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(57) ABSTRACT

A method of screening for compounds that enhance or
depress contractile function, based on measuring the forma-
tion of heterodimers of contractile fibers (e.g. Tm and actin,
myosin heavy and myosin light chains), for example through
disulfide bond formation. Diagnostic and prognostic methods
and kits are also provided.
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METHOD, KIT OR DIAGNOSTIC FOR THE
DETECTION OF REAGENTS WHICH
INDUCE ALTERED CONTRACTILITY

BACKGROUND

[0001] Contraction in muscle and other contractile cells
occurs through the processive binding and release of myosin
heads to actin filaments causing the thick and thin filaments to
slide past one another shortening their combined effective
length. The thick filament is comprised of myosin (consisting
of myosin heavy (MHC) and 2 different myosin light chains
(in cardiac muscle myosin light chain 1 (MLC1 also called
MLC3) and myosin light 2) and myosin binding protein C
while the thin filament is comprised of filamentous actin,
tropomyosin (TM), and in case of skeletal and cardiac muscle
the troponin (Tn) complex (comprising troponin I (Tnl),
troponin T (TnT) and troponin C (TnC) while in smooth
muscle and other contractile cells, caldesmon and calponin
among others. The alignment of the myofilament requires
additional proteins such as alpha-actinin. For striated muscle
(cardiac and skeletal) regulation of this process is achieved
through the precise and adjustable arrangement of the myo-
filament accessory proteins; TM the troponins (Tnl, TnT, and
TnC) and myosin light chains one and two. Contraction is
initiated by the binding of calcium to TnC causing a confor-
mational change in the structure of the troponin complex
allowing tropomyosin to move from its B-state (blocked)
position over the myosin binding sites on the actin filament to
a C-state (closed) position. This movement allows myosin
heads to attach further displacing tropomyosin to the M-state.
With sufficient calcium concentration, cooperative binding
events occur along the length of the thin filament activating it,
allowing for repeated myosin interactions producing a con-
tractile event [1].

[0002] In disease, a cell’s ability to handle calcium can
become diminished either through impaired calcium cycling
for each contractile event or a myofilament insensitivity to the
available cellular calcium. In either case, contractile effi-
ciency is reduced usually resulting in a pathology and deter-
ment to the individual. There is considerable interest in the
development of interventions that can improve or reverse
these effects to restore healthy function [2, 3]. One class of
compounds that holds promise to improve function in failing
hearts by increasing inotropy via enhanced sensitization of
myofilaments to Ca** are nitroxyl (HNO) donors [4, 5]. HNO
is a nitric oxide (NO.) which is known to react with free thiol
groups in proteins, forming either sulfinamide or disulfide
bonds. The present inventors’ investigations into these thiol
reactive compounds have lead to the discovery of two previ-
ously uncharacterized modifications and novel mechanisms
for increased maximum contractile force and increased cal-
cium sensitivity.

[0003] Contractile cells and tissues including the heart,
skeletal and smooth muscle (and other mobile cell types) can
have reduced or increased contractility or mobility with dis-
ease or treatment with drugs. There is a need for reagents
which can modulate contractility. The present inventors have
determined that direct crosslinking resulting in the formation
of heterodimers primarily of tropomyosin (TM) and actin as
well as of myosin heavy chain and myosin light chain 1
produces a positive inotropic effect enhancing contraction.
Other disulfide bonds can simultaneously occur including
within actin and MHC and between actinin, myosin binding
protein C and Troponin C. As such, any bioactive agent
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capable of inducing such a covalent crosslink would be able to
confer this effect on contraction. In contrast, an agent capable
of inhibiting such covalent crosslinking would be expected to
reduce contractility. Such agents should be useful in the diag-
nosis and treatment of a variety of conditions that involve
contractile cells. Biomarkers which can detect the formation
of specific disulfide bonds can reflect the contractility of the
heart as well as the effectiveness of the reagents that induce or
inhibit the formation of these disulfide. This would allow
monitoring of the reagent inducing disulfide formation.

SUMMARY

[0004] The present inventors have discovered that the for-
mation of a covalent crosslink (eg. Asp-Lys side chain or
cysteine disulfide bond) between TM-actin and or myosin
heavy chain and light chain 1 confers positive inotropic effect
in contractile cells and tissues. In accordance with this find-
ing, a reagent that is able to induce or inhibit the formation of
this modification should modulate contractility. Other disul-
fide bonds that occur to the myofilament proteins at the same
time as these functional disulfides could also be used to moni-
tor the underlying biological effect. The present application
describes a method, kit or diagnostic for the detection of
reagents which can alter contractility through the formation
of these disulfide bond heterodimers.

[0005] In one aspect, the invention provides a system or
method for the screening for compounds that improve or
depress contractile function based on this crosslinking. The
disulfide bond formation (e.g dimer formation) can be moni-
tored at level of muscle or contractile tissue, isolated cells,
isolated myofibrils, isolated proteins or peptides of the
regions where the crosslinking occurs. Detection of the
crosslinking can be demonstrated by formation of the cova-
lent crosslink, antibodies or other detecting reagents, molecu-
lar weight alterations, and mass spectrometry based methods.
[0006] Compounds identified by the aforementioned
method can be tested for in vivo efficacy and, if suitable, used
in treating diseases or disorders that require increasing or
decreasing contractility in a variety of tissues and cells,
including, but not limited to cardiac, skeletal and smooth
muscle, blood cells such as neutrophils and platelets, and
cancer cells, e.g. metastatic cells having motility or potential
motility.

[0007] Diseases or disorders that can be treated using such
agents include, but are not limited to, those involving any
dysfunctional contractile tissue including, but not limited to
heart failure, heart contracture induced by cardiac injury,
skeletal muscle cramps, irritable bowl and gastric mobility,
Crohn’s disease, asthma, vascular spasm, uterine contraction
involved in premature delivery or delivery itself, menstrual
cramps, atrophy due to muscle wasting (bed rest or being on
a ventilator) and deficiencies, as well as hyper-contractile
conditions if the underlying cause is related to the establish-
ment of the one or both of the described crosslinks. Motile
cells (such as smooth muscle and neutrophils, lymphocytes)
the actin-TM crosslink alone may be sufficient to confer
altered motility. Induction of such crosslink would increase
motility for example smooth migration to the vascular lumen
upon injury.

[0008] The invention also includes a diagnostic to be used
for the detection of the heterodimers resulting from the
crosslinking described above. Such diagnostics can be used,
e.g., for monitoring treatment responsiveness and outcomes,
adjusting dosages, etc., when agents identified by the inven-
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tion and other known agents are used in treatment of a disease
or disorder (for example those mentioned above).

[0009] Inanotheraspect, theinvention provides a kit for use
in carrying out the aforementioned method. In one embodi-
ment, the kit comprises, e.g., reagents and components
needed for contacting contractile proteins with test agents and
measuring heterodimer formation and/or an increase in het-
erodimer level. Thus, the kit may include materials needed to
carry out separation of products such as nitrocellulose mem-
branes, detection agents such as primary antibodies against
specific homo or heteromer dimers or intramolecular
crosslinked molecules and/or heterodimers (e.g. antibody to
tropomyosin, antibody to actin), controls such as
homodimers (e.g. tropomyosin homodimer, myosin light
chain 1, myosin heavy chain o/), ELISA plate coated with
tropomyosin detection antibody, antibodies against the syn-
thetic peptides of Table 1, digestive enzymes such as trypsin
and chymotrypsin, buffers, etc. The kit will be required to
distinguish the crosslink directly (via an antibody or change
in molecular weight) or indirectly when the endogenous tar-
get Cys is chemically modified and the antibody is against the
specific induced Cys-. For example Cys involved in the dis-
ulfide could be selectively reduced and subsequently specifi-
cally modified with a chemical moiety to which an antibody
has been produced to recognize.

[0010] In another embodiment, the kit comprises, e.g.
reagents and components needed for measuring a decrease in
the level of heterodimers when an agent is added. This kit
may, in addition to the above, include, e.g., at least one
reagent to stimulate formation of crosslinking between con-
tractile fibers, so that test agents can be added to assay for
their ability to inhibit or reverse such crosslinking.

