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ABSTRACT: Cardiac troponin T (cTnT) is a phosphoprotein that modulates cardiac muscle contraction through
its extensive and diverse interactions with neighboring thin filament proteins. Its N-terminal half is the “glue”
that anchors the troponin complex to tropomyosin—actin. Until now, studies aimed at investigating the role of
the N-terminal tail region have not considered the effects of phosphorylation. To understand better the
regulatory role of the N-terminal tail region of phosphorylated cTnT, we investigated the functional effects of
N-terminal deletion (amino acids 1—91) and phosphorylation on Ca®" dependence of myofilament isometric
force production, isometric ATPase rate, and thin filament sliding speed. Chemomechanical profiles were
assessed in detergent permeabilized fiber preparations where the native troponin (cTn) was exchanged with
recombinant cTn engineered to contain modified cTnT (truncated, phosphorylated) in the presence of wild-type
cTnl and ¢cTnC. Removal of the ¢cTnT N-terminal amino acids 1-91 (¢TnT-del) enhances myofilament
responsiveness to nonsaturating Ca”" levels (the physiological range in cardiac myocytes). However, at
saturating Ca”" levels, there is a reduction in isometric tension and ATPase rate. On one hand, phosphorylation
of ¢TnT-del attenuates the sensitizing effect induced by truncation of the N-terminal tail, “resetting”
myofilament Ca®" responsiveness back to control levels. On the other hand, it impairs isometric tension
development and ATPase rate. Interestingly, phosphorylation of cTnT (cTnT-P) differentially regulates tension
cost (an index of cross-bridge cycling rate): increased by cTn-del-P and decreased by intact cTn-wt-P. Like the
isometric fiber data, sliding speed of thin filaments regulated by ¢Tn-del is more sensitive to Ca** compared with
cTn-wt. Phosphorylation of ¢TnT (whether cTnT-del or -wt) depresses sliding speed and is associated with

Ca®" desensitization of thin filament sliding speed.

In recent years numerous studies have provided strong support
for the hypothesis that phosphorylation of thin filament proteins is
a key modulator of cardiac function (1, 2). Phosphorylation of car-
diac troponin T (¢TnT)' produces significant functional effects
(3, 4) by its diverse interactions with other troponin subunits,
tropomyosin, and actin. ¢cTnT is considered the “lever” on the thin
filament that transmits the signal generated by Ca®"-induced
conformational changes in cardiac troponin C (¢TnC) and cardiac
troponin I (cTnl) to the filamentous protein tropomyosin (Tm).
Upon Ca®" activation, Tm moves over the actin filament surface
to promote cross-bridge binding to the thin filament and initiate
contraction (J, 6).

Tethering of the heterotrimeric troponin complex to the thin
filament is largely mediated by the N-terminal portion of ¢TnT,
which interacts with and influences the Tm-Tm end-to-end
interaction region. In addition to its critical function anchoring
tropomyosin to actin, the N-terminal region may also have
inhibitory effects on myosin interaction with the thin filament
(7, 8). The N-terminal tail region of cTnT is particularly

"This work was supported by grants from NIH-NIA AG032009 and
AHA-SDG 0335199N (M.P.S.) and by USPHS Grant AR30988 (E.H.).

*Address correspondence to this author. Tel: 859-323-6613. Fax: 859-
257-2896. E-mail: MariusSumandea@uky.edu.

Abbreviations: ¢TnT, cardiac troponin T; ¢Tnl, cardiac troponin I;
¢TnC, cardiac troponin C; cTnT-del, cardiac troponin T lacking amino
acids 1-91; ¢TnT-P, phosphorylated ¢TnT; cTnT-del-P, phosphory-
lated ¢TnT-del; ¢Tn, cardiac troponin complex; Tm, tropomyosin;
PKC, protein kinase C.

pubs.acs.org/Biochemistry Published on Web 07/08/2009

important because it gives functional diversity to cardiac myo-
filaments through alternative splicing that may have develop-
mental specific roles (4). Switches in the cTnT isoform expression
have been implicated in diabetes, cardiac hypertrophy, and
congenital heart disease (9). The essential role of the N-terminal
tail was accentuated by the discovery of charge mutations in this
region that cause familial hypertrophic cardiomyopathy (10, 11).
However, until now, studies aimed at investigating the role of the
N-terminal region have not considered the effects of phosphor-
ylation (12— 14), although cTnT is phosphorylated even in resting
cardiomyocytes.

cTnT is phosphorylated by a variety of Ser/Thr kinases such as
the protein kinase C (PKC) family at Thr'®”, Ser”®!, Thr*, and
Thr*®” (15— 17), Rho-A-dependent protein kinase (ROCK-II) at
Ser’”® and Thr**’ (18), apoptosis signal-regulating kinase (ASK-1)
at Thr'” and Ser®' (19), and Raf-1 at Thr*® (20). PKC-depen-
dent phosphorylation of ¢TnT is thought to be important in the
development of cardiac hypertrophy/failure syndromes. cTnT
phosphorylation has been shown to depress contractile func-
tion (15, 18). This effect was associated with desensitization of the
myofilament response to Ca>" and a decrease in cross-bridge
cycling rate (tension cost) (15).

To understand better the regulatory role of the N-terminal
region of a phosphorylated cTnT, we investigated the functional
effects of N-terminal deletion (amino acids 1—91) and phosphor-
ylation on Ca*" dependence of myofilament force production,
ATPase rate, and thin filament sliding speed.

