R) vs. 131.0+19.8 AU (control),
p<0.05 (Figure 2C). The quality of identification of both forms (non-phosphorylated and
phosphorylated) of MLC2 by mass spectrometry and using Mascot search engine is shown
in Table 3.

Markers of peroxynitrite formation

In order to evaluate peroxynitrite (ONOQO™) production we measured nitrogen oxides
(NOy") and nitrotyrosine levels in heart homogenates as markers of ONOO™ production.
Hypoxia followed by reoxygenation resulted in a significant increase in NO, ™ levels in
comparison to the control group (9.75+2.05 pmol/mg of protein vs. 3.71+0.61 pmol/mg of
protein, respectively, p<0.05). Simultaneously, a significant increase in nitrotyrosine levels
in the homogenates of H-R hearts was observed (157.6+27.5 vs. 85.6+26.9 pmol/ug of
protein in the control group, p<0.05) (Figure 3).

Correlations of peroxynitrite formation with heart function

NO,~ as well as nitrotyrosine levels were negatively correlated with cardiac systolic
function assessed by stroke volume (r= —0.88, p<0.05 for NO,~ and r= —0.87, p<0.05 for
nitrotyrosine). Furthermore, a negative correlation between MAP and both NO,~ and
nitrotyrosine levels was observed (r=—0.76 and r=—0.72, respectively, p<0.05) (Figure 4).

Effect of peroxynitrite on MMP-2 dependent degradation of MLC2 in vitro

Peroxynitrite dose-dependently enhanced the degradation of human cardiac MLC2, as
assessed by SDS-PAGE. Moreover, there was a strong negative correlation between MLC2
level and log [ONOO™] (r=—0.98, p<0.05) (Figures 5A and B).

Substitution of tyrosine (Y152) for phenylalanine (F152) prevented ONOO™ -dependent
MMP-2 degradation of MLC2-Y152F mutant (Figure 5A).

Mass spectrometry analysis for nitration of MLC2

Due to the low quantity of the more acidic form of MLC2 (pl 5.51) and since the more
acidic form could not be collected without contamination with the less acidic form, for the
analysis of MLC2 modifications only the non-phosphorylated form with pl 5.68 was used
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(Figure 2B). The analysis for nitration of pig MLC2 protein has shown the nitration of
tyrosine 118 (Y118) and 152 (Y152) within the protein obtained from the H-R group. No
nitration/nitrosylation of MLC2 in the control group was observed.

The mass spectrometry analysis of ONOO™-induced modifications of human cardiac MLC2
protein from the in vitro experiment has shown the nitration of tyrosine 152 (Y152),
(homologous to Y152 within MLC2 protein obtained from pig heart). There was no second
nitration of the tyrosine within the human MLC2 (Figure 5C).

Co-localization of MMP-2 as well as of nitrotyrosine with MLC2 in vivo

Co-localization of MLC2 with MMP-2 was determined in vivo by immunoprecipitation (IP)
followed by zymography and immunobloting. Zymography shows (Fiure 6A) approximately
3 fold higher activity of MMP-2 associated with MLC2 from H-R hearts then from control
group. Immunoblot analysis for MLC2 level following IP with anti-MMP-2 antibody
(Figure 6B) revealed a similar increased level of enzyme-substrate complex (MLC2 with
MMP-2) in the H-R group, in comparison to the control group. Furthermore, the levels of
nitrated MLC2 protein were similarly increased in the H-R group in comparison to the
control group, as was observed when anti-nitrotyrosine antibody was used for IP followed
by immunoblotting for MLC2 (Figure 6C).

Discussion

This is the first study to demonstrate that an increase in peroxynitrite (ONOQO™) formation
observed in an experimental setting of neonatal asphyxia results in nitration of the myosin
light chain 2 (MLC2) protein, which subsequently leads to a decrease in its level and results
in the development of systolic heart failure. We have characterized a novel functionally
important, oxidative stress dependent nitration of MLC2. Importantly, as we showed earlier
and in this study both contractile proteins, MLCland MLC2, can be degraded by MMP-2. If
these contractile proteins contribute to the cardiac dysfunction in hypoxia-reoxygenation,
new therapeutic strategies can be developed including a specific myocardial MMP-2
inhibitor. This will open new avenues to alleviate cardiovascular morbidity and improve the
outcome of asphyxiated neonates.