[0011] This invention is based on work that has induced,
characterized and identified this crosslinking phenomenon
and in doing so developed a “diagnostic” assay for its detec-
tion allowing evaluation of any potential bioactive compound
for ultimate use in manipulating contraction. This includes all
contractile tissues such as cardiac, smooth and skeletal
muscle as well as motile cells such as neutrophils. Thus, the
term “contractile cell” or “contractile tissue” is intended to
include cardiac, smooth and skeletal muscle, motile blood
cells such a neutrophils, platelets and lymphocytes, cancer
cells, fibroblasts, stem cells, endothelial cells, and epithelial
cells and any cell that contains having contractile proteins or
stress fiber proteins that comprise of actin-TM and or myosin
[0012] The present inventors have identified a cross link (in
this case, a disulphide bond but any covalent crosslink would
be applicable) between TM and actin and/or myosin heavy
and myosin light chains that alters the arrangement of the thin
and thick filament reducing the requirement for calcium to
achieve activation and resulting contraction. These findings
represent a new modification of contractile proteins, specifi-
cally TM, actin and myosin heavy and light chain 1 and confer
a novel mechanism for effecting contractile response. For
example, the disulfide bonds between Cysteine residues 190
of TM and Cys 257 of actin, and/or the disulfide bond
between Cys 37 of myosin heavy chain and Cys 81 of myosin
light chain 1, is sufficient to cause inotropic action. Other
disulfide bonds that can occur simultaneously can also be
used as diagnostic including actin to actin, MHC to MHC and
between actinin, myosin binding protein C and Troponin C.
The quantity of crosslinking can be measure (e.g. based on
MW (such as one dimensional SDS-PAGE and size exclusion
chromatography) with detection of (e.g western blotusing Ab
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against protein or the modification or mass spectrometry) the
ternary structure of TM, actin, myosin heavy chain and myo-
sinlight chain 1. For the TM-actin interaction, higher molecu-
lar weight complexes intermediate in size compared to a TM
homodimer (smaller) and the actin homodimer (larger) indi-
cate the diagnostic heterodimeric form. In the case of the
myosin interaction, a higher molecular weight form of myo-
sin light chain 1 can be observed at 230 kDa (the approximate
weight of myosin heavy chain plus light chain 1). The sensi-
tivity to selective reducing agents can be used as control. The
direct detection of the crosslink can also be done in which MS
or antibody is used. Mimmetics of the cross bridge such as
Asp-Lys covalent bond or the selective labeling (switch) of
the disulfide with a chemical moiety which can be detected by
a specific antibody or mass spectrometry with or with pre-
enrichment of the protein complexes.

[0013] The formation and quantification of either or both of
these homo and heterodimers by any means is indicative of
the myofilament (thick and thin filament) structural alteration
that is necessary to retune the apparatus and confer the
increased contractile performance. Conversely, this invention
can be used for the evaluation of compounds that prevent or
reverse the formation of the TM-actin heterodimer. This type
of intervention would also be valuable in addressing hyper-
contractile conditions, such as skeletal or smooth muscle
cramping. The dimers can be monitored at level of muscle or
contractile tissue, isolated cells, isolated myofilbrils, isolated
proteins or peptides of the regions where the crosslinking
occurs. Formation of the crosslinking can be detected by the
formation of a covalent crosslink, antibodies or other detect-
ing reagents, MW alterations, MS based methods. Detection
alone could be used as a biomarker (tissue or cell based or
body fluid such as serum or plasma for molecular assessment
of contractility and whether the therapeutic would be useful
on a patient to patient bases.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1. Effect of NCA on force and intracellular
Ca®* transient in rat cardiac muscle. (A) Raw tracings of
intracellular Ca®* transient (left) and force (right) at varied
NCA concentrations. (B) Pooled data of the dose-response of
[Ca**], (left) and force development (right) to NCA (0-200
mmol/L). Note that systolic force increased significantly
without increases in diastolic force at varied NCA concentra-
tions. N=7-8 in each group (C) Effect of NCA on systolic
[Ca**], transient (left) and force development (right) at varied
external Ca>*. At any given [Ca®*]_, systolic force increased
significantly after NCA while systolic [Ca®*], transient was
not affected. * p<0.05 vs. no drug, n=5 in each group. (D)
Effect of NCA on force-frequency relation. NCA did not
affect Ca®* transient at any given frequencies of stimulation
but increased force development at higher stimulation fre-
quencies. * p<0.05 vs. no drug, ** p<0.01 vs. no drug, n=6 in
each group.

[0015] FIG. 2. Effect of NCA on steady-state force-[Ca*]
relationship in cardiac muscle. (A) Steady-state force-[Ca®*],
relationship in intact trabeculae before and after NCA (20
pmol/L). n=5. See text for details. (B) Force-[Ca**] relationin
skinned trabeculae before and after NCA (n=6). (C) Reversal
of NCA’s effect on force-[Ca®*] in skinned muscles. The
muscles were treated with DTT (5 mM) for 10 min after 1%
force-[Ca**] was obtained in the presence of NCA alone, and
asecond force-[Ca®*] relation was obtained in the presence of
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NCA+DTT. n=3. (D) For comparison, steady-state force-
[Ca®*), relationship in intact trabeculae before and after AS
(500 pmol/L). n=5.

[0016] FIG. 3. Detection and capture of HNO modified
myofilament proteins. (A) Modified biotin switch assay
schema outlining thiol blocking, HNO reversal and biotin
labeling steps as well as capture of intact proteins or digested
proteins for MS/MS mapping of sites of HNO modification.
(B) silver stained gel of rat cardiac myofibrils treated with
HNO/NO donors or control compounds, subjected to the
biotin switch assay and eluted from streptavidin agarose. Of
note, HNO modifications were reduced by 5 mM DTT but
were resistant to treatment with 1 mM ascorbate (black
arrowheads) while NO modifications were reversed with
ascorbate (outline arrowhead). (C) Experimental strategy for
the assignment of candidate modified cysteine residues iden-
tified by site mapping study. Modifications in common
between NCA and AS treatments were considered to be can-
didates for the increase in max force while modifications
specific to NCA treatment were likely responsible for the
decrease n Cay,.

[0017] FIG. 4. Validation and characterizations of HNO
modifications. 1 pug of rat cardiac myofibrils treated with
HNO donors or control compounds were separated under
reducing or nonreducing conditions and western blots probed
for candidate proteins tropomyosin, actin, myosin heavy
chain, myosin light chain 1 (n=4). In each case a change in
mobility was observed for HNO treated samples which was
reversed with treatment of 5 mM DTT. In addition, a loss of
epitope was observed for actin with NCA treatment (lane 4).
Silver stained gel analysis indicated a protein band with
increased gel mobility that was lost with DTT. MS analysis
confirmed this band to be actin and also revealed a similar, but
less abundant, shift for actin in AS treated samples (n=2).
[0018] FIG. 5. Evaluation of the interaction between actin
and tropomyosin with NCA treatment. Purified rabbit skel-
etal tropomyosin (0.03 pg) and isolated rat cardiac myofibrils
(1 png) were treated with NCA or AS and evaluated by 1D
non-reducing western blot probing for tropomyosin (A) and
actin (B) (n=3). Analysis revealed that treatment of myofibrils
with NCA produced a higher molecular weight form of both
tropomyosin and actin that were specific to NCA treatment.
(C) Fluorescent DIGE analysis of samples from A and B
independent labeled indicates NCA specific band (green)
above purified TM (blue) and below AS treated myofibrils
(red) (n=3). (D) MS analysis of the same gel region identified
both tropomyosin and actin in non-reduced lane but not with
DTT treatment (n=2).

[0019] FIG. 6. MLC1 Cys81 necessary for increase inF,,, .
induced by treatment with HNO donors. (a) Sequence align-
ment comparing isoforms of rat cardiac (SEQ ID NO:16) and
skeletal MLLC1 (SEQ ID NO:17) in the region surrounding
cardiac Cys81. (b) Steady-state force-[Ca**], relations in con-
trol (o) versus NCA-treated () from cardiac or skeletal tra-
beculae indicating loss of increase in maximum force with
loss of Cys81 in skeletal isoform with NCA (n=5, each
group). (¢) 2D Gel shift assay (non-reduced, NR and reduced,
DTT) using 10 pg of skeletal or cardiac myofibrils indicating
loss of higher molecular weight forms of MLC1 in skeletal
HNO treated preparations while maintaining higher molecu-
lar weight form of TM (n=3).