©2009 American Chemical Society
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EXPERIMENTAL PROCEDURES

Generation of the cTnT-del Construct. A bacterial expres-
sion vector encoding the cDNA of cTnT-del (the truncated form
of ¢cTnT lacking N-terminal amino acids 1—91) was generated by
polymerase chain reaction (PCR) using the pSBETa-cTnT
plasmid as template (15). The following primers (from Operon)
were used to produce cTnT-del: 5'-g aga gtg gac cat atg atg gac
atccac agg aag cge gtg gag-3' and 5'-gtt age age cgg ate ctg tga gee
agg gca g-3 (underlined residues indicate the position of Ndel
and BamHI restriction endonuclease sites, respectively). The
PCR product was then subcloned between the Ndel and BamHI
sites of the pSBETa vector. Construct identity was verified by
DNA sequencing.

Troponin Expression and Purification. Recombinant
mouse cardiac c¢TnT, ¢Tnl, and ¢cTnC were expressed and
purified as previously described (15, 21). Mouse cardiac ¢TnT-
del was expressed and purified by a modified method of
Sumandea et al. (15). Briefly, cTnT-del was expressed in BL21-
(DE3) cells using the pSBETa expression plasmid. BL21(DE3)
cells grown overnight in Luria broth supplemented with 30 ug/
mL kanamycin were collected by centrifugation at 6000g for 10
min at 4 °C. The cell pellet was washed once in STE buffer (5%
sucrose, 25 mM Tris-HCI, pH 8.0, 5 mM EDTA) and resus-
pended in sonication buffer (20 mM Tris-HCI, pH 8.0, 6 M urea,
5 mM EDTA, 0.1 mM aminoethylbenzenesulfonyl fluoride
hydrochloride (AEBSF), 1 mM benzamidine, 1| mM DTT, and
0.5% Triton X-100). The cells were lysed by sonication on ice,
followed by 60 min of centrifugation at 48000g, at 4 °C. The
supernatant fraction was subjected to ammonium sulfate frac-
tionation as previously reported (22). The final ammonium
sulfate pellet was solubilized in buffer A (20 mM Tris-HCI, pH
8.0, 6 M urea, | mM EDTA) and then dialyzed at 4 °C against
same buffer. The dialyzed sample was applied onto a SP-
Sepharose column connected to an AKTA-FPLC system (GE
Healthcare). c¢TnT-del was eluted with a 0.0—0.5 M NaCl
gradient in buffer A. Fractions containing cTnT-del were ana-
lyzed by SDS—PAGE, and those >90% pure cTnT-del were
pooled, extensively dialyzed against 0.05% TFA in H,O, lyoph-
ilized, and stored in powder form at —80 °C.

c¢TnT Phosphorylation and Troponin Complex Recon-
stitution. cTnT-wt and cTnT-del were phosphorylated using
recombinant human PKC-a. (expressed in Sf9 cells) as previously
described (15). ¢cTnT-wt and ¢TnT-del (phosphorylated or un-
phosphorylated) were denatured and mixed with equimolar
amounts of ¢Tnl and ¢TnC followed by dialysis and ion-
exchange chromatography to reconstitute and purify the trimeric
troponin (cTn) complex (/5). The ¢Tn complex identity and
purity were verified by SDS—PAGE.

MALDI-TOF Mass Spectrometry. cITnT-wt (or cTn-wt
complexes for comparison) phosphorylated by recombinant hu-
man PKC-a (as above) or nonphosphorylated was digested with
endoproteinase Glu-C from Staphylococcus aureus V8 (Roche).
Phosphopeptides were enriched on gallium(III)-chelated IDA-
based resin (Pierce). Matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) analysis was performed as pre-
viously described (23, 24).

Anti-¢TnT Phospho-Specific pThi®®® and pSer®”® Anti-
body Production and Purification. Individual synthetic phos-
phopeptides, derived from the regions of the mouse cTnT
sequence that contain Thr*® and Ser’”, were coupled to
the keyhole limpet hemacyanin (KLH) carrier protein through
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a C-terminal Cys residue. Two rabbits were immunized per
antibody (BioSource). Antibodies were purified from serum
using sequential epitope-specific chromatography. Briefly, the
antibody from the serum was first negatively preadsorbed onto a
nonphosphorylated peptide affinity column to remove all anti-
bodies that react with nonphosphorylated cTnT peptides. The
product was then adsorbed twice onto a matrix containing
immobilized phosphopeptide immunogen. The antibody bound
and eluted from the final affinity column was then tested for
phospho specificity, aliquoted, and stored at —80 °C.

Peptide Competition Assay. The specificity of anti-pThr
and anti-pSer*™® phospho antibodies was verified using a pep-
tide competition assay. Briefly, a 200-fold molar excess of the
phosphorylated peptide (used as immunogen for antibody
production) and the corresponding nonphosphorylated peptide
were preincubated with aliquots of the antibody for 30 min prior
to addition to PVDF strips containing transferred proteins (see
Figure 7 legend for more details). Reactivity of the antibodies
with the membrane was detected by chemiluminescence using the
ECL-plus kit (GE Healthcare).