In this study we have observed decreased stroke volume during the entire reoxygenation
period which was due to deterioration of cardiac systolic function. Decreased cardiac output,
which persisted despite the reoxygenation, reflects the loss of cardiac contractility and was
partially compensated by an increase in heart rate. Systemic vascular resistance, which was
decreased during hypoxia, has recovered during reoxygenation as lactic acidosis was
recovering. Because mean arterial pressure was still being decreased despite the
normalization of vascular resistance, we can postulate that the cardiac systolic function was
persistently impaired. Moreover, since the parameters of cardiac performance were
negatively correlated with the markers of peroxynitrite formation, a causative role of
peroxynitrite in cardiac damage might be postulated.

In order to confirm the crucial role of increased ONOO™ formation (which was
demonstrated by changes in NOy™ and nitrotyrosine levels) in the development of cardiac
systolic dysfunction, we have performed mass spectrometry analysis of the altered cardiac
contractile protein, MLC2, which has revealed the nitration of two tyrosines. Since the level
of MLC2 in hearts from the H-R group was decreased, we hypothesized that nitration of
MLC?2 increases its susceptibility to degradation by matrix metalloproteinase-2 (MMP-2),
which was confirmed in the in vitro experiment with human cardiac MLC2, where ONOO™
exposure of MLC2 in a dose dependent manner potentiated its subsequent degradation by
MMP-2. Furthermore, substitution of nitrated tyrosine with phenylalanine within the human
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recombinant MLC2 protein prevented its degradation by MMP-2 after ONOO™ exposure.
These results were further confirmed in our in vivo model by immunoprecipitation with anti-
nitrotyrosine followed by immunoblotting for MLC2 where the amount of nitrated MLC2
protein was increased in hearts subjected to H-R. Moreover, in vivo co-localization of MLC2
and MMP-2 has also been demonstrated and the amount of the enzyme-substrate complex
was higher in the H-R group, as compared to the control group.

On base of the results we propose that oxidative stress triggers post-translational
modifications (nitrations) of contractile proteins (MLC2). Following these changes, the
proteins become a substrate for MMPs (MMP-2) which results in impairment of myocardial
contractile function (Figure 7). Thus, the pharmacological inhibition of modification of
contractile proteins together with inhibition of MMP-2 activity will provide adequate
protection to the heart.

It is well recognized that MLC2 is also phosphorylated and that this phosphorylation is
crucial for the regulation of MLC2 function [18,29]. It was shown that the level of MLC2
phosphorylation does not change during systole and diastole, due to a much lower turnover
rate of phosphate exchange compared to the systolic and diastolic cycles [18,30]. However,
patients with compromised cardiac function as in heart failure demonstrated complete
dephosphorylation of MLC2 [31]. Therefore, increasing or decreasing the level of MLC2
phosphorylation has been associated with a positive or negative inotropic state of the heart,
respectively [17]. Similar to human subjects, around 30-40% of MLC2 phosphorylation was
observed in pig [32], rabbit [33] and rat [34,35] cardiac fibers reflecting a quite low activity
of the myosin light chain kinase (MLCK) and phosphatase (MLCP), the two enzymes
catalyzing the phosphorylation-dephosphorylation processes, respectively, in the heart.
Indeed, in our experimental model we were able to detect two forms of MLC2,
phosphorylated with pl 5.51 and non-phosphorylated with pl 5.68. As expected, the level of
phosphorylated MLC2 was largely decreased in the H-R group compared to controls (Fig.
3).

Our data suggest that nitration of tyrosine residues within the MLC2 protein by
ONOOincreases its affinity for the MMP-2 enzyme and that MMP-2 can be responsible for
degradation of MLC2 in hearts subjected to H-R. Furthermore, since the substitution of
tyrosine within human MLC2 mutant by phenylalanine prevents its nitration by ONOO™ and
thus its subsequent MMP-2 dependent degradation, a crucial role of the ONOO™ - MLC2 -
MMP-2 axis in pathogenesis of asphyxia-induced cardiac systolic dysfunction might be
postulated.