[0020] FIG. 7. Proposed mechanism of NCA induced
increase in Ca** sensitivity. Depicted on the left is a repre-
sentation of the thin filament with the relative positions of
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tropomyosin in the relaxed (B-state—black) and Ca2+ acti-
vated state (C-state—blue). Subdomains of actin (1-4) rela-
tive to tropomyosin position are indicated in the blow up
(light grey) along with the approximate location of the weak
(green) and strong (red) myosin binding sites. HNO induced
crosslinking of tropomyosin (Cys190) to the inner domain of
actin (subdomain 4, Cys 257) imposes restraints on tro-
pomyosin movement that bias its equilibrium position toward
the Ca**-activated state (blue). This effect increases the avail-
ability of some myosin binding sites in the relaxed or B-state
lowering the threshold for Ca®* activation providing a mecha-
nism for HNO enhanced myofilament response to Ca**.
[0021] FIG. 8. Proposed mechanism and validation of
pinned myosin head hypothesis of increase in maximum
force generation. (A) diagram of thin and thick filament
including position of myosin light chain 1 relative to head
region of heavy chain indicating the effect a cross link
between two proteins could have.

DETAILED DESCRIPTION

[0022] Inaccordance with the invention, methods, diagnos-
tics and kits are disclosed herein that relate to alterations in
the properties of contractile cells and tissues, such as, for
example, heart, skeletal and smooth muscle, motile blood
cells such as neutrophils, and cancer cells.

[0023] In one aspect, the invention includes a method for
screening for an agent that increases contractility in a con-
tractile cell comprising the steps of

a) contacting a test agent with a composition comprising
contractile proteins from said cell; and

b) measuring the formation of at least one cross link between
said contractile proteins;

wherein the formation of at least one cross link between said
proteins is indicative of an potential agent for increasing
contractility of said cell.

In one embodiment, measurement of a cross link is accom-
plished by assaying for the presence of, or an increase in,
heterodimers formed by the contractile proteins.

[0024] The contractile cell can be, for example, a muscle
cell, e.g., a smooth muscle cell, a skeletal muscle cell or a
cardiac muscle cell. The contractile cell may also be a cell
having motility, such as a blood cell (a neutrophil or lympho-
cyte), or a cancer cell, in particular a metastatic cancer cell.
[0025] The contractile proteins may be, e.g., TM and actin,
myosin heavy and myosin light chains alone or in combina-
tion. The cross link can be, for example, a disulfide bond, or
any other covalent bond that is induced by the test agent.
[0026] In specific embodiments, the cross link is formed
between Cysteine residue 190 of TM and Cys 257 of actin, or
between Cys 37 of myosin heavy chain and Cys 81 of myosin
light chain 1.

[0027] Cross-linkage can be measured by any suitable
method known in the art, for example, by molecular weight
assay, antibody assay, molecular sieving assay, mass spec-
trometry as well as using a switch assay which the non-
modified Cys are blocked and the disulfide bond is reduced.
The Cys that were involved in the disulfide bond are then
chemically modified. In this case the modification is detected
by antibody raised against the chemical moiety or directly by
mass spectrometry. In the latter case, quantitation can be
carried out if the moiety has different molecular weights.
Then when different samples are labeled with the moiety each
with a different molecular weight, the ratio can be determined
between samples. Alternatively, a recombinant or synthetic
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protein or peptide containing the modified Cys is produced
which has a different mass than the endogenous form. Spik-
ing in a known amount of the labeled form allows quantifi-
cation with respect to the endogenous Cys.

[0028] Also provided is a method for screening for an agent
that reduces contractility in a contractile cell comprising the
steps of

a) contacting a test agent with a composition comprising
contractile proteins from said cell in homo or heterodimer
form; and

b) measuring the disruption of at least one cross link between
said contractile proteins;

wherein the disruption of at least one cross link between said
proteins is indicative of a potential agent for decreasing con-
tractility of said cell.

[0029] The contractile cell can be, for example a muscle
cell, e.g., a smooth muscle cell, a skeletal muscle cell or a
cardiac muscle cell. The contractile cell may also be a cell
having motility, such as a blood cell (a neutrophil or lympho-
cyte), fibroblast, stem cell, endothelial or epithelial or a can-
cer cell, in particular a metastatic cancer cell or any cells that
can be motile and contains actin, TM and or myosin.

[0030] The contractile proteins may be, e.g., TM and actin,
myosin heavy and myosin light chains, actinin, myosin bind-
ing protein C and Troponin C. The cross link can be, for
example, a disulfide bond, or any other covalent bond that is
induced by the test agent.

[0031] In specific embodiments, the cross link is formed
between Cysteine residue 190 of TM and Cys 257 of actin, or
between Cys 37 of myosin heavy chain and Cys 81 of myosin
light chain 1.

[0032] Cross-linkage can be measured by any suitable
method known in the art, for example, by molecular weight
assay, antibody assay, molecular sieving assay, mass spec-
trometry. As well as using a switch assay which the non-
modified Cys are blocked and the disulfide bond is reduced.
The Cys that were involved in the disulfide bond are then
chemically modified. In this case the modification is detected
by antibody raised against the chemical moiety or directly by
mass spectrometry. In the latter case, quantitation can be
carried out if the moiety has different molecular weights.
Then when different samples are labeled with the moiety each
with a different molecular weight, the ratio can be determined
between samples. Alternatively, a recombinant or synthetic
protein or peptide containing the modified Cys is produced
which has a different mass than the endogenous form. Spik-
ing in a known amount of the labeled form allows quantifi-
cation with respect to the endogenous Cys.

[0033] Agents or compounds identified by the methods
above can be screened further for use in the treatment, diag-
nosis, and prognosis of a variety of disorders and diseases
involving contractile cells, as detailed elsewhere herein.
[0034] Also provided is a diagnostic method comprising
the step of detecting and/or measuring the level of a het-
erodimer comprised of contractile proteins in a biological
sample wherein the presence and/or level of said heterodimer
is correlated with a diagnosis, prognosis or treatment out-
come.

[0035] Diseases, disorders and dysfunctions to be diag-
nosed, treated, monitored or prognosticated include cardiac
disorders such as heart failure and myocardial stunning, dis-
eases/disorders/dysfunctions of skeletal muscle such as skel-
etal muscle cramps, hypercontraction, diseases/disorders/
dysfunctions of smooth muscles such as irritable bowl and
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gastric mobility, asthma, vascular spasm, uterine contraction
involved in premature delivery or delivery itself, menstrual
cramps, cancet, in particular metastatic cancer

[0036] The biological sample can be a blood sample (e.g.
whole blood, serum or plasma) or other tissue sample, such as
a sample obtained by tissue biopsy (e.g. a cardiac, skeletal or
smooth muscle biopsy) or during surgery, or a bodily fluid
such as urine, saliva, sweat, etc.

[0037] Also provided are kits containing compositions and
reagents for practicing the invention.

[0038] In one embodiment, the kit contains reagents, etc.,
for carrying out a Gel based method. One such kit, for detect-
ing actin-TM dimer by WB may comprise, for example, one
or more of the following:

[0039] Bis-tris gel(or any denaturing gel type including
SDS PAGE), MOPS running buffer

[0040] Nitrocellulose membrane

[0041] Detector: primary antibodies, e.g., antibody to
tropomyosin (e.g. CH1, Sigma-Aldrich Co., St. Louis,
Mo., USA), antibody to actin (e.g. AC-40, Sigma-Ald-
rich Co., St. Louis, Mo., USA)

[0042] MS, MRM, aptimeter, etc.

[0043] Alternative proteins could be detected by MS,
MRM, aptimeter, etc.

[0044] Control: tropomyosin homodimer as molecular

weight standard
[0045] Another such kit, for detecting myosin heavy chain
(MHC)-myosin light chain (MLC1) dimers, may comprise
one or more of the following:

[0046] enrichment: bis-tris gel (or any denaturing gel
type including SDSPAGE), MES running buffer

[0047] Nitrocellulose membrane

[0048] Detectors: primary antibodies, e.g., myosin light
chain 1 (e.g. MLM527, Abcam, Cambridge, Mass.,
USA), myosin heavy chain o/f} (e.g. 3-48, Abcam, Cam-
bridge, Mass., USA).

Alternative proteins could be detected by MS, MRM, aptime-
ter, etc.

[0049] In another embodiment, the kit contains reagents,
etc., for detecting heterodimers by ELISA assay.

[0050] One such kit, for indirect detection of actin and TM
dimers, may comprise, for example, one of more of the fol-
lowing:

[0051] enrichment: Spin column with 50 kDa MW cut
off or any size exclusion column system that differenti-
ates between 32 and 70 kDa.

[0052] detector: ELISA plate coated with tropomyosin
(e.g.CH1, Sigma-Aldrich Co., St. Louis, Mo., USA)

[0053] detection antibody: actin (e.g. AC-40, Sigma-Al-
drich Co., St. Louis, Mo., USA) conjugated with a fluo-
rophore.

