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Abstract

Increased protein kinase C (PKC) activity is associated with heart failure, and can target multiple
cardiac troponin | (cTnl) residues in myocytes, including S23/24, S43/45 and T144. In earlier
studies, cTnl-S43D and/or -S45D augmented S23/24 and T144 phosphorylation, which suggested
there is communication between clusters. This communication is now explored by evaluating the
impact of phospho-mimetic cTnl S43/45D combined with S23/24D (cTnlIS4D) or T144D
(cTnISDTD). Gene transfer of epitope-tagged cTnlS4D and cTnISDTD into adult cardiac
myocytes progressively replaced endogenous cTnl. Partial replacement with cTnISDTD or
cTnlS4D accelerated the time to peak (TTP) shortening and time to 50% re-lengthening (TTRsgqo4)
on day 2, but peak shortening was only diminished by cTnIS4D. Extensive cTnIS4D replacement
continued to accelerate TTP, and decrease shortening amplitude, while TTRgq, returned to
baseline levels on day 4. In contrast, cTnISDTD modestly reduced shortening amplitude and
continued to accelerate myocyte TTP and TTRsgqg,. These results indicate cTnlS43/45
communicates with S23/24 and T144, with S23/24 exacerbating and T144 attenuating the
S43/45D-dependent functional deficit. In addition, more severe functional alterations in cTnIS4D
myocytes were accompanied by higher levels of secondary phosphorylation compared to
cTnISDTD. These results suggest that secondary phosphorylation helps to maintain steady-state
contractile function during chronic cTnl phosphorylation at PKC sites.

Keywords
troponin I; cardiac myocyte; myofilament; phosphorylation; contractile function

"Address for Correspondence: Margaret V. Westfall, 263S Building 26 NCRC, 2800 Plymouth Road, University of Michigan, Ann
Arbor, MI 48109-0686, Phone: (734) 615-8911 Fax: (734) 615-4377, wfall@med.umich.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lang et al.

Page 2

INTRODUCTION

Elevated protein kinase C (PKC) expression and activity is associated with cardiac
dysfunction in human and animal models of heart failure (HF; (2,4,11)). One of the
downstream targets for PKC is the thin filament molecular switch, cardiac troponin I (cTnl),
which is phosphorylated at residues S23/24, S43/45 and T144 (29,34,35). Cardiac
dysfunction also is linked to PKC-targeted cTnl phosphorylation of S43/45 and T144
(11,47,50). However, questions remain about the contribution of these PKC-targeted cTnl
residues to the modulation of contractile function and/or dysfunction.

In biophysical and biochemical studies on myofilaments, phosphorylation of each cTnl
cluster modulates contractile function (6,26,34,51). Extensive studies also resulted in a
signal transduction mechanism to explain the accelerated /n7 vivo relaxation produced by
phosphorylation of or phosphomimetic substitutions in cTnl S23/24 (10,44,49,51). In
contrast, the /7 vivo modulatory role(s) and mechanism(s) produced by cTnI-S43/45 and -
T144 phosphorylation are less clear. Phospho-mimetic cTnlS43/45 substitutions increase the
TnC Ca?* off rate in reconstituted thin filaments (26), and reduce actomyosin ATPase Ca%*
sensitivity and peak activity (34). In permeabilized papillary muscles, S43/45 phospho-
mimetics reduce Ca2* sensitivity and peak tension while sliding speed is slowed in motility
assays (6). Biochemical studies show T144 has a different influence than either S23/24 or
S43/45, with phospho-mimetic T144 having little influence or decreasing thin filament Ca%*
off rate (26,27), reducing cross-bridge-activated actomyosin ATPase activity, and decreasing
the Ca?* sensitivity of in vitrosliding speed without significantly modifying Ca2*-activated
isometric tension (6,27). There are no animal models expressing phospho-mimetic
cTnlS43/45 or T144 substitutions alone. However, there are mice which express cTnlS43/45
in combination with T144 or S23/24 phospho-mimetics and they develop a range of systolic
dysfunction and variable changes in diastolic function (3,20,37).

Studies on intact myocytes serve as an important bridge for understanding and integrating
earlier /n vitroand in vivo studies. The reduced shortening and slowed contraction rate
observed in myocytes expressing phospho-mimetic cTnlS43D and/or S45D is consistent
with earlier /n vitro results. However, the cellular responses are more complex than the /n
vitro results, as they continue to change over time (24). For example, the initial reduction in
shortening rate returned toward baseline over time, and coincided with secondary increases
in the phosphorylation of other cTnl residues and additional myofilament proteins (24).
Increases in one or more of these secondary phosphorylation sites appear to restore myocyte
function back to a steady state or “setpoint”. These data also suggest function may
deteriorate more rapidly if there is a loss of secondary or “compensating” myofilament
protein phosphorylation. The enhanced S43/45 and diminished S23/24 phosphorylation of
cTnl associated with human HF is consistent with this idea (8,47,50). The ongoing changes
in cellular function produced by phospho-mimetic S43/45 also are consistent with systolic
dysfunction accompanied by variable changes in diastolic function reported in existing
animal models expressing phospho-mimetic substitutions at S43/45 combined with S23/24
and/or T144 (3,20,24,37). However, the diverse range of cardiac phenotypes observed in
existing mouse models expressing multiple phospho-mimetic substitutions at PKC-targeted
cTnl residues (3,20,37) indicates /n vivo animal models alone are not easily able to
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determine whether PKC-targeted S23/24 or T144 compensate for and/or communicate with
S43/45 to modify contractile function.