Substitution of Native c¢Tn by Recombinant c¢Tn in
Papillary Muscle Fiber Bundles. Fiber bundles were prepared
from hearts of 5—6 month-old FVBN mice purchased from
Harlan or Charles River Laboratories. Hearts were quickly
removed under deep anesthesia (sodium pentobarbital; 100 mg/
kg i.p.) and rinsed free of blood in ice-cold saline (0.9% NaCl).
Muscle strips (~150—200 ym wide and 3—4 mm long) were
dissected from left ventricular papillary muscle. Fiber bundles
were then detergent treated at 4 °C in a high relax buffer
containing 20 mM MOPS, pH 7.0, 50 mM potassium propionate,
6.8 mM MgCl,, 10 mM EGTA, 25 uM CaCl,, 12 mM phos-
phocreatine, 5 mM Na,ATP, 10 Ul/mL creatine kinase, 0.5 mM
DTT, a cocktail of protease inhibitors, and 1% Triton
X-100 (25). Following the detergent treatment the fiber bundles
were transferred to a bath containing a recombinant cTn complex
(20—30 uM) in exchange buffer (20 mM MOPS, pH 6.5, 190 mM
KCl, 5mM EGTA, 5 mM MgCl,, | mM DTT) and incubated
overnight at 4 °C. The extent of native cTn substitution by
recombinant ¢Tn was determined after isometric tension and
actomyosin Mg-ATPase activity measurements (see below) by
immunoblot analysis of control vs exchanged fiber bundles, as
previously described (15, 26—28).

Mechanoenergetic Measurements. We measured isometric
tension (force/cross-sectional area) and actomyosin Mg-ATPase
activity simultaneously as described previously (15, 25, 29).
Briefly, fiber bundles (control or exchanged) were attached to
a displacement generator at one end and a force transducer at the
other end using aluminum T-clips. Sarcomere length was ad-
justed to 2.3 um using a laser diffraction pattern, and the cross-
sectional area was determined based on an elliptical model. Fiber
bundles were equilibrated for 5 min in relaxing buffer followed
by 3 min in preactivating and then activating solutions. The
composition of all buffers was described previously (15). Only
those fibers able to generate >85% of the initial tension in their
final contraction were analyzed. Isometric tension and actomyo-
sin Mg-ATPase activity were determined simultaneously at 20 °C
in the presence of variable Ca>" concentrations as described (15).
Data were analyzed using Labview (National Instruments,
Austin, TX). The calcium dependence of the isometric tension
is largely controlled by the rate at which cross-bridges enter into
the isometric force bearing state while the rate at which the
isometrically attached force bearing cross-bridges detach from
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FiGure 1: Schematic illustration showing the location of three func-
tionally critical regions in ¢TnT. The drawing of the troponin
complex is based on the crystal structure of the troponin core domain
determined by Takeda et al. (44). The N-terminal region of cTnT
(residues 1—204) was not solved in the crystal structure; therefore,
our representation of this region is completely speculative. Rectangles
represent helical structures. ¢cTnC is colored light gray, cTnl is in
white, and ¢TnT is in dark gray. The locations of three functionally
critical regions or “hot spots” in ¢cTnT are depicted (mouse sequence
is used; it differs by three amino acids from the human counterpart).
Some of the most severe cardiomyopathy-causing mutations are
condensed in the three distinct regions. The region removed in this
study, amino acids 1—91, is indicated. The N-terminal hypervariable
region of ¢TnT (amino acids 1—71) is shown as a black rectangle.
Deletion and missense mutations are shown in gray (original cTnT
residues are underlined). P indicates phosphorylated residues.

the thin filament is minimally affected by the calcium concentra-
tion (30). Tension— and actomyosin MgATPase activity—[Ca*"]
relations were fit by a nonlinear fit procedure to a modified Hill
equation as described (/5).

In Vitro Motility Assay. Rhodamine phalloidin-labeled
actin movement over heavy meromyosin-covered nitrocellulose
surfaces was monitored in motility chambers by video epifluore-
scence microscopy and analyzed as previously described (21, 31).
Briefly, a rabbit skeletal heavy meromyosin solution (300 ug/mL)
was injected into the motility chamber and allowed to incubate
for 2 min. This was followed by 1 min incubation with 50 uL of
1 mg/mL bovine serum albumin in assay buffer (25 mM KClI,
25 mM MOPS, 2.0 mM EGTA, 2 mM MgCl,, 5 mM DTT, pH
7.4). Next, 50 uL of 20 nM rhodamine phalloidin-labeled actin
was introduced into the motility chamber and allowed to incu-
bate for 2 min. The motility chamber was then washed with
two 50 uL aliquots of assay buffer to remove unbound actin. This
was followed by injection of 40 uL of a 50 mM ionic strength re-
constitution solution containing regulatory proteins ¢Tn (wt and
del) and Tm, at 200 nM concentrations. The reconstitution
solution consisted of 25 mM MOPS, 25 mM KCl, 2 mM MgCl,,
2 mM EGTA (with varying ratios of CAKEGTA to K,EGTA
depending on the desired Ca*" concentration), and 20 mM DTT.
The chamber was incubated in this solution for 5 min, and the
solution was replaced by two 40 uL washes of motility solution,
which was a reconstitution solution to which 1 mM Na,ATP and
a glucose/oxidase/catalase mixture had been added to slow
photobleaching (3 mg/mL glucose, 100 ug/mL glucose oxidase,
10 ug/mL catalase). Data were acquired and analyzed as pre-
viously described (21, 3I). The unloaded thin filament sliding
speed is analogous to the unloaded shortening velocity in myo-
cytes (5). As such, it is regulated primarily by the rate at which the
strongly attached cross-bridges in the negative force bearing
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FIGURE 2: Mechanical characteristics of skinned fiber bundles ex-
changed with either cTn-wt or cTn-del (recombinant cTn complex
containing cTnT-del, cTnl-wt, and cTnC-wt). Steady-state isometric
tension (A) and actomyosin Mg-ATPase activity (B) were determined
simultaneously at various [Ca®"]. Tension cost (C) was determined
from the slope of the relationship between actomyosin Mg-ATPase
activity and isometric tension. Data are given as means + SEM for
n=29 fiber bundles from seven separate hearts.
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Table 1: Mechanical Profiles of Left Ventricular Papillary Fiber Bundles®