[0054] wash buffer

[0055] controls:

[0056] negative control: reducing buffer (DTT solu-
tion)
[0057] positive control: synthetic peptide containing
both antibody epitopes
[0058] Another such kit, for direct detecting actin and TM
dimer or myosin heavy chain (MHC)-myosin light chain)
MLCI1 dimers, may comprise, for example, one or more
reagents needed to carry out the following protocol: One kit
would contain at least an enrichment method base on MW
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(size exclusion filter) followed by selection of high MW
fraction which is analyzed by an ELISA against actin-TM.

Production of Antibodies Recognizing Disulfide Bond for
Both Dimer Forms:

[0059] Antibodies are produced against the synthetic pep-
tides (8-20 amino acid residues) around the Cys in the various
proteins.

[0060] Oxidation of the actin and TM or myosin heavy
chain and light chain is allowed. The unoxidized and the
oxidize antigen are used directly or conjugated to a carrier
prior to production of polyclonal and monoclonal antibodies.
An alternative is generation of peptoides or aptimers are used
instead of antibodies. Selection of antibodies occurs using the
oxidized and unoxidized peptides in a sequential purification
protocol.

Alternative: Cys can be replaced by another amino acid resi-
due (e.g. Ala) to ensure no oxidation. As well, Cys can be
replaced in on protein with a Lys and Asp in the other protein
involved in the dimer. The crosslink between Lys and Asp can
be induced using transglutaminase or chemical based meth-
ods. Selection of antibodies occurs using the oxidized and
unoxidized peptides in a sequential purification protocol. An
alternative is peptoides or aptimers are generated and used
instead of antibodies.

ELISA Production for Actin-TM Dimer

[0061] Solublization of tissue or isolated myofilament or
individual proteins (eg. actin or TM).

[0062] Capture of either actin or TM or any protein if the
myofilament is in the native form. Detection using the anti-
disulfide actin-TM antibody. Control is the non disulfide bond
antibody. Proteins could be detected by MS, MRM, aptime-
ter, etc. An alternative is to capture using the anti-disulfide
actin-TM antibody with detection using either anti-nondisul-
fide actin or TM antibodies (or any actin and TM Ab).

ELISA Production for Myosin Heavy Chain—Light Chain
Disulfide

[0063] Solublization of tissue or isolated myofilament or
individual proteins (e.g. intact myosin) Capture of myosin
and detection using the anti-disulfide MHC-MLCI1 antibody.
Control is the non disulfide bond MHC-MLC1 antibody. Pro-
teins could be detected by MS, MRM, aptimeter, etc. Alter-
native is to capture using the anti-disulfide MHC-MLCI1 anti-
body with detection using either anti-nondisulfide MHC-
MLCI1 antibodies (or any MHC or MLC1 Ab.

[0064] In another embodiment, the kit comprises reagents,
etc. for use in detection of heterodimers directly by mass
spectroscopy.

[0065] One such kit would contain one or more reagents,
etc. for carrying out digestion of tissue, cell, any body fluid
(e.g. serum), isolated myofilament or isolated individual pro-
teins (e.g. actin or TM or intact myosin or MHC or MCL1).
The digestion can be carried out using chemical or enzymatic
methods (e.g. a mixture of trypsin and chymotrypsin, see
Appendix. Samples can be fractionated (e.g. size exclusion,
etc), if needed. The digests are analyzed by mass spectrom-
etry using MALDI TOF, MALID TOF TOF, MALDI TOF
TOF TOF, and a number of different electrosparay ionization
MS instruments (ESI instrumentation) including LTQ Orbi-
trap or Triple quadrupole mass spectrometers, MS base
method can be direct observation or targeted using multiple
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reaction monitoring (MRM or SRM) methods. Example of
MRM peptides and their transitions are in the Appendix.
Quantification can be achieved by addition of a known
amount of a labeled peptide (e.g. N15), peptide comprising
random sequence, labeled protein (e.g. N15) etc. The mini-
mum this kit would require is labeled peptide suitable for
mass spectrometry). Most often there would be an enrichment
step based on MW or immuno-precipitation of the modified
proteins.

[0066] In another embodiment, the kit comprises reagents,
etc. for use in detection of heterodimers directly by biotin
switch capture.

[0067] One such kit contains reagents, etc. for blocking all
free Cys residues in a tissue, cell, any body fluid (e.g. serum),
isolated myofilament or isolated individual proteins (e.g.
actin or TM or intact myosin or MHC or MCL1). Blocking
buffer can consist of HEPES, NEM and SDS or other deter-
gents). The Cys residues involved in disulfide bonds are
reduced with DTT and labeled. The labeling buffer can con-
sist of HEPES, Biotin-HPDP and SDS or other detergents.
Other Cys labeling reagents can be used such as tandem mass
tags that react to Cys. Analysis and detection of the modified
form can be done directly at the protein or peptide level.
Otherwise, the protein or peptide can be enriched and isolated
using streptavidin agarose or antibody to the protein. The
modified protein can be assessed directly. Otherwise, the
enriched sample can be digested using chemical or an enzyme
(s) and the peptides isolated using streptavidin agarose or
other affinity purification methods prior to MS analysis. MS
analysis can be done directly on the peptide mixture. An
alternative is to target the modified peptide directly using
MRM. The minimum kit would require labeling moiety and
antibody against the labeling moiety or a synthetic labeled
peptide with the labeling moiety attached. Most often there
would be an enrichment step based on MW or immunopre-
ciptication of the modified proteins.

[0068] In another embodiment, the kit comprises one or
more components or reagents for an alternative immune assay
against modified Cys proteins:

Antibody production: The Cys containing peptide (are as
described above consisting of the amino acid residues around
the Cys involved in the disulfide bonds of actin, TM, MHC
and MLC1 (as described above)) are reacted with a Cys
reactive group (e.g. Biotin-HPDP. These modified peptides
(with or without a carrier group) are used as the immunogen.
Either polyclonal or monoclonal antibodies (an alternative is
peptoides or aptimers) are generated. The resulting antibodies
(peptiodes or aptimers) are purified against the Cys modified
peptides and or Cys modified proteins (Same modification as
the immunogen). The antibodies may also need to be cleared
against the unmodified forms of either the peptide or the
proteins.

Sample preparation: The sample containing the disulfide
actin-TM and or MHC-MLC1 have all free Cys residues
blocked using a blocking group, like NEM which is not the
same modification that is used to create the antibody. The
sample containing the actin-TM and or MHC-MLC1 disul-
fide bonds are then reduced with DTT and modified using the
same Cys reactive reagent used to generate the antibody (e.g.
biotin-HPDP). This can be done in modified tissue, cells,
body fluid, or isolated myofilament. One or more of the anti-
peptide antibodies generated can be used directly.

ELISA: The anti-Cys modified peptide antibodies (one or
more) can be used directly in a manner similar to immuno-
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histochemistry, dot blot or gel electrophoresis on the Cys
modified tissue, body fluid, cells or isolated myofilaments.
Alternatively, a sandwich ELISA can be made in which the
modified actin, TM, MHC or MLCI1 is captured using anti-
body against the protein and then probed for the modification
using the anti-modified peptide antibody. The minimum kit
would contain the antibody against the modified protein or
peptide containing the disulfide (or Asp-Lys) bond. Most
often there would be an enrichment step based on MW or
immunopreciptication of the modified proteins.

DEFINITIONS

[0069] The following definitions and abbreviations have
been used throughout:

AS: Angeli’s Salt

[0070] MS: Mass spectroscopy

MW: Molecular weight

ELISA: Enzyme-linked immunosorbent assay

NCA: 1-nitrosocyclohexylacetate

WB: Western blot

MRM: multiple reaction monitoring

Contractile cell: a cell comprising contractile fibers, such as a
smooth, skeletal or cardiac muscle cell, a motile blood cell or
one having contractile properties such as a neutrophil, lym-
phocyte, or platelet

Contractility: a shortening of contractile fibers. As used
herein, an increase in contractility is a measurable shortening
of'e.g. muscle fibers, or an increase in force generated by the
fibers.

Test agent: a compound or composition to be screened using
the methods disclosed herein.

Cross link: a covalent bond between two contractile proteins,
for example a disulfide bond.

Isolated: separated from components with which it is found
naturally, but not necessarily purified to a particular level.

Methods

[0071] The following methods were used in the examples
detailed below:

[0072] Force and [Ca**], Measurements in Cardiac Trabe-
culae.