The present study examines whether cTnl with phospho-mimetic S43/45 combined with
S23/24 (cTnlS23/24/43/45D or cTnlS4D) or T144 (cTnlS43/45D/T144D or ¢cTnISDTD) can
attenuate the influence of S43/45 on cardiac myocyte contractile function. The results
indicate phospho-mimetic S23/24 and T144 independently modify the functional response to
S43/45D in myocytes. Based on the /n vitro impact of each cluster, the combined cTnl
phospho-mimetics do not simply produce an additive response. Instead, the results suggest
communication between S43/45D and S23/24D or T144D contributes to the contractile
response. Moreover, greater dysfunction is associated with more targets and a higher level of
secondary phosphorylation. This communication together with the secondary
phosphorylation patterns observed in myocytes provide insight into the role these PKC-
targeted sites play in modulating function and their long-term contribution in the
development of contractile dysfunction.

METHODS

Site-directed mutagenesis and construction of adenoviral vectors for gene transfer

The cTnISDTD and cTnlS4D were produced by sequentially replacing cTnl-S43/45
followed by -T144 or -S23/24, respectively with negatively charged D in full-length, wild
type cTnl cDNA (rat) via site-directed mutagenesis (QuikChange, Agilent Tech, Inc., Santa
Clara, CA) (24). Both FLAG-tagged and non-tagged versions of cTnISDTD and cTnIS4D
were prepared in pPGEM3Z (24), and then individually subcloned into a pDC315 shuttle
vector. Recombinant adenovirus was produced by homologous recombination of each
shuttle vector with pPBHGLoXAE1,3Cre in HEK293 cells (18,24). The mutagenesis primers
for cTn1S23/24D were (mutations underlined) 5'-CTGCTCCTG-
TCCGACGTCGCGATGATGCCAACTACCGAGCCTATG-3" (sense) and 5”-
CATAGGCTCGGT-AGTTGGCATCATCGCGACGTCGGACAGGAGCAG-3’ (anti-sense),
and for cTnIT144D were 5’-
GTGGCAAGTTTAAGCGGCCAGATCTCCGAAGAGTGAGAATC-3" (sense) and 5'-
GATTC-TCACTCTTCGGAGATCTGGCCGCTTAAACTTGCCAC-3’ (anti-sense). Virus
containing wild type cTnl (xFLAG), cTnl-S43D, -S45D, or -S43/45D were prepared as
described earlier (24).

Cardiac myocyte isolation and culture

Animal work was carried out according to handling protocols and procedures developed by
the University Committee for the Use and Care of Animals (UCUCA) at the University of
Michigan. Isolated Ca2*-tolerant adult rat myocytes were re-suspended in DMEM
containing 5% fetal bovine serum (FBS), penicillin (50 U/ml) and streptomycin (50ug/ml;
P/S), and plated on laminin-coated coverslips at 37°C for 2 hrs, as described earlier (24,25).
Recombinant adenovirus diluted in serum-free M199 + P/S was added to myocytes at 37°C
and after one hour an 2 mL M199 + P/S aliquot was added to cells (25). Media was changed
24 hr after gene transfer and then every other day.
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Expression analysis: Western blotting and immunohistochemistry

Western blot analysis—Replacement of endogenous cTnl with tagged or non-tagged
wild type cTnl, cTnISDTD, or cTnlS4D, determination of cTnl/tropomyosin ratio to
monitor myofilament stoichiometry, and protein phosphorylation were each monitored by
Western blot analysis 2—-4 days after gene transfer (24). Prior to Western detection, cells
were scraped into ice-cold sample buffer, and proteins were separated on 12% SDS
polyacrylamide gels, electrophoretically transferred to PVDF membranes, and probed with
primary and secondary antibody (Ab) pairs (24). Primary antibodies (Abs) included Tnl
(MAB1691; Millipore; Billerica, CA), tropomyosin (Tm; T2780; Sigma-Aldrich; St.Louis,
MO), plus phospho-specific cTnl Abs for S23/24 (p-S23/24; Cell Signaling Technology;
Boston, MA), T144 (p-T144; Abcam), and S150 (p-S150; (32)). In addition, cardiac myosin
binding protein C (cMyBP-C) levels were analyzed with an Ab directed to the N-terminus of
cMyBP-C (Santa Cruz Biotechnology, Inc.; Santa Cruz, CA), along with phospho-Abs for
S273 (p-S273), S282 (p-S282), and S302 (p-S302; (36)). Western analysis also analyzed
PP2 primary Abs for methylated (mPP2; Abcam) and catalytic PP2 (cPP2; EMD Millipore)
as well as alpha-4 (a4; EMD Millipore) expression. Each primary Ab-stained blot was then
incubated with appropriate goat anti-mouse (GAM) or goat anti-rabbit (GAR) horseradish-
peroxidase (HRP)-conjugated secondary Ab followed by enhanced chemilumenscence
(ECL), which was detected with a ChemiDoc MP Imager (BioRad, Hercules, CA). A
portion of each gel and blot was silver stained and Sypro-stained, respectively. Quantitative
analysis of Western blots, Sypro-stained blots, and silver (Ag)-stained gels was performed
using Quantity One® software (24).