Isometric Tension ATPase

TnT  Maximum (mN/mm?)  ECso (uM)  ny (Hill coeff)  Maximum (pmol s ' mm™)  ECso (uM)  ny (Hill coeff)  Tension Cost N

wt 37.3+1.6 24403 44407 388.54+25.2 22402 31404 8.6+ 0.5 12(8);
wt-P 30.1+0.8” 5240.4° 3.6£0.5 2352416.2° 6.0+0.8 1.940.5° 57405 10(8);
del 282+ 1.6° 1.5+0.1° 49+0.5 299.2+22.2° 1.4+0.1° 3.5+04 8.9+0.9 11(9);
del-P 107+ 1.45¢ 1.6+£0.1° 41403 222.4 4 28.0% 1.5+0.6° 2.6+0.4 17.9+0.6>¢ 9(7);

“Fiber bundles in which the endogenous Tn complexes were exchanged with recombinant Tn complexes, containing Tnl-wt, TnC-wt, and various TnT’s,
were used to simultaneously measure changes in Ca>* dependence of isometric tension and ATPase activity. Tension cost is defined as the slope of the relation
between ATPase activity and isometric tension. N represents the number of fibers (hearts) used for each group. *p < 0.05 as compared with wild-type

exchange. “p < 0.05 as compared with del exchange.

1007 1435
] 1169

Relative Intensity

m/z

FIGURE 3: Analysis of PKC-a-phosphorylated ¢cTnT-wt by positive ion MALDI-TOF. PKC-a-phosphorylated ¢cTnT-wt was digested with
endoproteinase Glu-C from S. aureus V8. Phosphopeptides were enriched by IMAC-Ga(IIl). Peptides with m/z 1169, 1534, 2151, and 2231
correspond to cTnT fragments: residues 202—209 (GKRQTERE) + 1 POy, residues 199—209 (RKSGKRQTERE) + 2 POy, residues 274—291
(NQKVSKTRGKAKVTGRWK) + 1 POy, and residues 274—291 (NQKVSKTRGKAKVTGRWK) + 2 POy, respectively. Asterisks indicate

the presence of one or two phosphate groups.

region detach from the thin filaments; i.e., the faster they detach,
the more rapidly the muscle will shorten (32). Cross-bridge
detachment rate is determined by how fast the filaments are
sliding and enter the negative force state, the rate of product
release (MgADP) from the attached cross-bridge, and the rate at
which ATP binds to and detaches the attached cross-bridge.
Unloaded shortening velocity is not as sensitive to changes in
calcium concentration as isometric force (5, 33—35). Thus reduc-
tions in free calcium concentration that produce a fall in isometric
force to about 50% of maximal have little effect on the unloaded
shortening velocity (or thin filament sliding speed). Consequently,
pCas, for sliding speed is left-shifted with respect to that of
isometric force (35). Further, it is has been found (particularly
using TnT HCM mutations) that the maximal isometric force may
fall (I79N and del160E) while the unloaded sliding speed increases
markedly over controls (36).

Materials. Triton X-100 ampules were purchased from Pierce.
Ammonium sulfate (enzyme grade) and TFA were from Fisher.
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (phosphatidyl-
serine) and 1,2-sn-dioleoylglycerol (diacylglycerol) were pur-
chased from Avanti Polar Lipids, Inc. All the other chemicals
were from Sigma.

Animal Care. All animals were handled in accordance with
the guidelines of the Animal Care Committees of our respective
universities.

Data Analysis and Statistical Evaluation. Isometric ten-
sion—Ca”>", ATPase—Ca*", and thin filament sliding speed—pCa
relationships were fit by a nonlinear fit procedure to the modified
Hill equation (KaleidaGraph Software or SigmaPlot 9) as

described previously (75). All values are presented as mean +
SE, and values of p<0.05 were the criteria of statistical
significance. Statistical evaluation was by one-way ANOVA
and post-hoc Dunnett’s ¢ test.