[0073] Rat hearts were exposed via midsternotomy after
the animals were anesthetized with intraperitoneal injection
of pentobarbital (100 mg/kg), and were then rapidly excised
and aorta cannulated. The hearts were perfused retrogradely
(~15 ml/min) with high K* Krebs-Henseleit (H-K) solution
equilibrated with 95% O, and 5% CO,. Trabeculae were
quickly dissected from the right ventricles of the hearts and
mounted between a force transducer and a motor arm. The
muscles were superfused with K-H solution at a rate of ~10
ml/min and stimulated at 0.5 Hz. Force was measured using a
force transducer system (SI, Germany) and expressed in
mN/mm?. Sarcomere length was measured by laser diffrac-
tion [6]. Fura-2 potassium salt was microinjected ionto-
phoretically into one cell and allowed to spread throughout
the whole muscle (via gap junctions). The epifluorescence of
fura-2 was measured by exciting at 380 and 340 nm. The
fluorescent light was collected at 510 nm by a photomultiplier
tube (R1527, Hamamatsu). [Ca**], was given by (after sub-
traction of the autofluorescence): [Ca®*],=K'd(R-Rmin)/
(Rmax-R), where R is the observed ratio of fluorescence
(340/380), K'd is the apparent dissociation constant, Rmax is
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the ratio of 340 nm/380 nm at saturating [Ca>*], and Rmin is
the ratio of 340 nm/380 nm at zero [Ca**]. The values of K'd,
Rmax, and Rmin were determined by in vivo calibrations [6].
Tetanization of the trabecula was achieved by addition of
ryanodine (1.0 pmol/L) and by increasing the stimulus rate to
10 Hz briefly (~3 sec) to obtain steady-state force-[Ca®*]
relations. Different levels of tetanized force will be obtained
by increasing [Ca®*] in the perfusate (up to 20-25 mmol/L).
The data will be fitted with the Hill equation: F=Fmax[Ca**]
./ (K1/2n+[Ca**],,), where Fmax is the maximal force. K1/2
is [Ca*], at half Fmax, and n is the Hill coefficient.

[0074] Modified biotin switch and Western immunoblot-
ting. Isolation of Myofibrils

Rat myofibrillar preparations, as described in [7], were
obtained from frozen ventricles (Pel Freez Biologicals)
minced in 20 volumes/tissue weight of 4° C. relax buffer
(SRB (75 mM KCL, 10 mM imidazole pH 7.2, 2 mM MgCl,)
plus 4 mM phosphocreatine, 1 mM ATP, 50 mM BDM, 1 mM
benzamidine-HCL, 0.1 mM PMSEF, 1 pg/ml leupeptin, 1
ng/ml pepstatin, 1% (v/v) Trixon X-100) and adjusted to 10
mM EDTA. Minced preparations were centrifuged for 8 min
at 3000xg and the supernant was decanted. Resulting pellets
were resuspended in 10 volumes of SRB plus 1% Triton
X-100 and subjected to 6 strokes in a Duall tissue homog-
enizer and centrifuged as above. Pellets were gently resus-
pended and centrifuged as above twice more in SRB includ-
ing 1% (v/v) Triton X-100, twice in SRB lacking Triton
X-100 and once in K-60 buffer (60 mM KCL, 20 mM MOPS,
2 mM MgCl, pH 7) before being resuspended in 5 volumes of
K-60.

[0075] Detection of HNO modifications by Modified
Biotin Switch. HNO modified thiols were detected using a
modification to the standard biotin switch protocol [8]. In
brief, 100 pg of rat myofibrils/treatment were diluted to 0.5
pg/ul in HEN (250 mM HEPES pH 7.7, 1 mM EDTA and 0.1
mM neocuproine) including 0.1% (w/v) SDS and exposed to
a treatment for 10 min at 37° C. which was subsequently
removed by acetone precipitation. Remaining free thiols were
blocked by addition of 300 pl of HEN including 2.5% (w/v)
SDS and 20 mM N-ethylmaleimide (NEM), incubated for 20
min at 50° C. Excess NEM was removed by acetone precipi-
tation. HNO and/or NO modified thiols were reduced using 5
mM DTT or 1 mM ascorbate in 150 ul of HEN including 1%
(w/v) SDS and biotinylated with 0.8 mM Biotin-HPDP
(Pierce) for one hour at room temperature. Excess biotin-
HPDP was removed by acetone precipitation (2 volumes) and
resultant pellets were carefully washed with an additional
volume of acetone. Biotinylated proteins were resuspended in
1 ml of HEN including 0.1% (w/v) SDS and captured by
incubation with 15 pl of washed, packed Ultralink Immobi-
lized Streptavidin (Pierce) for one hour at room temperature.
Beads were washed four times in 50 bead volumes of HEN
(twice including 0.1% (w/v) SDS, twice including 600 mM
NaCl) and twice with EB (20 mM HEPES pH 7.7, 100 mM
NaCl, 1 mM EDTA). Captured proteins were eluted with 40
ul of EB containing 100 mM DTT, mixed with 15 pl of
4xLDS sample buffer, boiled, separated by SDS PAGE and
silver stained [9]. For MS studies, biotinylated proteins were
digested overnight with trypsin (Promega) prior to capture
and washed ten additional times with 5 mM ammonium bicar-
bonate/20% acetonitrile before being eluted in 100 pl of wash
buffer including 100 mM DTT as described [10]. Captured
peptides were identified using a LTQ linear ion trap tandem
mass spectrometer (ThermoFinnigan, Waltham Mass. USA)
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with data searched against the rat IPI primary sequence data-
base using the sorcerer searching platform (sagen).

[0076] Gel shift assay. 10 pg of rat myofibrils/treatment
were diluted to 0.5 pg/ul in HEN including 0.1% (w/v) SDS
and exposed to a treatment for 20 min at 37° C. Samples were
diluted to 0.1 ug/ul in 1xL.SD sample buffer, treated with 0, 5
or 100 mM DTT and separated by SDS PAGE. Proteins were
silver stained or transferred to nitrocellulose and immunob-
lotted with primary antibodies for tropomyosin sarcomeric
(CHL1, Sigma-Aldrich Co., St. Louis, Mo., USA), actin (AC-
40, Sigma-Aldrich Co., St. Louis, Mo., USA), myosin light
chain 1 (MLM527, Abcam, Cambridge, Mass., USA) or myo-
sin heavy chain (3-48, Abcam, Cambridge, Mass., USA). For
some silver stained gel bands of interest in-gel digestion was
done following the protocol outlined in Shevchenko et al. [9].
Gel slices of interest were excised from the gels cut into 1
mm?® pieces. Silver stained gel pieces were destained in 1:1
(v/v) 30 mM Potassium ferricyanide and 100 mM Sodium
thiosulfate and wash three times with ddH2O. Gel pieces
were dehydrated in 100% acetonitrile and reswelled in 10
mM DTT and incubated at 55° C. for 1 hour. After the DTT
solution was removed, a solution of 55 mM iodoacetimide
was added and gel slices were incubated at room temperature
protected from light. Gel slices were then washed 3 times
with 50% (v/v) ACN, 25 mM (NH,)HCO; and then fully
dehydrated in 100% ACN and dried in a speed vac. Gel pieces
were reswelled in a 12.5 ng/uLl trypsin (Promega, Madison
Wis. USA) solution containing 25 mM (NH,)HCO, and incu-
bated at 37° C. for >16 hours. Digested peptides were
extracted by addition of 5% (v/v) formic acid and incubation
for 15 min followed by addition of an equal volume of 100%
ACN and 15 min incubation, this step was repeated and the
extracts were combined. Proteins were identified using an
Orbitrap LTQ tandem mass spectrometer (ThermoFinnigan,
Waltham Mass. USA).

Example 1

[0077] To isolate and characterize these effects two similar
but distinct HNO donors were used. Angeli’s Salt (AS) con-
fers an increase in maximum force of contraction when
applied to isolated trebecula or skinned muscle preparations
without altering Ca., or the Hill coefficient. 1-nitrosocyclo-
hexylacetate (NCA) is a new and mechanistically unique
HNO donor that has been recently synthesized [11]. NCA
releases HNO with minimal (<0.5%) NO and no nitrite at all,
aknown side product of AS decomposition and HNO release.
When administered to isolated cardiac muscle, NCA
increases force development in a dose dependent manner,
from 20~100 pmol/L, with no changes in diastolic force at 0.5
mmol/L [Ca®*], (FIG. 1upper). NCA (100 umol/L) increased
force up to 32.3x4.8 mmHg/mm? (p<0.001 vs 8.8 mmHg/
mm? in control muscles). Ca®* transient did not rise signifi-
cantly (0.39+0.08 vs. 0.27+0.06 umol/L control, p=0.23) and
diastolic Ca®* increased only at high doses. Also, in the pres-
ence of NCA, systolic force remained significantly higher at
any given external Ca>*. On the other hand, the amplitude of
intracellular Ca®* transients was not different from control
(FIG. 1 middle). Force-frequency relationship was also
enhanced by NCA without rising [Ca**], (FIG. 1 lower).