The influence of phosphatase inhibition on myofilament phosphorylation was compared by
Western analysis using a subset of myocytes treated with calyculin A (calA; 10nM; EMD-
Millipore) or media, as described earlier (24). Changes in the phosphorylation of
cTnlS23/24 (p-S23/24) and cMyBP-C S282 (p-S282) with (+calA) and without calA
(media) were calculated using the following equation: ([p-S+calal-[P-Smedial)/(p-
Smedia)*loo-

Immunohistochemistry—~Paraformaldehye-fixed, detergent-permeabilized myocytes
were dual immunostained with the Tnl Ab (MAB1691) plus fluorescein isothiocyanate
(FITC)-conjugated secondary Ab pair followed by the FLAG Ab (Sigma) plus Texas Red
(TR)-conjugated secondary Ab (TR) pair, 4 days after gene transfer, as described earlier
(24). To establish sarcomere localization of exogenous cTnl, immunostained myocytes were
analyzed using a Fluoview 500 laser scanning confocal microscope (Olympus; Center
Valley, PA) for confocal projection imaging and de-convolution with Autoquant X software
(Media Cybernetics; Rockville, MD).

Cellular function: sarcomeric shortening and Ca2* transient measurements

For functional measurements, coverslips with myocytes were transferred to stimulation
chambers and paced at 0.2 Hz starting 24hr after gene transfer. Media was changed every 12
hr for these experiments. Myocyte shortening was measured at 37°C in paced myocytes 2
and 4 days after gene transfer under basal conditions and in response to 10-15 min perfusion
with endothelin-1 (ET, 10 nM; (24,48)). Resting sarcomere length (SL, um), peak shortening
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amplitude (% baseline), time to peak (TTP; ms), shortening rate (um/s), re-lengthening rate
(um/s), and time to 50% and 75% re-lengthening (TTR5q9,, TTR750,; Ms) were measured on
signal-averaged traces collected with a videobased CCD camera system (lonoptix), as
previously earlier (24). Sarcomere shortening and Ca2* transients were simultaneously
measured in 4 day, Fura-2AM-loaded myocytes. Signal averaged recordings from these
experiments were analyzed for basal and peak Ca2* ratios, rates of Ca2* transient rise and
decay (Ratio/s), the time to 50% and 75% decay (TTDsqg, ; TTD7504; MS; (24)).

Data analysis and statistics

RESULTS

Results are presented as mean+SEM, and statistical significance was set to p<0.05 (*).
Results were analyzed using a one- or two-way analysis of variance (ANOVA) and post-hoc
Dunnett or Tukey multiple comparison test, respectively unless otherwise noted.

Expression and sarcomere incorporation of cTnISDTD and cTnIS4D after gene transfer

Protein expression and replacement was analyzed by Western blot 2 and 4 days after gene
transfer of cTnl, cTnl-SDTD, and -S4D with and without FLAG (Fig. 1A-C). In agreement
with earlier work on ¢cTnIS43/45D (24), replacement of FLAG-tagged constructs increased
over time, with similar levels of partial replacement (35-40%) observed for cTnI-FLAG, -
SDTDFLAG and - SADFLAG 2 days after gene transfer. By day 4, more extensive
replacement developed in each group (65-80%; Fig. 1A,B), although cTnISDTDFLAG
lagged slightly behind the other constructs (Fig. 1A,B). Analysis of total cTnl and
tropomyosin (Tm) protein expression also indicated thin filament stoichiometry is preserved
in myocytes expressing cTnl, cTnl-SDTD, or -S4D with or without the epitope tag (Fig.
1A,C). In addition, a striated staining pattern consistent with sarcomere incorporation of
each construct was detected for cTnl and FLAG by confocal image analysis of
immunostained myocytes expressing cTnl-FLAG, -SDTDFLAG, and -S4DFLAG on day 4
(Fig. 1D). Together, these results show gene transfer results in cTnl replacement in the
sarcomere of adult myocytes without a change in thin filament stoichiometry for each
construct.

Myocyte contractile performance

Partial replacement produced changes in contractile function 2 days after gene transfer,
although the responses differed in myocytes expressing cTnl-SDTD versus -S4D (Fig. 2).
The reduction in peak shortening amplitude observed in cTnIS4D myocytes is comparable to
the cTnl-S43D and — S45D responses at the same time point, and is consistent with
phospho-mimetic S43/45-induced reductions in maximum force, peak shortening, sliding
motility and actomyosin ATPase activity (6,24). Both ¢Tnl-SDTD and —-S4D also
accelerated TTP and TTRgq0,, and =SDTD increased maximum re-lengthening rate
compared to control myocytes on day 2 (Fig. 2). Earlier, cTnlS23/24D accelerated re-
lengthening alone (49), which is consistent with this cluster acting to accelerate re-
lengthening in cTnIS4D myocytes. However, the acceleration of both re-lengthening rate
and TTRsqg, in cTNISDTD myocytes is less easily explained by the T144D substitution,
which slows thin filament Ca2* off rates, and reduces the Ca%* sensitivity and peak cross-
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bridge cycling rate in motility assays (6, 26). The current cTnISDTD response also differs
from the decrease in tension and cross-bridge cycling found after extensive replacement with
phospho-mimetic cTnlS43/45/T144 in reconstituted myofilaments (6). In addition, the
accelerated TTP plus TTRsgqg, detected on day 2 in cTnl-SDTD and -S4D myocytes (Fig. 2)
was absent at the same time point for cTnl-S43D and/or -S45D expressing myocytes (24).
To test whether secondary phosphorylation responses developed earlier in cTnISDTD
myocytes, p-S23/24 levels were analyzed in day 2 myocytes but were not different in
cTnISDTD versus control myocytes (Fig. 2B). Collectively, the contractile function
observed in day 2 myocytes indicates S23/24D and T144D each modulate contraction (e.g.
TTP) and relaxation (TTR5q9,) responses produced by S43/45D alone, although S23/24D in
cTnIS4D is less able to preserve peak shortening than T144D in cTnISDTD.