RESULTS

Chemomechanical Properties of Fiber Bundles Contain-
ing ¢TnT-del. Figure 1 shows a schematic representation of
a longitudinal view of the major thin filament proteins emphasiz-
ing the location of three critical regions of ¢TnT investigated
in the present study (exons 9, 13, and 16) that are “hot spots”
for cardiomyopathy causing mutations and phosphoryla-
tions (10, 11, 15, 17). The fact that some of the most lethal
cardiomyopathy mutations are condensed in these “hot spots”
underscores the functionally critical nature of these regions.
To understand better the regulatory role of the N-terminal region
of a phosphorylated c¢TnT, we created a truncated form of
cTnT that lacks its N-terminal 91 amino acids (referred to
as ¢InT-del). We assessed the chemomechanical profiles of
mouse left ventricular papillary muscle fiber bundles where the
native cTnT was exchanged with either recombinant cTnT-wt or
cTnT-del. Adult mouse recombinant cTnTs (wt or del) were
expressed in Escherichia coli and purified to near homogeneity
(see Experimental Procedures). The recombinant ¢cTnT (wt or
del) was then used to reconstitute cardiac troponin complexes in
the presence of equimolar amounts of ¢Tnl and ¢TnC. The
heterotrimeric troponin complexes, cTn-del and cTn-wt, were
then added to the respective detergent-treated (permeabilized)
papillary fiber bundles to replace (exchange) the native cTn
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FIGURE 4: Peptide competition assay demonstrating the specificity
of the anti-pT?*® antibody. Recombinant cTn-wt complexes were
resolved by SDS—PAGE on a 15% polyacrylamide gel and either
stained with SYPRO Ruby total protein gel stain (top) or ProQ
Diamond phosphoprotein gel stain (middle) or transferred to a
PVDF membrane (bottom). cTn-wt samples resolved by SDS—
PAGE were either phosphorylated by recombinant PKC-o. (lanes
1, 3, 5, 7; see Experimental Procedures), left untreated (lanes 2, 4,
6, 8), or were treated with A-PPase (lanes 7, 8; Upstate). Phospho-
protein molecular mass standards (PeppermintStick; Molecular
Probes) in lane 9 contain a mixture of two phosphorylated and four
nonphosphorylated proteins. The molecular masses, ranging from
14 to 116 kDa, are indicated on the right. PVDF membrane strips
corresponding to each of the above lanes (cut after Ponceau Red
membrane stain) were incubated with anti-pT>°® antibody aliquots
that were premixed with no peptide (lanes 1, 2, 7, 8), the phosphopep-
tide immunogen (lanes 3, 4), or the nonphosphopeptide correspond-
ing to the immunogen (lanes 5, 6).

complex. This gentle exchange procedure allows for a gradual
replacement of native cTn by cTn-del (or cTn-wt) with no major
alteration to the fiber properties, since the myofilaments are
never depleted of cTn (15, 26—28).

Figure 2 illustrates results from (A) tension development
(i.e., force divided by cross-sectional area of the fiber bundles),
(B) actomyosin Mg-ATPase rate (determined simultaneously
with force), and (C) tension cost (the slope of the ATP consump-
tion—tension relationship, also serving as an index of cross-
bridge cycling) at various [Ca®']. Table 1 summarizes the
mechanical and energetic profiles of fiber experiments. Incor-
poration of cTnT-del into the myofibrillar matrix leads to a
reduction of maximal tension (by 24%) and actomyosin-ATPase
activity (by 23%). This effect is associated with a leftward shift in
Ca’" sensitivity (ECsy, i.c., [Ca®"] at which force is half-maximal
of 1.5 & 0.1 compared with 2.4 &+ 0.3 uM for cTn-wt) with no
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FIGURE 5: Anti-pThr?®® antibody does not cross-react with other
phosphorylated sarcomeric proteins. Myofilament proteins from
isolated murine cardiac myofibrils (45) were resolved by 15%
SDS—PAGE (left lane, C57Bl/6 male; middle lane, FVBN male;
right lane, FVBN female). The left panel shows Sypro Ruby total
protein stain. Major sarcomeric proteins are labeled. The middle
panel shows the basal phosphorylation state of myofilaments as
detected by ProQ Diamond. The right panel depicts the specific
reactivity of anti-pThr206 antibody.

change in cooperativity of thin filament activation, as indexed by
ny, the Hill coefficient (ny 0f 4.9 £ 0.5 compared to 4.4 0.7 for
cTn-wt). At ECs, cTn-del fibers generate 57% more tension and
have 48% higher ATPase activity than that of cTn-wt fibers.
Therefore, removal of the 91 amino acid N-terminal tail of ¢cTnT
increases the sensitivity of the contractile apparatus to Ca*",
suggesting an important role in myofilament activation.

Analysis of Site-Specific Phosphorylation of ¢cTnT Con-
structs. Cardiac TnT is phosphorylated in the human and rodent
hearts even under basal conditions (Garcia-Cazarin and Suman-
dea, unpublished observation). However, until now, studies
aimed at investigating the role of the N-terminal region have
not considered the effects of phosphorylation (/2—174). Our work
with several recombinant PKCs (a,, S11, 9, and ¢) identified PKC-
a as being most efficient in phosphorylating recombinant cTnT in
vitro. The other PKCs (A1, 6, and ¢) while able to phosphorylate
cTnT (as well as cTnl) as part of the troponin complex have a
lower preference for cTnT alone (data not shown). To investigate
the role of ¢TnT phosphorylation in the absence of confoun-
ding ¢Tnl phosphorylation events, we used PKC-a to efficiently
phosphorylate ¢TnT prior to incorporation in the troponin
complex. Therefore, cTnT-del and cTnT-wt were phosphoryl-
ated by PKC-a, in preparation for complex reconstitution and
exchange experiments.