Up to date, it has been well established that multiple biochemical cascades contribute to the
pathogenesis of oxidative stress induced myocardial injury. Modifications in thick filament
protein content and performance are thought to underlie contraction-relaxation dysfunction
in human heart failure [36]. Although it is known that some mutations in the MLC2 gene
may result in cardiomyopathies [18,37], the precise role of MLC2 in the heart is still not
fully understood. We are the first to demonstrate that oxidative stress induces the nitration of
MLC2 which in turn leads to its subsequent degradation. Also, we report promising data
pointing toward a decrease in the phosphorylation level of MLC2 due to H-R. Moreover, we
establish for the first time that MMP-2 is a key player in the degradation of nitrated MLC2
in vivo. Thus, the present study confirms and extends our previous observations that
degradation of cardiac contractile machinery triggered by ischemia-reperfusion in rats [6] or
by H-R in newborn piglets involves MMP-2 and occurs upon oxidative stress-dependent
modifications of contractile proteins [14]. Hence, the assessment of pharmacological
treatment aiming at decreasing oxidative stress induced modifications of contractile proteins
should be an effective intervention to minimize myocardial injury.
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Figure 1.

Experimental design. All animals were subjected to 30 min stabilization. The investigated
group (H-R) was subjected to 120 min of hypoxia followed by 240 min of reoxygenation,
while the control group was subjected to 360 min of normoxia.
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Figure 2.

A. Representative 2-DE gels of proteins from piglet hearts. Arrows indicate location of the
MLC?2 proteins. Equivalent protein loading was confirmed by determination of tropomyosin
(1), actin (2), and ATP synthase alpha subunit (3) spot level.

B. Quantitative analysis of the amount of two MLC2 protein forms (non-phosphorylated and
phosphorylated) by 2-dimensional electrophoresis (2-DE) in the control and H-R hearts.
Insets show representative protein spots of the MLC2 forms. Isoelectric points (pl) for each
form of MLC2 are indicated.

Ellipses on the gels show the shape of each spot generated by Gaussian fitting.

C. Densitometric analysis of total MLC2 levels from immunoblotting in control and H-R
groups. Inset shows a representative immunablot.
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Figure 3.
Analysis of peroxynitrite (ONOO™) generation by measurement of nitrate and nitrotyrosine

levels by HPLC. A. Nitrogen oxides (NO, ) and B. Nitrotyrosine levels in the control and in
the H-R group.
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Figure 4.

Correlations of stroke volume (SV) and mean arterial pressure (MAP) with markers of

peroxynitrite formation.
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In vitro degradation of ONOO:- - treated MLC2 by MMP-2
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Figure 5.

Effect of peroxynitrite exposure on MMP-2 - dependent degradation of MLC2 in vitro
A. Densitometric analysis of human cardiac MLC2 levels (MLC2 WT - wild type, and
MLC2 Y152F - mutant) in samples subjected to ONOO™ at various concentrations.
Representative SDS-PAGE scans are shown in the inset.

B. Correlation between ONOO™ concentration and MLC2 WT level.

C. Detection of nitrotyrosines in MLC2 by mass spectrometry analysis from hypoxia-
reoxygenated hearts and from in vitro studies with ONOO™ - induced modifications of
MLC2.
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Zymography for MMP-2 activity following IP with anti-MLC2
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-18.5 kDa

A. MMP-2 activity in control hearts as well as those subjected to hypoxia-reoxygenation (H-
R) from immunoblot following immunoprecipitation with anti-MLC2. Inset shows a

zymogram.

B. MLC2 levels in control hearts as well as those subjected to H-R from immunoblot
following immunoprecipitation with anti-MMP-2 1gG. Inset shows an immunoblot.
C. MLC2 levels in control hearts as well as those subjected to H-R from immunoblot
following immunoprecipitation with anti-nitrotyrosine (anti-N-Tyr). Inset shows an

immunoblot.
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Figure 7.

A. Conceptual hypothesis of hypoxia-induced degradation of MLC2. During oxidative
stress, such as hypoxia, there is an increase in production of peroxynitrite (ONOO™) leading
to modification of MLC2 within the sarcomere of a cardiac myocyte. The modified MLC2
becomes a substrate for MMP-2, and its subsequent degradation leads to the development of
cardiac systolic dysfunction.
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Table 3

Results of identification of MLC2 spot using Mascot search engine

Identification of protein spots as MLC2

Identification of cardiac myosin light

Probability Based Mowse Score™

Peptides Matched

Sequence Coverage

chain-2 forms (MLC2) Threshold (n) (%)
(p<0.05) Observed Score

Form with Ip 5.51 41 145 5 26

Form with Ip 5.68 41 249 7 33

*
—10log(P) where P is the probability that the observed match is a random event
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