Contractile function continued to change after more extensive replacement with cTnl-SDTD
or - S4D 4 days after gene transfer (Fig. 3A). Extensive cTnIS4D replacement further
reduced shortening amplitude and the maximum rates of shortening and re-lengthening,
although accelerated TTP continued to be present in these myocytes (Fig. 3A). This
response is similar to the pattern observed in day 4 myocytes expressing cTnl-S43D and -
S45D (24), and the reduced contraction is consistent with the systolic dysfunction reported
in transgenic (tg) mice with S43/45 and S23/24 phospho-mimietic substitutions (3,37). A
small, but significant increase in resting sarcomere length developed in the cTnIS4D
myocytes. The shortening amplitude also decreased and re-lengthening rate returned to
baseline levels after more extensive cTnISDTD replacement (Fig. 3A), although TTP and
TTRsq9, continued to be accelerated in these myocytes (Fig. 3A). Taken together, the
functional responses observed 2—4 days after gene transfer indicate S23/24 and T144
individually modulate the S43/45D response in cTnl. The earlier onset of reduced shortening
observed with cTnl-S4D versus -SDTD (Fig. 2,3A) or -S43/45D alone (24), suggests
S23/24D creates a permissive environment for S43/45D to reduce the rate and amplitude of
shortening compared to T144.

Functional adaptations and secondary signaling in cTnl-SDTD- and -S4D-expressing

myocytes

In earlier work, adaptive changes in the Ca2* transient and myofilament phosphorylation
accompanied the contractile function responses in myocytes after extensive replacement
with phospho-mimetic cTnl-S43 and/or -S45 (24). Although Ca?* transients were measured
in Fura- 2AM-loaded myocytes on day 4 to evaluate secondary changes in Ca2* cycling,
transients were not different between cTnl, cTnl-SDTD or -S4D expressing myocytes (Fig.
3B). In contrast, divergent contractile responses to the PKC agonist ET hint that there may
be secondary adaptations present by day 4. Previously, ET acceleration of re-lengthening
was blocked in day 4 myocytes expressing a similar level of phospho-null cTnlIT144P, but
not cTnlS23/24A (48). Based on this earlier work, an attenuated ET-mediated acceleration
of TTRy50, Was expected and observed with higher level cTnISDTD replacement in
myocytes (Fig. 3C). The unexpected attenuation of the ET-induced acceleration of TTR750,
by ¢Tnl-S43/45D and -S4D myocytes (Fig. 3C) may result from the secondary p-T144,
which tended to increase in myocytes expressing S43/45 phospho-mimetics (24). Secondary
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modifications also may contribute to the inability of ET to increase peak shortening
amplitude in the cTnIS4D myocytes (Fig. 3C).

Phosphorylation of other cTnl residues and cardiac myosin binding protein C (cMyBP-C),
another representative myofilament protein targeted for phosphorylation, were analyzed to
evaluate secondary adaptations in myofilament phosphorylation. The cTnISDTD myocytes
developed modest increases in cTnl p-S23/24, and this increase was distributed in the same
ratio as FLAG-tagged cTnISDTD/endogenous cTnl (see Data in Brief), in agreement with
earlier results in cTnIS43/45D (24). For cTnlS4D myocytes, Although earlier work showed
a non-significant trend for increased p-T144 and p-S273 in myocytes expressing phospho-
mimetic cTnl-S43 and/or -S45 (24), secondary phosphorylation of nearly all monitored sites,
including p-T144 and p-S150 in cTnl and p-S273 and p-S282 in cMyBP-C increased in
cTnlS4D myocytes on day 4 (Fig. 4A—F). In contrast to cTnlS4D, p-S150 also remained
comparable to controls in myocytes expressing cTnISDTD- (Fig. 4C), or cTnl-S43D and/or
-S45D (see Data in Brief). Most importantly, cTnIS4D produces more severe dysfunction
than cTnISDTD in myocytes (Fig. 3A), and yet a higher magnitude of secondary
phosphorylation and greater number of residues are targeted for secondary phosphorylation
in cTnIS4D compared to cTnISDTD myocytes (Fig. 4). This association between
dysfunction and secondary myofilament phosphorylation could indicate more
phosphorylation is necessary to return S43/45D-induced dysfunction to the basal steady state
in cTnI-S4D compared to -SDTD myocytes (6,24). Alternatively, separate, unrelated
mechanisms may cause dysfunction and secondary phosphorylation, and both mechanisms
may be triggered by cTnl-S4D but not —-SDTD.

Enhanced secondary myofilament phosphorylation in myocytes could result from increased
kinase activity and/or reduced phosphatase activity. Previously, reduced phosphatase rather
than increased kinase activity coincided with the elevated myofilament phosphorylation
detected in myocytes expressing cTnl-S43D and/or -S45D (24). To evaluate whether
changes in phosphatase also coincide with the enhanced secondary phosphorylation in
cTnISDTD or cTnlS4D myocytes, cTnl p-S23/24 and cMyBP-C p-S282 levels were
measured in the presence and absence of the phosphatase inhibitor, calyculin A (calA). In
contrast to basal phosphorylation, p-S23/24 in cTnISDTD myocytes (Fig. 5A) and p-S282 in
cTnlS4D-expressing myocytes (Fig. 5B) treated with calA remained comparable to similarly
treated controls. As a result, the percent change in calA- induced phosphorylation was
significantly blunted in the cTnISDTD and cTnIS4D myocytes compared to myocytes
expressing cTnl (Fig. 5A,B). Loss of mPP2 reduces regulated PP2 activity, and is associated
with cell stress and cardiac dysfunction (9,40,46). Western analysis detected a reduced
mPP2/cPP2 ratio in cTnl-SDTD and -S4D myocytes compared to controls (Fig. 6A),
although cPP2 expression remained comparable in these myocyte groups (see Fig. 6A
legend). A loss of a-4 protein compromises PP2 stability (21), and reduced a-4 protein
levels can be found in failing ischemic vs non-failing human hearts (19). In the present
study, a-4 protein expression decreased in cTnlS4D, but not cTnl or cTnISDTD myocytes
compared to controls (Fig. 6B). In summary, calA, mPP2/cPP2, and a-4 expression results
each point to lower PP2 activity in cTnl-S4D, and to a lesser extent -SDTD myocytes versus
controls (Fig. 5,6), and reduced PP2 activity could result in the enhanced secondary
myofilament phosphorylation detected in the same myocytes.
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DISCUSSION