Mass spectrometric analysis was used to identify the specific
cTnT sites phosphorylated in a PKC-a-dependent manner
(Figure 3). We employed both isolated ¢TnT (wt and del) and
troponin complexes (wt and del). Our data indicate that PKC-a
phosphorylates cTnT-wt at four sites: Ser®!, Thr*®, Ser’*”®, and
Thr**” (mouse sequence; Figure 1). The same sites were identified
in samples containing phosphorylated cTnT-del and cTnTs from
¢Tn complexes (data not shown). Thr*® was the major phos-
phorylation site in vitro. Previous work from our laboratory
identified Thr*® as the functionally critical PKC phosphoryla-
tion residue, while the other sites do not seem to have an obvious
functional role (15). Three of these sites Ser’”, Thr**, and
Thr*®’, were previously reported as PKC phosphorylation
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FiGcure 6: PKC-o-dependent phosphorylation of cTnT-wt and ¢cTnT-del. Recombinant mouse cTnT-wt (0.5, 1.0, 2.0 ug) and ¢cTnT-del (0.5, 1.0,
2.0 ug) prepared for exchange experiments (phosphorylated and nonphosphorylated) were resolved by SDS—PAGE on a 15% polyacrylamide gel
and either stained with SYPRO Ruby total protein gel stain or ProQ Diamond phosphoprotein gel stain or transferred to a PVDF membrane and

immunoblotted with anti-pan ¢TnT (JLT12, Sigma), anti-phospho-specific pThr

sites (16). Ser”™ was shown recently to be a ROCK substrate (18).
The present study also assigns cTnT-Ser”’® kinase activity to
PKC-a.

The need to monitor and quantify phosphorylation of ¢TnT at
the functionally significant site, Thr*, led us to develop phos-
phorylation site-specific antibodies that react only with phos-
phorylated Thr**. Figure 4 illustrates a peptide competition
assay that demonstrates the phospho specificity of anti-pThr*®
antibody. The top panel shows a representative gel stained with
the Sypro Ruby total protein stain, demonstrating equal loading
of samples. The middle panel shows the same gel (above) this
time stained with ProQ Diamond phosphostain, identifying
the presence of phosphoproteins (for details, see Experimental
Procedures). As expected, both cTnl and cTnT were phosphory-
lated by PKC-a but not ¢cTnC. PKC-phosphorylated samples
that were treated with A phosphatase (APPase, lanes 7, 8), to
remove all phosphate groups, are not detected with ProQ
Diamond, indicating complete dephosphorylation. The bottom
panel shows immunoblot detection using anti-pThr**® antibody.
While ProQ Diamond detects ¢cTnT and cTnl phosphorylation
(lane 1), anti-pT**® antibody reacts only with phosphorylated
cTnT. Nonphosphorylated ¢TnT and cTnl (lane 2) are only
detected by the Sypro Ruby stain. Lanes 3 and 4 contain PKC-
phosphorylated and nonphosphorylated c¢Tn (respectively). For
the immunoblot, the pThr*®® antibody was preincubated for
30 min with the phosphopeptide immunogen. The phosphopep-
tide competes for the antibody’s recognition site and abolishes its
reactivity with the phosphorylated Thr** residue (indicative of
the antibody’s specificity for phospho-Thr**). The antibody’s
specificity is further proved by the fact that the nonphosphopep-
tide (lanes 5, 6), which does not compete for the antibody’s
recognition site, had not affected its ability to detect phosphory-
lated Thr*®. It is worth mentioning that the anti-pThr** anti-
body does not recognize dephosphorylated TnT (lanes 7, 8).

Additionally, the anti-pThr*® reactivity was tested in isolated
cardiac myofibrils from three different 5—6 month-old mouse
hearts (C57Bl/6 male, FVBN male, and FVBN female). Myofi-
brillar proteins were resolved by 15% SDS—PAGE and then
stained for total protein content by Sypro Ruby, total phos-
phorylation levels by ProQ Diamond, and pThr*® phosphoryla-
tion by immunoblotting with anti-pThr** antibody (Figure 5).
Data indicate that anti-pThr*® antibody is site specific and has
no reactivity with other phosphorylated sarcomeric proteins.

206 or pSer®”® antibodies.

Next, cTnT-pThr*® and -pSer®™® (control) antibodies were
used to analyze troponin complexes prepared for fiber exchange
or in vitro motility experiments (harboring cTnT-wt-P and ¢cTnT-
del-P). Figure 6 shows c¢TnT samples probed with Sypro Ruby
for total protein and ProQ Diamond for phosphoprotein content
or immunoblotted with anti-cTnT antibodies as indicated. Our
data indicate similar levels of phosphorylation of both Thr*® and
Ser®™ (control) in samples prepared for fiber exchange or in vitro
motility assays.

Effects of PKC-Dependent Phosphorylation of ¢ TnT-del
on Myofilament Function. Figure 7 and Table 1 summarize
cTnT phosphorylation data. These data validate our previous
observation (15) that cTnT-wt phosphorylation by PKC-a (i.e.,
cTn-wt-P) significantly reduces the maximal force-generating
capacity of the myofilaments (by 20%), concomitant with a
depression in ATPase activity (by 40%) and desensitization to
calcium, as compared with cTn-wt fibers. Interestingly, cTn-wt-P
fibers exhibit a decrease in tension cost compared with cTn-wt
fibers (Figures 7C and 8C), indicating reduced cross-bridge
cycling.

A striking aspect of data in Figure 7 is that cTn-del-P fibers
severely depress the tension development of the myofilaments (by
70%) at maximal [Ca®"] compared with ¢Tn-wt fibers. Addi-
tionally, the ATPase activity rate falls by 42% in cTn-del-P fibers.
This change is associated with a leftward shift in Ca®" sensitivity
compared with cTn-wt. While phosphorylation of ¢TnT-wt
decreases tension cost, absence of the N-terminal tail of phos-
phorylated cTnT (i.e., cTn-del-P) increases it (Table I,
Figures 7C and 8C).