Example 2

[0078] The above results show that force increased to a
greater extent relative to Ca®* transients, suggesting
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increased myofilament Ca** responsiveness by NCA. To fur-
ther test this hypothesis, steady-state force-[Ca>*], relations
were obtained by tetanizing the muscles in the presence of
ryanodine. The steady-state force-[Ca**], relations in control
muscles and muscles exposed to NCA (20 pmol/L) are pre-
sented in FIG. 2A. Both maximal Ca**-activated force
(Fmax) and [Ca®*], required for 50% of activation (Cas,)
increased significantly in muscles exposed to NCA (Fmax,
123+18 vs. 955 mN/mm?®, p<0.05; Caso, 0.42x0.01 vs.
0.57+0.03 mmol/L, p<0.004; Hill, 4.92+0.84 vs. 3.94+0.18,
P=N.S.) Furthermore, the increased Ca®* responsiveness per-
sisted after skinning, indicating that NCA acts directly on the
myofilaments (Fmax, 9411.6 vs. 8214.0 mN/mm?®, P=0.05;
pCaso, 0.30£0.13 vs. 1.35+£0.36 pmol/L, P<0.001; Hill,
2.39+1.02 vs. 3.21%1.18, P=N.S) (FIG. 2B). Also, in skinned
muscles, increases in myofilament Ca®* sensitivity caused by
HNO were completely abolished by DTT (FIG. 2C), thus
confirming that HNO action is sensitive to reducing equiva-
lents (3). Although HNO is the primary hydrolysis product of
NCA (>50%), other potential products include acetic acid/
sodium acetate and cyclohexanone. We have tested these
compounds and they did not produce any appreciable effects
in cardiac muscles (data not shown). For comparison, the
steady state activation data for AS treated skinned muscle
preparations is shown in FIG. 2D. Furthermore, 1-nitrosocy-
clohexyl pivalate, a compound of similar chemical structure
but that does not release HNO had no effects (data not shown).
Taken together, these data suggest the positive inotropic
effect of NCA is specific to HNO.

Example 3

[0079] To investigate the modifications that underlie the
difference seen in the functional effect of these two com-
pounds we performed an analysis on the myofilament pro-
teins, using a modified biotin-switch method, followed by
mass spectrometry for identification (FIG. 3). Following
treatment with HNO or control compounds, unmodified cys-
teines are blocked with NEM before treatment with a reduc-
ing agent and labeling the exposed cysteines with a biotin
group (FIG. 3A). In this case, 5 mM DTT was used as the
reducing agent because it was shown in the physiological
studies to reverse the effect of the treatment. Streptavidin
capture of intact proteins revealed that HNO modified pro-
teins could be specifically captured and that HNO modifica-
tions were resistant to reduction with ascorbate, commonly
used in biotin switch assays for S—NO groups (FIG. 3B). To
determine the individual cysteines modified by HNO treat-
ment the biotin switch assay was preformed on isolated car-
diac myofibrils were treated with NCA (25 uM) or AS (500
uM) and compared to their decomposed/inactive equivalents.
Tryptic or chymotryptic peptides containing the modified
cysteine residues were captured and identified by LC/MS/
MS. The experiments above involving HNO effects on car-
diac myofilament proteins found that treatment with AS pro-
duced an increase in Fmax but had no effect on Cas, (3). To
parse the role of candidate sites of modification between these
two effects a comparative proteomics experiment was
designed where modifications specific to NCA treatment
would be considered candidates for the Ca** effect while sites
identified in common between AS and NCA could be candi-
dates for the force effect (FIG. 3C). A total of 8 proteins
containing 12 potential sites of HNO modification were iden-
tified between the two treatments (Table 1). Of those, 3 pro-
teins (tropomyosin Cys190, actin Cys257 and myosin heavy
chain Cys947 and 1750) were found to be specifically modi-
fied by NCA. 7 sites were found to be in common between the
two treatments.
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TABLE 1
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Sites of HNO modification detected by modified biotin switch assay.

Protein name

Peptide
Identified

Treatment

Position of
modified Cys 25 puM NCA 500 puM AS

tropomyosin (a)

a actin

myosin light chain 1

myosin heavy chain a

a/p

myosin heavy chain

a actinin

CLELEEELKTVTNNLK 7
(SEQ ID NO: 1)

DDEETTALVCDNGSLVK 7

(SEQ ID NO: 2)
VCDNGSLVKAGE ©

(SEQ ID NO: 3)
LCYVALDFENEMATAASSSLEK ©
(SEQ ID NO: 4)
RCPETLFQPSF €

(SEQ ID NO: 5)

ITYGQCGDVLR ©
(SEQ ID NO: 6)

TECFVPDDKEEYVK *
(SEQ ID NO: 7)
DIRTECFVPDDKEEY ©
(SEQ ID NO: 8)

ADAEERCDQL ©

(SEQ ID NO: 9)
MDADLSQLQTEVEEAVQECR
(SEQ ID NO: 10)

KLEDECELKR T
(SEQ ID NO: 11)

ELPPDQAQYCIKR ©
(SEQ ID NO: 12)

myson binding protein CVEFECEVSEEGAQVK

(SEQ ID NO: 13)
ECEVSEEGAQVKW ©

190

12

12

219

257

81

37

37

907

1750

947

889

475

475

3@

nd

nd

nd

nd

na”?

nd

nd

nd

nd

(SEQ ID NO: 14)

AAFDIFVLGAEDGCISTK *
(SEQ ID NO: 15)

troponin C (cardiac)

%Jalue indicates number of independent observations of peptide

bnd - not detected.
T tryptic peptide, < chymotryptic peptide.

Example 4

[0080] To map and evaluate the effects of HNO modifica-
tion on individual Cys, a comparison was done between the
changes induced by NCA to those of another HNO donor,
Angeli’s salt (AS). We have previously reported that AS
increased F,,,_but did not affect Ca** sensitivity (Cas,) in
cardiac muscle. Using the modified biotin switch technique
with different donors, a comparative proteomic strategy was
devised to parse the effect of HNO: Cys modifications com-
mon to NCA and AS treatments were attributed to the
increase in F,,,. while sites unique to NCA were considered
candidates for the decrease in Cas,. Biotin switch samples
were digested overnight with trypsin or chymotrypsin;
labeled peptides were captured with streptavidin and identi-
fiedby LC/MS/MS. A total of 12 HNO-induced modified Cys
on 8 proteins were identified between the two treatments, as
shown in Table 2. Of those, 4 sites (TM Cys190, actin Cys257
and MHC Cys947 and Cys1750) were found to be uniquely
induced by NCA.

TABLE 2

Sites of HNO modification determined by biotin switch assay.

Position of

Protein name modified Cys
NCA a-tropomyosin 190
Actin 257
myosin heavy chain 47 (P)*
1750(c/B)
NCA/AS myosin heavy chain 37(a)
myosin light chain 1 81
Actin 12
219
a-Actinin 889
myosin binding protein C 475
troponin C 35
AS myosin heavy chain 907(a/P)

*denotes sites present in different isoforms of myosin heavy chain sequence.
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Example 5

[0081] To confirm and characterize the candidate modifi-
cations, western blots from reducing/non-reducing 1D SDS-
PAGE were performed in hopes of observing a molecular
weight shift specific to HNO donor treatment. The analysis
revealed higher molecular weight species for tropomyosin,
actin, myosin heavy chain and myosin light chain 1, each of
which were lost in the presence of 5 mM DTT (FIG. 4).
Myosin heavy chain and light chain 1 were found to be
modified in a similar manner with both NCA and AS treat-
ment as predicted by the MS experiments, displaying two
potential populations consistent with formation of an MLC1
homodimer (~50 kDa) and an heavy—light chain het-
erodimer (>212 kDa). Tropomyosin, which contains only one
Cys residue, was found to display a higher molecular weight
species that was specific for NCA treatment, consistent with
MS findings. Actin was found to possess higher molecular
weight forms, at approximately 80 kDa in both NCA and AS
treatment. Additionally, a loss of antibody epitope binding
was observed for the monomeric form of actin with NCA
treatment. MS analysis (LTQ or LTQ Orbitrap LC/MS/MS)
of a silver stained gel bands revealed that with NCA that the
actin monomer displays increased gel mobility. Analysis of
other bands revealed that a similar, but less abundant, shift for
actin in AS treated samples also occurred (FIG. 4, lower left
image). Further analysis revealed that a molecular weight
difference existed between the NCA and AS treated samples
and that that the NCA induced tropomyosin band runs at the
same apparent molecular weight as actin. This form ran
higher than the dimer produced when purified TM was treated
with NCA (FIGS. 5A and B). To evaluate this mobility dif-
ference more carefully a difference in gel electrophoresis
(DIGE) experiment was performed where purified TM or
myofibrils were treated, independently labeled with different
fluorescent dyes, mixed and separated in a non-reducing gel
(FIG. 5C). The analysis revealed a distinct myofibril NCA
specific band (Cy3—green) higher than the purified tro-
pomyosin homodimer (Cy2—blue) and below a series of AS
specific bands (Cy5—red). MS analysis of the region identi-
fied actin and tropomyosin to be present at that location and
lost under reducing conditions (FIG. 5D). These results indi-
cate the presence of an actin-tropomyosin heterodimer and
based on the specificity of the site mapping studies supports
the conclusion that a disulphide bridge forms between
Cys190 on TM and Cys257 on actin.