Phospho-mimetic cTnl-S43 and/or -S45 act as a functionally dominant brake in myocytes
(24), and the current results show additional PKC-targeted residues can fine tune this brake.
Specifically, T144D in cTnISDTD and S23/24D in cTnlS4D individually modify S43/45D-
induced contractile function responses on day 2 (Figs. 2), and continue to produce separate
functional responses as well as secondary myofilament phosphorylation patterns on day 4
(Fig. 3,4). The secondary phosphorylation is postulated to serve an early and functionally
important role by helping to restore S43/45D-induced contractile dysfunction back toward a
basal steady state or “setpoint™. Interestingly, severe contractile and relaxation dysfunction
was associated with a greater magnitude and number of residues targeted for secondary
phosphorylation in cTnIS4D compared to cTnISDTD-expressing myocytes (Fig. 3,4). Thus,
even short term secondary myofilament phosphorylation in the cTnIS4D myocytes proved to
be insufficient to restore contractile function toward this postulated basal setpoint. The
distinct functional responses and secondary phosphorylation patterns produced by cTnl-
SDTD and -S4D also indicate S23/24 and T144 may utilize different transduction
mechanisms to modify myofilament function. Most importantly, the results suggest PKC
phosphorylates multiple cTnl residues to efficiently counteract a dynamic range of cardiac
performance produced by sympathetic activation (39,41). As a result, this signaling may
play a critical role in preserving steady state function during sustained or chronic
sympathetic drive.

Functional communication between cTnl phosphorylation targets

The independent and sometimes unexpected functional responses observed in cTnl-SDTD
and — S4D myocytes could result from communication between S43/45 and the other cTnl
residues. For example, reduced peak shortening and accelerated TTRsgqq, Were expected to
be comparable in myocytes expressing cTnIS4D and cTnlS43/45D (Figs. 2,3). A similar
response is predicted based on the reduction in peak shortening produced by cTnlS43/45D
alone, the accelerated relaxation produced by p-S23/24 or S23/24 phospho-mimetics alone
(44,49), and the enhanced p-S23/24 associated with accelerated TTRgg, in myocytes
expressing cTnlS43D and/or S45D (24). Indeed, the accelerated TTRsgq0, response in
cTnlS4D myocytes agrees with this prediction (Figs. 2,3), and can be attributed to S23/24D.
However, the earlier appearance and greater magnitude of impaired shortening in cTnl-S4D
compared to -S43/45D myocytes (Figs. 2,3; (24)) suggests S23/24 directly and/or indirectly
communicates to enhance the functional impact produced by S43/45.

Communication also could accelerate TTP in day 2 cTnlS4D myocytes, which is absent
from cTnIS43/45D myocytes on day 2 (Fig. 2; (24)). Although this idea differs from an
earlier conclusion that phospho-mimetic S43/45 merely dominates over S23/24 in the
functional response (14), the divergent conclusions may stem from a more complex
environment in intact myocytes and/or external load differences among cardiac preparations.

The specific mechanism and/or interaction responsible for the exacerbated dysfunction in
cTnl-S4D versus -S43/45D myocytes is not known, but could involve one or more of the
transduction mechanisms proposed for S43/45 and/or S23/24 signal transduction.
Phosphorylation of S23/24 reduces thin filament Ca%* sensitivity by reducing the interaction
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between the cardiac-specific N- terminus and the N-lobe of cTnC, and also may depend on
increased intra-domain interactions within cTnl (15,17). A variety of mechanisms also are
proposed to explain the actions of p-S43/45, including altered thin filament TnC Ca2*
dissociation and/or association, stabilization of the thin filament inactive state, and
associated changes in cross-bridge formation or detachment (6,12,26,28, 37). The greater
dysfunction observed with cTnIS4D compared to cTnISDTD suggests that at least some
portion of the S43/45D transduction mechanism(s) lies downstream from Ca2* binding to
cTnC. This prediction is based in part on the functionally important sites S43/45 occupy in
the highly conserved H1 a-helix (43), and the increased helix rigidity caused by
phosphorylation of residues at the same location in other a-helices (1). In turn, H1 a-helix
alterations could modify the I-T arm and downstream switch domains in cTnl and/or
upstream TnT domains to modulate the troponin switch. The S23/24D in cTnIS4D could
further modify the S43/45D a-helix rigidity and/or position or work indirectly via intra-
domain interactions to modify conformational changes in troponin, and its influence on thin
filament activation state and/or cross-bridge cycling.