In Vitro Motility Assay Measurements. To further evalu-
ate the functional effects of phosphorylation and cleavage of the
c¢TnT N-terminus tail, we used the in vitro motility assay to
measure reconstituted thin filaments sliding speed over myosin
heads at various [Ca®']. The in vitro motility assay is an
appropriate correlate of the unloaded shortening velocity of
muscle fibers (37, 38). The sliding speed of thin filaments
regulated by ¢TnT-del is more sensitive to Ca>" compared with
cTn-wt (Figure 9A and Table 2), like the isometric fiber data.
Furthermore, we observed an increase in sliding speed at every
[Ca®] in ¢Tn-del compared with cTn-wt regulated actin fila-
ments. The sliding speed of ¢cTn-del at maximal [Ca*'] activating
(Vmax) increases by 10%, whereas at ECs, increases by 50%,
compared with ¢Tn-wt regulated filaments. Phosphorylation of
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FIGURE 7: Mechanical characteristics of skinned fiber bundles in
which native c¢Tn complexes were exchanged with recombinant
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Data are given as means = SEM for n = 8 fiber bundles from eight
separate hearts.
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cTnT (whether cTnT-del or -wt) markedly depresses sliding speed
atall [Ca>"] (Figure 9 and Table 2). This change is also associated
with a Ca®" desensitization of sliding filaments. Additionally,
phosphorylation of ¢cTnT (whether cTnT-del or -wt) also alters
the cooperativity of thin filament activation compared with
nonphosphorylated cTnT-wt (Table 2).

DISCUSSION

Data presented here are the first to report the specific role of
the N-terminal tail of cTnT in the presence of phosphorylation on
chemomechanical properties of cardiac myofilaments. The im-
portant and novel findings of our study are that (i) the incorpora-
tion of ¢cTnT-del in the cardiac sarcomere results in decreased
maximal Ca®"-activated force and increased myofilament Ca*"
sensitivity and (ii) phosphorylation of cTnT-del leads to a severe
fall of force concomitant with an increase in tension cost
indicating augmentation of cross-bridge cycling (detachment)
rates. Interestingly, incorporation of the intact phosphorylated
c¢TnT (cTnT-wt-P) in the myofilament lattice decreases myofila-
ment force (albeit more moderately compared with cTnT-del-P),
significantly desensitizes myofilaments to Ca®", and lowers cross-
bridge cycling rates (as indexed by the tension cost). In agreement
with fiber data, the sliding speed of thin filaments regulated by
cTn-del is more sensitive to Ca’" compared with cTn-wt.
Phosphorylation of ¢cTnT (whether ¢cTnT-del or -wt) markedly
depresses sliding speed and is associated with Ca>" desensitiza-
tion of thin filaments. These data are consistent with a molecular
model of Ca®"-dependent cardiac muscle activation in which the
N-terminal region of cTnT has an inhibitory effect on myosin
interaction with thin filaments, probably through stabilization of
Tm-actin conformation in a blocked state. Removal of the cTnT
N-terminal fragment 1-91 relieves this inhibitory effect. We
propose that cTnT phosphorylation alters cTnT/cTnl interaction
and impairs the transduction of Ca®" signaling to Tm.

Results of the present study are consistent with earlier findings
examining the role of the N-terminal domain of cTnT and extend
them to include the functional effect of phosphorylation. Biesia-
decki et al. (12) deleted the N-terminal hypervariable region of
mouse ¢cTnT (amino acids 1—71) and observed that the truncated
protein retained similar binding affinities to cTnl and Tm as the
intact cTnT. The authors suggested that the polypeptide (amino
acids 72—291) forms the core structure responsible for protein
binding activities of cTnT. Interestingly, removal of amino acids
1-91, resulting in a similar fragment as the one used in this study,
diminished the binding affinity to Tm. Their data extend an
earlier study by Pan et al. (/4) that showed the first 45 N-terminal
residues of rabbit skeletal TnT are not essential for anchoring the
troponin complex to the thin filament. Using a myofibrillar
MgATPase assay, Chandra et al. (/3) demonstrated that elim-
ination of amino acids 1—76 from rat cardiac TnT depressed the
ATPase activity by 30% at maximal [Ca®"], with no change in
myofilament sensitivity to Ca*". Deletion of amino acids 1—91
from mouse cTnT leads to a 23% drop in maximal MgATPase
activity and a significant sensitization of exchanged skinned
fibers. Enhanced thin filament Ca®" sensitivity observed in our
study (not observed in ref /3) apparently arose from removal of
cTnT fragment 77—91, which seems to contain essential residues
responsible for binding to Tm (72).

Single cardiomyopathy-causing mutations localized in the
vicinity of amino acid 91 (truncation site) are also known to
increase myofilament Ca*" sensitivity (10, /1, 39). Further
support for the importance of this region (“hot spot 17) in
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modulating the threshold for Ca*" activation comes from Palm
etal. (40). The authors showed that mutations of residues in “hot
spot 17, such as R92L, R92Q, R92W, and R94L, impair Tm-
dependent functions of TnT by weakening its binding to Tm.
These mutants have a lesser ability to stabilize the Tm overlap
region and Tm binding to actin. Tobacman et al. (7) and Maytum
et al. (8) independently concluded that the cardiac troponin T N-
terminal tail has intrinsic cross-bridge inhibitory properties.
These data are in agreement with our model that removal of
N-terminal segment 1—91 lowers the affinity of ¢cTnT to Tm and
leads to a more flexible Tm-Tm end-to-end interaction and
a myofilament disinhibition state that facilitates strong cross-
bridge formation at lower activating [Ca*'] (Figure 9B). How-
ever, this scenario is different at saturating [Ca®"] where an intact
N-terminal tail seems to be indispensable for maximal activation
of myofilaments.