Example 6

In Skeletal Muscle, HNO Increases Ca>* Sensitivity
but not Maximum Force Production Due to the Lack
of MHC-MLC1 Dimer Formation

[0082] To determine if MLLC1 Cys81 is involved in the
increased maximum force production, the effect of HNO
donors was investigated in skeletal muscle preparations.
Skeletal muscle isoforms of myofilament proteins contain all
of the potential target Cys except for MLC1, which lacks the
candidate site Cys81 providing a natural mutant sequence
(FIG. 6A). Steady-state force-[Ca®*], relations of skeletal
muscle before and after exposure to NCA (25 pmol/L) are
presented in FIG. 6B. Cas, decreased significantly in the
presence of NCA while F,,,, remained unchanged (F,,,.,
33+3.8 vs. 31.7£3.7 mN/mm?, p=NS; Cas, 0.8%0.1 vs.
1.07+0.05 mmol/L, p<0.05; Hill, 4.36+0.81 vs. 3.47+0.82,
p=NS). The same insensitivity of F, . to AS was also
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observed in skinned skeletal muscles (datanot shown). 2D gel
shift western blot analysis revealed an absence of higher
molecular weight forms of MLC1 in NCA treated skeletal
samples (FIG. 6C). These results indicate that MLLC1 Cys81
is a critical residue and redox switch for the HNO induced
increase in cardiac force production.

[0083] Although the inventors are not bound by any par-
ticular theory to explain the invention, they have developed
two models to describe how the dimers identified would alter
the maximum force of contraction and lower the requirement
for calcium activation during contraction. First is the het-
erodimer formed between actin and tropomyosin which they
have found increases calcium sensitivity. TM, a key regula-
tory protein in muscle contraction, determines the readiness
of myofilaments for activation upon Ca®* binding to TnC.
During initiation of contraction, the 3 state model of steric
hinderance suggests that Ca®* binding to TnC releases TM
allowing it to move over the surface of actin from the B
(blocked) state where it covered subdomains 1 and 2 to the C
(closed) state contacting subdomain 3 and 4 exposing the high
affinity myosin binding sites (FIG. 7). We propose that
crosslinking of tropomyosin (Cys 190) to actin (Cys 257,
located in subdomain 4) restricts the movement of tropomyo-
sin relative to actin shifting the average position to a greater C
state character allowing greater access for myosin binding at
lower Ca levels providing the mechanism for the enhanced
response to Ca**.

[0084] TM is a two-stranded (ct-helical) coiled-coil dimer
of two parallel 284-amino acid chains that wrap along the
grooves of filamentous actin, spanning seven actin mono-
mers. The secondary structure of TM is know to consist of 7
pseudo-repeats domains that mimic the structure of the actin
filament and allow for coordinated association (12). Each
repeat can be divided into and alpha (N-term) and beta
(C-term) domain. Cys 190 of TM is located in the fifth peudo-
repeat and would interact with the fifth of the seven actin
monomers (13). The formation of disulphide bond via HNO
chemistry requires that both thiol groups be in close proxim-
ity to each other. Previous investigation into the contacts
made between actin and tropomyosin found that residues
(167-184 alpha domain) came in direct contact with residues
in actin subdomain 3 (14). This would alignment would be
consistent with Cys 190 being in close association with Actin
Cys 257 in subdomain 4. Additionally, in silico modeling
predicted actin making points of contact with tropomyosin
between Glu253 and Thr260 in subdomain 4 among others
during calcium activation (15) further supporting the correct
alignment and proximity for our proposed interaction.
[0085] To address the change in maximum force seen in
both the AS and NCA treated samples a mechanism has been
proposed utilizing the observed interaction between myosin
heavy chain and myosin light chain 1. The regulatory light
chain 1 is positioned like a collar just below the head region of
the heavy chain bringing the identified residues Cys 37
(MHC) and 81 (MLC1) in close proximity. The inventors
propose that a slight restriction or pinning of the myosin head
by light chain 1 could alter the angle at which the face contacts
the binding sites on the thin filament. The tweaking of this
interaction by a pinned head may allow for more contacts at
high calcium levels increasing the max force generated. How-
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ever the other candidates identified with both treatments
make speculation on the eventual mechanism difficult. To
address this they completed one additional experiment. Skel-
etal muscle is known to have some subtle isoform differences
in the myofilament proteins. In particular the skeletal myosin
light chain 1 lacks cysteine 81 from its sequence providing a
natural mutagenesis situation. Steady state measurements of
isolated skeletal muscle preparations treated with AS or NCA
revealed the NCA specific decrease in Cay, but neither dem-
onstrated the increase in maximum force (FIG. 8). This pro-
vides strong evidence for the effect of a pinned head interac-
tion to drive the increase in maximal contractual force.

CONCLUSIONS

[0086] Based onthe analysis presented above, the inventors
posit that any covalent crosslink, including disulfide bond
formation that restricts the movement of TM or myosin heavy
chain in this way would be a good candidate for producing the
same functional effects of increasing calcium sensitivity and
maximum force. As such, any bioactive compound with the
potential to establish this type of interaction could be evalu-
ated using the gel shift assay described in this work. Thus,
detection of reagents which induce the formation of these
dimers will also alter contractility. The dimers can be moni-
tored at level of muscle or contractile tissue, isolated cells,
isolated myofilbrils, isolated proteins or peptides of the
regions where the crosslinking occurs. Detection of the
crosslinking can be detected by functional change, formation
of the covalent crosslink, antibodies or other detecting
reagents, molecular weight alterations, mass spectroscopy
based methods
[0087] While specific examples have been provided, the
above description is illustrative and not restrictive. Any one or
more of the features of the previously described embodiments
can be combined in any manner with one or more features of
any other embodiments in the present invention. Further-
more, many variations of the invention become apparent to
those skilled in the art upon review of the specification. The
scope of the invention should, therefore, be determined not
with reference to the description herein, but instead should be
determined with reference to the appended claims along with
their full scope of equivalents.
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APPENDIX

Potential MRM transitions for the mass spec detection of Actin-Tropomyosin heterodimer

protein Candidate Cys enzyme m/z peptide

actin 257 trypsin 3846.785 (R) CPETLFQPSFIGMESAGIHETTYNSIMKEDIDIR (K)

Chymo 1324 .635 (F)RCPETLFQPSF (I)

double 1168.534 CPETLFQPSF
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APPENDIX-continued

tropomyosin 190 trypsin 1875.973 (K) CLELEEELKTVTNNLK (S)

Chymo 5975.081 (Y)EEVARKLVIIESDLERAEERAELSEGKCLELEEELK
TVTNNLKSLEAQAEKY (S)

double 1875.973 (K) CLELEEELKTVTNNLK (S)

Potential parent ions for disulfide bond linking Cys 190 and Cys 257 for MRM detection

trypsin double Charge
5720.758 3042.508 1
2860.879 1521.754 2
953.9596 507.5846 3
238.7399 127.1461 4

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 17

<210> SEQ ID NO 1

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<400> SEQUENCE: 1

Cys Leu Glu Leu Glu Glu Glu Leu Lys Thr Val Thr Asn Asn Leu Lys
1 5 10 15

<210> SEQ ID NO 2

<211> LENGTH: 17

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<400> SEQUENCE: 2

Asp Asp Glu Glu Thr Thr Ala Leu Val Cys Asp Asn Gly Ser Leu Val
1 5 10 15

Lys

<210> SEQ ID NO 3

<211> LENGTH: 12

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<400> SEQUENCE: 3
Val Cys Asp Asn Gly Ser Leu Val Lys Ala Gly Phe