The cTnISDTD results also are physiologically important because phospho-mimetic cTnl-
S43/45 combined with -T144 most closely mimic the influence of PKC treatment on
myofilament function (6). The acceleration of both TTP and TTRgqe, in cTNISDTD
myocytes does not develop in cTnlS43/45D myocytes (Figs. 2, 3; (24)), and may be due to
T144D alone. Phospho-mimetic cTnIT144 alone slows cTn-Ca2* off rates and reduces Ca%*
sensitivity of unloaded sliding speed in myofilament (6,26,27). Thus, slowed Ca2*
dissociation could lead to faster shortening while the sliding speed response predicts an
accelerated relaxation in cTnISDTD myocytes, but only if each response is mediated by
spatially and temporally separate transduction mechanisms within the thin filament. This
interpretation suggests that PKC could mediate a range of thin filament functional responses.
However, shortening rate remained constant and only the TTRgge, changed intact myocytes
with cTnIT144 substitutions ((48), Figs. 2,3). Moreover, the accentuated shift in the Ca?*
sensitivity of tension and sliding speed produced by phospho-mimetic cTnl S43/45 plus
T144 suggests communication between residues in cTnl, rather than T144D alone
contributes to the functional myocyte response produced by cTnISDTD (6). This
communication also may contribute to the attenuated decrease in amplitude and accelerated
contraction rate produced by cTnISDTD (Figs. 2,3), which remains difficult to explain based
on the individual roles for S43/45 or T144 defined in earlier work (6,26,27).

Although further studies are needed to establish the underlying mechanism(s) and/or cTn
domains contributing to each response, the cTnISDTD-specific responses along with the
accentuated functional response observed in cTnIS4D myocytes support the idea that PKC-
targeted cTnl residues communicate to modulate contractile function. Communication
between phosphorylation sites could differentially influence more than one cTn transduction
mechanisms to produce a range of functional responses to PKC. Altered transduction is
anticipated to result from changes in the relative position or conformation of functional
regions or domains within the cTn complex, which is likely to include the flexible amino
terminus, H1 helix, I-T arm and inhibitory peptide (IP) region within cTnl, as well as
additional domains responsible for transduction of the Ca2* signal within the larger cTn
complex. To gain insight into this communication, studies to evaluate /77 vivo dose-
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dependent cardiac responses over time are needed in animal models with individual and
combined cTnl phospho-mimetic substitutions.

Secondary myofilament phosphorylation in response to cTnl-SDTD and -S4D expression

The secondary phosphorylation and PP2 alterations observed in cTnl-S4D and -SDTD
myocytes by day 4 is consistent with earlier work in myocytes expressing cTnlS43D and/or
S45D (24), although the secondary patterns are specific for each phospho-mimetic construct
(Fig. 4-6). As anticipated, similar secondary changes in mPP2 and cMyBP-C pS282
developed in response to cTnIS4D and -S43/45 phospho-mimetics (24). However, cTnlS43D
and/or S45D alone did not increase the cMyBP-C p-S273, cTnl p-T144 or p-S150 observed
in cTnIS4D myocytes (24). These different secondary phosphorylation patterns could be due
to the permanent substitutions in cTnIS4D compared to a more stochastic distribution of p-
S23/24 in phospho-mimetic cTnlS43/45 myocytes (24). Alternatively, divergent
phosphorylation turnover rates in myocytes expressing cTnl with multiple phospho-mimetic
substitutions also could contribute to specific phosphorylation patterns and downstream
functional responses. The phosphatase inhibition studies are consistent with a role for
phosphorylation turnover (Fig. 5). Phosphorylation turnover changes in other signaling
pathways plus evidence cardiac PKC phosphorylates downstream targets and activates
phosphatases also indirectly support this idea (5,7,16).

The representative residues evaluated for secondary phosphorylation in ¢cTnl and cMyBP-C
were chosen because they are PKC phosphorylation targets (e.g. cTnl p-S23/24, p-S43/45,
p-T144 (35); cMyBP-C p-S273, p-S282, p-S302 (30)), are associated with stress responses
(e.g. cTnl p-S150; (32, 33)), and/or their phosphorylation changes during heart failure
(22,50). The individual role of each residue in this response may fine tune the S43/45
modulatory brake in an effort to maintain or restore steady state contractile function. For
example, the secondary cMyBP-C phosphorylation could increase cross-bridge cycling rate
to attenuate the reductions in shortening rate (Fig. 4D,E; (45)). Enhanced p-S23/24 may
preserve relaxation in cTnISDTD myocytes, while p-T144 counteracts changes in TnC Ca?*
binding/release and/or thin filament activation state in cTnIS4D myocytes (Fig. 4B;
(6,14,26,27,37,42)). The ability of phospho-mimetic cTnIS150 to attenuate S23/24D-
mediated decreases in myofilament TnC Ca?* binding while also accelerating Ca2*
dissociation also suggests secondary p-S150 may help restore or minimize reductions in
contractile function (Fig. 4C; (32,33)).

More than 15 different residues are targeted for phosphorylation in cTnl, and many of these
sites undergo changes in phosphorylation levels under pathophysiological conditions
(32,46,50). Thus, secondary phosphorylation of other cTnl residues, as well as other
myofilament proteins, may modulate function during sustained myofilament
phosphorylation (13,31,38). The dynamic myofilament signaling process detected in the
current study is postulated to play a significant role during the early compensatory phase of
cardiac dysfunction. An inability of this myofilament network to restore function and/or a
loss of this response could set the stage for progressive structural remodeling and/or a
transition to end-stage heart failure.
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Insights into cTnl phospho-mimetic animal models

The current results also provide some insight into the range of cardiac phenotypes reported
in earlier mouse models (Fig. 2,3;(3,20,37)), which has led to divergent interpretations about
the modulatory role(s) of PKC-targeted cTnl phosphorylation. Sustained cTnlS43/45D
expression plays a dominant role in causing contractile dysfunction in myocytes (Fig. 3;
(24)). However, the present work also indicates phenotypic variability is possible when
S43/45D is combined with S23/24D or T144D (Figs. 3,4,6) in mouse models (3,20,37).
Communication between cTnl residues may cause subtle differences in thin filament
conformation plus specific secondary phosphorylation patterns to produce a specific cardiac
phenotype that differs from a simple additive response. Secondary myofilament responses
may precede and/or develop in tandem with Ca2* cycling proteins alterations reported in at
least one phospho-mimetic cTnl mouse model (3).