Previous studies investigating the role of the N-terminal region
of ¢cTnT in myofilament activation have not examined the role of
phosphorylation. Noland et al. (47) using 2-D phosphopeptide
mapping and sequence analysis identified residues Thr'’, Ser®”!,
Thr?®, and Thr**” as ¢TnT phosphorylation sites. Our systematic
analysis of the functional role of each of these phosphorylation
sites identified a distinct region of ¢TnT centered on Thr*® that
when modified by phosphorylation controls force, ATPase rate,
cooperativity, Ca®" sensitivity, and tension cost of fiber bun-
dles (15). We concluded that Thr*® was the functionally critical
phosphorylation residue and phosphorylation of the other sites
had no apparent functional effect (although they probably
enhance the effect of Thr*® phosphorylation). In the present
study, mass spectrometry analysis of PKC-a-phosphorylated
¢TnT identified three known phosphorylation sites, Ser’”,
Thr?®, Thr®’, and a novel PKC-a-dependent ¢cTnT phosphor-
ylation site at Ser®’®. Vahebi et al. (/8) demonstrated earlier that
Rho-A-dependent kinase IT (ROCK-II) phosphorylates cTnT at
Ser*™ and Thr**’. Our present study, using phospho-specific
antibodies, indicates that both Thr** and Ser*”® (control) were
phosphorylated to a similar extent by PKC-o in both ¢TnT-wt
and -del.

Insufficient information exists describing the mechanism by
which cTnT phosphorylation alters function. Finley et al. (42),
using NMR and small-angle X-ray scattering (SAXS), examined
the consequences of ¢cTnT-Thr*® phosphorylation on the dy-
namic properties of the troponin complex. Chemical shift map-
ping (CSM) and hydrogen—deuterium exchange (HDE) showed
that modification of Thr*® (in this case by substitution to
glutamic acid (E) to mimic phosphorylation) induced no sig-
nificant ¢TnC conformational perturbations. However, SAXS
analyses showed an ~18% decrease in the radius of gyration for
the ¢Tn-T206E trimeric complex compared with ¢cTn-wt. These
data suggest a compaction of the whole troponin complex as a
result of a single amino acid modification in ¢TnT (mimicking
phosphorylation). Computational analyses using the helical
content prediction algorithm AGADIR (/5) suggest that intro-
duction of negative charges at amino acid 206 (by E substitution)
extends the 206—225 a-helix by five amino acids to 200—225.
The extension could potentially lead to a three-helical bundle
packing of the core regions of ¢cTnT/cTnl. On the basis of our
data and the above reports, we propose that phosphorylation
of ¢TnT at the functionally significant site Thr*® transmits its
effect to the myofilament through internal stabilization of the
cTn complex, making it less efficient (more rigid) at propagating
the Ca®" signal.
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Table 2: Summary of Results from in Vitro Motility Assay Studies”

sliding speed
TnT Vinax (4m/s) ECso (uM) ny (Hill coeff)
wt 5.940.10 1.0£0.03 43405
wt-P 43+0.01° 22+40.01° 5.6+0.1°
del 6.5+0.06" 0.8+0.01° 4.6+0.3
del-P 5.140.047¢ 1.6+ 0.03%¢ 3.340.7%¢

“Reconstituted thin filaments regulated by various forms of TnT were
examined in the in vitro motility assay. Tn complexes, containing Tnl-wt,
TnC-wt, and various TnT’s (see table), were used to determine Ca’"
dependence of sliding filament speed. ”p < 0.05 as compared with wild-
type exchange. “p <0.05 as compared with del exchange.

In an earlier comparison of the effects of calcium on unloaded
shortening velocity and isometric force, Morris and Homsher (35)
showed that the pCas, (negative log of ECsy) for unloaded
shortening was about 0.2 pCa unit greater (ECsy reduced by
about 1.6-fold) than that for the force—pCa curve. They also
showed that the Hill coefficient was 20—60% greater for the
unloaded shortening velocity—pCa curve than for the force—pCa
curve. The data reported above are consistent with that behavior.
It is important to recognize that the unloaded shortening velocity
(in vitro thin filament sliding speed) is largely set by the rate of
ADP release from the negatively strained cross-bridges during
rapid shortening (Huxley’s value g, (32)) while the isometric force
is proportional to f/(f + g) (where f'is the rate of cross-bridge
attachment and g is the rate of cross-bridge detachment during
isometric contractions) (30). Brenner (30) has also shown that
the ATPase rate during isometric contraction is proportional
to f/( f+ g). Thus the tension cost will be proportional to [ fg/( f+
DILSI(f+ ¢)] = g. The reduced tension cost for the cTnT-wt-P
fibers is consistent with the smaller reduction in isometric force
(fI(f+g), 20%) than thin filament sliding speed (g,, 29%).
Similarly, the increased tension cost of the cTnT-del-P fits with
the large reduction in force ( f/(f+ g), 72% drop) and relatively
smaller decline in unloaded sliding speed (g, 15% reduction).
The implication for the cardiac muscle is that the energetic cost
(ATP consumption) of both pressure and volume work in the
cTnT-del-P muscle will be markedly elevated (43).

The present study underscores the functionally important role

of ¢TnT posttranslational modifications (proteolysis and phos-
phorylation) in regulation of myofilament activation. Posttran-
slational modifications of ¢cTnT have the potential of fine-tuning
myocardial function to match hemodynamic demands.
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