1 5 10

<210> SEQ ID NO 4
<211> LENGTH: 22
<212> TYPE: PRT
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-continued

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<400> SEQUENCE: 4

Leu Cys Tyr Val Ala Leu Asp Phe Glu Asn Glu Met Ala Thr Ala Ala
1 5 10 15

Ser Ser Ser Leu Glu Lys
20

<210> SEQ ID NO 5

<211> LENGTH: 11

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<400> SEQUENCE: 5

Arg Cys Pro Glu Thr Leu Phe Gln Pro Ser Phe
1 5 10

<210> SEQ ID NO 6

<211> LENGTH: 11

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<400> SEQUENCE: 6

Ile Thr Tyr Gly Gln Cys Gly Asp Val Leu Arg
1 5 10

<210> SEQ ID NO 7

<211> LENGTH: 14

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<400> SEQUENCE: 7

Thr Glu Cys Phe Val Pro Asp Asp Lys Glu Glu Tyr Val Lys
1 5 10

<210> SEQ ID NO 8

<211> LENGTH: 15

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<400> SEQUENCE: 8

Asp Ile Arg Thr Glu Cys Phe Val Pro Asp Asp Lys Glu Glu Tyr
1 5 10 15

<210> SEQ ID NO 9

<211> LENGTH: 10

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
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-continued

peptide
<400> SEQUENCE: 9

Ala Asp Ala Glu Glu Arg Cys Asp Gln Leu
1 5 10

<210> SEQ ID NO 10

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<400> SEQUENCE: 10

Met Asp Ala Asp Leu Ser Gln Leu Gln Thr Glu Val Glu Glu Ala Val
1 5 10 15

Gln Glu Cys Arg
20

<210> SEQ ID NO 11

<211> LENGTH: 10

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<400> SEQUENCE: 11

Lys Leu Glu Asp Glu Cys Glu Leu Lys Arg
1 5 10

<210> SEQ ID NO 12

<211> LENGTH: 13

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<400> SEQUENCE: 12

Glu Leu Pro Pro Asp Gln Ala Gln Tyr Cys Ile Lys Arg
1 5 10

<210> SEQ ID NO 13

<211> LENGTH: 15

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<400> SEQUENCE: 13

Val Glu Phe Glu Cys Glu Val Ser Glu Glu Gly Ala Gln Val Lys
1 5 10 15

<210> SEQ ID NO 14

<211> LENGTH: 13

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic
peptide

<400> SEQUENCE: 14
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-continued

Glu Cys Glu Val Ser Glu Glu Gly Ala Gln Val Lys Trp
1 5 10

<210> SEQ ID NO 15

<211> LENGTH: 18

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Description of Artificial Sequence: Synthetic

peptide

<400> SEQUENCE: 15

Ala Ala Phe Asp Ile Phe Val Leu Gly Ala Glu Asp Gly Cys Ile Ser

1 5 10
Thr Lys

<210> SEQ ID NO 16

<211> LENGTH: 29

<212> TYPE: PRT

<213> ORGANISM: Rattus sp.

<400> SEQUENCE: 16

15

Leu Phe Asp Arg Thr Pro Lys Gly Glu Met Lys Ile Thr Tyr Gly Gln

1 5 10

Cys Gly Asp Val Leu Arg Ala Leu Gly Gln Asn Pro Thr
20 25

<210> SEQ ID NO 17

<211> LENGTH: 27

<212> TYPE: PRT

<213> ORGANISM: Rattus sp.

<400> SEQUENCE: 17

15

Leu Phe Asp Arg Thr Gly Glu Cys Lys Ile Thr Leu Ser Gln Val Gly

1 5 10

Asp Val Leu Arg Ala Leu Gly Thr Asn Pro Thr
20 25

15

1. A method for screening for an agent that increases con-
tractility in a contractile cell comprising the steps of:

a. contracting a test agent with a composition comprising

contractile proteins from said cell; and

b. measuring the formation of at least one cross link to form

a heterodimer between said contractile proteins,
wherein the formation of at least one cross link between said
proteins is indicative of an potential agent for increasing
contractility of said cell.

2. The method of claim 1 wherein the contractile cell is a
muscle cell.

3. The method of claim 2 wherein the muscle cell is a
smooth muscle cell, a skeletal muscle cell or a cardiac muscle
cell.

4. The method of claim 1 wherein the contractile cell is a
cell having motility.

5. The method of claim 4 wherein the cell is a blood cell.

6. The method of claim 1 wherein the contractile proteins
are tropomyosin (TM) and actin, myosin heavy and myosin
light chains.

7. The method of claim 1 wherein the link is a disulfide
bond.

8. The method of claim 7 wherein the link is formed
between Cysteine residue 190 of TM and Cys 257 of actin, or

between Cys 37 of myosin heavy chain and Cys 81 of myosin
light chain 1.

9. The method of claim 1 wherein cross-linkage is mea-
sured by a method selected from the group consisting of
molecular weight assay, antibody assay, molecular sieving
assay, and mass spectrometry.

10. A method for screening for an agent that reduces con-
tractility in a contractile cell comprising the steps of:

a. contracting a test agent with a composition comprising
contractile proteins from said cell in heterodimer form;
and

b. measuring the disruption of at least one cross link
between said contractile proteins; wherein the disrup-
tion of at least one cross link between said proteins is
indicative of a potential agent for decreasing contractil-
ity of said cell.
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11. The method of claim 10 wherein the contractile cell is
a muscle cell.

12. The method of claim 11 wherein the muscle cell is a
smooth muscle cell, a skeletal muscle cell or a cardiac muscle
cell.

13. The method of claim 10 wherein the contractile pro-
teins are selected from TM and actin, and myosin heavy and
myosin light chains.

14. The method of claim 10 wherein the link is a disulfide
bond.

15. The method of claim 14 wherein the link is formed
between Cysteine residue 190 of TM and Cys 257 of actin, or
between Cys 37 of myosin heavy chain and Cys 81 of myosin
light chain 1.

16. The method of claim 10 wherein cross-linkage is mea-
sured by a method selected from the group consisting of
molecular weight assay, antibody assay, molecular sieving
assay, and mass spectrometry.

17. A diagnostic method comprising the step of detecting
and/or measuring the level of a heterodimer comprised of
contractile proteins in a biological sample wherein the pres-
ence and/or level of said heterodimer is correlated with a
diagnosis, prognosis or treatment outcome.

18. The method of claim 17 wherein the diagnosis, prog-
nosis or treatment outcome is for a cardiac disease or disorder.

19. The method of claim 18 wherein the cardiac disease or
disorder is heart failure or myocardial stunning.

20. The method of claim 17 wherein the diagnosis, prog-
nosis or treatment outcome is for a disease or disorder of
skeletal muscle.

21. The method of claim 20 wherein the disease or disorder
of skeletal muscle is muscle cramping.
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22. The method of claim 17 wherein the diagnosis, prog-
nosis or treatment outcome is for a disease or disorder of
smooth muscle.

23. The method of claim 22 wherein the disease or disorder
of smooth muscle is selected from the group consisting of
irritable bowl and gastric mobility, asthma, vascular spasm,
uterine contraction involved in premature delivery of delivery
itself, and menstrual cramps.

24. The method of claim 17 wherein the diagnosis, prog-
nosis or treatment outcome is for a cancer.

25. The method of claim 17 wherein the biological sample
is a blood sample, a tissue biopsy or a bodily fluid.

26. The method of claim 25 wherein the biological sample
is a serum or plasma sample.

27. A kit for screening for an agent that modifies cellular
contractility, said kit comprising at least one antibody
directed to a contractile protein, a denaturing gel, and a con-
trol sample comprising a contractile protein in homodimeric
form.

28. The kit of claim 27, additionally comprising a nitrocel-
lulose membrane.

29. Thekit of claim 27, additionally comprising at least one
digestive enzyme.

30. The kit of claim 29, wherein the digestive enzyme is
trypsin or chymotrypsin.

31. An isolated biomarker comprising a heterodimer com-
prised of contractile proteins, wherein the presence of said
biomarker in a biological sample is indicative of altered con-
tractility of a contractile cell.

32. An isolated biomarker consisting of cross-linked con-
tractile proteins having a molecular weight which indicate the
presence of a heterodimer.
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