In summary, our results demonstrate that cTnIS43/45 acts as a dominant brake on function,
which is modified by other phospho-mimetic cTnl residues and/or via communication with
other cTnl and cMyBP-C residues. As a result, both direct and secondary phosphorylation
responses contribute to function in cTnISDTD and cTnIS4D myocytes. Based on these
results, S43/45 could be a clinical target to attenuate or delay cardiac remodeling and
improve early stage dysfunction.
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a-4 alpha-4

ANOVA analysis of variance

Ab antibody
Abs antibodies
calA calyculin A

cMyBP-C cardiac myosin binding protein C

cTnl cardiac troponin |

cPP2 catalytic protein phosphatase 2A
ET endothelin-1

ECL enhanced chemiluminescence
FBS fetal bovine serum
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FITC fluorescein isothiocyanate
GAM goat anti-mouse

GAR goat anti-rabbit

HF heart failure

HRP horseradish peroxidase
mPP2 methylated protein phosphatase 2A
P/S penicillin and streptomycin
PKC protein kinase C

p- phosphorylated

SL sarcomere length

Ag silver

TR texas red

TTP time to peak

TTDsgqe,  time to 50% decay
TTD7s9,  time to 75% decay
TTRsge,  time to 50% re-lengthening

TTR750,  time to 75% re-lengthening

tg transgenic
Tm tropomyosin
TnC troponin C
™nT troponin T
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Highlights

- PKC phosphorylates cardiac troponin | (cTnl) S23/24, S43/45 and T144 to
fine tune myocyte function.

- Function differs in myocytes expressing phospho-mimetic cTnl-S23/24/43/45
versus - S43/45/T144.

- Primary alterations and secondary phosphorylation produce each myocyte
functional response.

- Secondary phosphorylation coincides with a return toward steady state
cardiac performance.
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FIGURE 1. Protein expression, thin filament stoichiometry and sarcomere incorporation of
c¢TnISDTD and cTn1S4D after gene transfer

A. Representative Western blots show cTnl (upper panel) and tropomyosin (Tm; middle
panel) expression 2 and 4 days after gene transfer. A silver-stained (Ag stain) portion of gel
also is included to indicate protein loading (lower panel). Gene transfer of FLAG-tagged
cTnl, cTnl-S43/45D (30), -SDTD, and —S4D resulted in partial (left panel) and more
extensive (right panel) replacement of endogenous cTnl 2 and 4 days after gene transfer,
respectively. B. Quantitative analysis of FLAG-tagged cTnl, cTnISDTD, and ¢cTnIS4D
replacement of endogenous cTnl at 2 and 4 days post-gene transfer. Replacement was
calculated as the percent FLAG-tagged/total cTnl ratio. FLAG-tagged expression increased
significantly between days 2 and 4 for each construct (*p<0.05, 2-way ANOVA plus post-
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hoc Tukey), although cTnISDTDFLAG expression lagged behind cTnIFLAG on day 4
("p<0.05). C. Quantitative analysis of thin filament stoichiometry based on total cTnl/Tm
ratios in controls, myocytes expressing FLAG-tagged cTnl, and myocytes expressing either
FLAG- or non-tagged cTnISDTD or cTnlS4D 4 days after gene transfer. The non-treated,
time-matched control cTnl/Tm ratio is set to 1.0 for each blot and is indicated by a dotted
line in this graph. The cTnl/Tm ratios observed for each construct are normalized to this
control value and compared using a one-way ANOVA (p>0.05). The n in panels C and D
indicate the number of rat samples analyzed in each group. D. Immunohistochemical
staining for Tnl (left; FITC) and FLAG (right; TR) in controls (upper left panels), and
myocytes expressing cTnl-FLAG (lower left panels), -SDTDFLAG (upper right panels) and
-S4DFLAG (lower right panels). Insets in each panel emphasize the striated patterns
detected in each myocyte (bar =10um). The detection of a comparable striated pattern in
myocytes stained for Tnl and FLAG Abs confirms there is sarcomere incorporation of each
construct.
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FIGURE 2. Myocyte contractile function and phosphorylation 2 days after gene transfer of
c¢Tnl-FLAG, -SDTD, and —-S4D compared to non-treated controls

A. Analysis of signal averaged resting sarcomere length (SL, um), peak shortening
amplitude (expressed as a percent of resting length), shortening and re-lengthening rates
(um/s), along with the time to peak (TTP), and time to 50% re-lengthening (TTRzqg) in 38—
50 myocytes per group (6—8 hearts/group), as described earlier (24). Results were compared
to control values using 1-way ANOVA and post-hoc Newman-Keuls tests, with statistical
significance set at p<0.05 (*). B. Representative Westerns show results for cTnl p-S23/24
and total cTnl in control, cTnl, cTnISDTD + FLAG, and cTnlIS4D + FLAG expressing
myocytes 2 days after gene transfer. The response for cTnISDTDFLAG is compared to
CTnIFLAG in the left panel, and the responses for cTnISDTDFLAG and cTnISADFLAG are
shown in the right panel. The relative p-S23/24 levels remain similar to control values for
myocytes expressing each of the phospho-mimetics 2 days after gene transfer. A silver (Ag)
stained portion of each gel also is shown to indicate protein loading in each lane. Vertical
black lines in each blot indicate a separation between cTnl or ¢cTnl-FLAG and -SDTD on the
same blot.
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FIGURE 3. Analysis of basal contractile function (A), Ca?* transients (B), and the contractile
response to endothelin (ET; C) 4 days after gene transfer

Adult myocytes from control, cTnl, cTnISDTD and cTnlS4D expressing myocytes were
loaded with Fura-2AM 4 days after gene transfer and analyzed for basal contractile function
(A\), as described in Figure 2, plus Ca%* transients (B). For the CaZ* transient analysis, basal
and peak Ca?* ratios, Ca* release and decay rates (ARatio/s), and the time to 50% Ca2*
decay (TTDsgg,; ms) were measured in each myocyte. C. Contractile function responses
before and after ET also were evaluated in the same groups plus myocytes expressing
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cTnlS43/45D. ET responses are expressed as the percent change in resting SL, peak
amplitude, rates of shortening and re-lengthening, and TTP, TTRgge, and TTR75e, after ET.
The TTR750, response is included in this panel due to the significant differences detected for
all 3 phospho-mimetic substitutions compared to controls. In each panel, responses in cTnl-,
cTnISDTD- and cTnlS4D-expressing myocytes were compared to controls, with
significance set at *p<0.05.
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FIGURE 4. Phosphorylation of myofilament cTnl and cMyBP-C residues 4 days after gene
transfer

Representative immunoblots (left panels) and quantitative analysis (right panels) of
phosphorylated cTnl -S23/24 (p-S23/24; A), -T144 (p-T144, B) and -S150 (p-S150, C)
relative to total cTnl expression (lower panels) in controls and myocytes expressing cTnl,
cTnISDTD or cTnIS4D 4 days post-gene transfer. The ratios of phosphorylated/total cTnl in
each panel are normalized to control ratios, which are set to 1.0 (dotted line in each graph)
for each quantitative analysis (30). The ratios in cTnISDTD- and/or cTnlS4D-expressing
myocytes were compared to myocytes expressing cTnl after gene transfer, with statistical
significance set at p<0.05 (*). This Western analysis also shows the expected reduction in p-
S23/24 and p-T144 after replacement with cTnlS4D and cTnISDTD, respectively. Due to
this reduction, p-S23/24 in cTnIS4D- and p-T144 in cTnISDTD- expressing myocytes were
not quantitatively analyzed in their respective panels. Representative immunoblots shown in
panels D-F show site-specific phosphorylation of cMyBP-C in the same groups of day 4
myocytes shown in A—-C. Immunoblots (left panels) and quantitative analysis (right panels)
are shown for phosphorylated cMyBP-C -S273 (p-S273, D), -S282 (p-S282, E), and -S302
(p-S302, F). Detection of the specific phosphorylated residue (left panels) is shown in the
upper blot and total cMyBP-C in the lower panel. Quantitative analysis was performed using
the normalized phosphorylated/total cMyBP-C ratio in each group, with the control ratio set
to 1.0 (indicated by dashed line). Results in each panel were compared to cTnl expressing
myocytes, with statistical significance set at p<0.05 (*). Vertical black lines shown in
Western blots in this figure and in Figures 5 and 6 indicate a separation between cTnl and
cTnISDTD on the same blot.
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FIGURE 5. Secondary myofilament phosphorylation in the presence and absence of phosphatase

inhibition by calyculin A (calA)

Representative Western (left panel) and quantitative (right panel) analyses of ¢cTnl p-S23/24
(A) and cMyBP-C p-S282 (B) in the absence and presence of the phosphatase inhibitor calA
(10 nM) and expressed relative to total cTnl and cMyBP-C, respectively. The ratio of
phosphorylated/total protein is normalized to control values (set to 1.0) in the absence of
calyculin A (CalA) for the quantitative analysis. Then, control responses to calA (A%
change) on day 4 are compared to responses in cTnl-, cTnISDTD- and cTnlS4D-expressing
myocytes, with the A% response shown in each right panel graph. The p-S23/24 and p-S282
levels after cal A treatment are not different among groups. The A% change in the p-S23/24/
cTnl and the p-S282/cMyBP-C ratios were analyzed by ANOVA (see Methods) with
statistical significance set at p<0.05 (*). Note the absence of p-S23/24 detection in the
cTnlS4D response (panel A). Any p-S23/24 detection in cTnIS4D myocytes is due to
residual endogenous cTnl expression and not explained by calA treatment.
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FIGURE 6. Analysis of phosphatase activity and stability in myocytes expressing cTnISDTD and
¢TnlS4D compared to controls and cTnl

A. Western analysis of methylated protein phosphatase 2A (mPP2; upper left panel) and
PP2A catalytic subunit (cPP2; lower left panel) along with the quantitative analysis of the
mPP2/cPP2 ratio (right panel) for cTnISDTD and cTnlIS4D. Blots were initially probed for
mPP2, stripped and re-probed for cPP2, and then stained with Sypro stain. Then, the cPP2/
Sypro band ratios were normalized to control values on the same blot (set to 1.0, n=7) and
these ratios were not different between groups (cPP2/Sypro ratio: ¢Tnl 1.11+0.15,n = 7;
cTnISDTD 1.30+0.86, n = 3; cTnIS4D 1.15+0.23, n = 5). The ratio of mPP2/normalized
cPP2 ratio was determined for the quantitative analysis shown in the right panel. B.
Representative Western analysis of alpha-4 (a-4; left upper panel) relative to cTnl (lower left
panel), plus the quantitative analysis of a-4/cTnl ratio (right panel) in day 4 myocytes. Each
set of results was statistically analyzed by ANOVA (see Methods) with significance set at
p<0.05 (*).
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