
Conserved Asp-137 Is Important for both Structure and
Regulatory Functions of Cardiac �-Tropomyosin (�-TM) in a
Novel Transgenic Mouse Model Expressing �-TM-D137L*□S

Received for publication, February 1, 2013, and in revised form, April 16, 2013 Published, JBC Papers in Press, April 22, 2013, DOI 10.1074/jbc.M113.458695

Sumeyye Yar‡§, Shamim A. K. Chowdhury§, Robert T. Davis 3rd§, Minae Kobayashi§, Michelle M. Monasky§,
Sudarsan Rajan¶1, Beata M. Wolska§�**, Vadim Gaponenko‡, Tomoyoshi Kobayashi§**, David F. Wieczorek¶,
and R. John Solaro§**2

From the Departments of ‡Biochemistry and Molecular Genetics, §Physiology and Biophysics, and �Medicine and the **Center for
Cardiovascular Research, University of Illinois, Chicago, Illinois 60612 and the ¶Department of Molecular Genetics, Biochemistry,
and Microbiology, University of Cincinnati College of Medicine, Cincinnati, Ohio 45267

Background: Conserved Asp-137 destabilizes the hydrophobic core of the coiled-coil tropomyosin.
Results: Leu substitution of Asp-137 decreases flexibility of tropomyosin and causes long range structural rearrangements;
mouse hearts expressing this variant show altered function.
Conclusion: Residue Asp-137 is important for regulatory function of tropomyosin in the heart.
Significance:Our data support the hypothesis that tropomyosin flexibility regulates cardiac function in vivo.

�-Tropomyosin (�-TM) has a conserved, charged Asp-137
residue located in the hydrophobic core of its coiled-coil struc-
ture, which is unusual in that the residue is found at a position
typically occupied by a hydrophobic residue. Asp-137 is thought
to destabilize the coiled-coil and so impart structural flexibility
to themolecule, which is believed to be crucial for its function in
the heart. Aprevious in vitro study indicated that the conversion
of Asp-137 to a more typical canonical Leu alters flexibility of
TM and affects its in vitro regulatory functions. However, the
physiological importance of the residue Asp-137 and altered
TM flexibility is unknown. In this study, we further analyzed
structural properties of the�-TM-D137L variant and addressed
the physiological importance of TM flexibility in cardiac func-
tion in studies with a novel transgenic mouse model expressing
�-TM-D137L in the heart. Our NMR spectroscopy data indi-
cated that the presence of D137L introduced long range rear-
rangements in TM structure. Differential scanning calorimetry
measurements demonstrated that �-TM-D137L has higher
thermal stability compared with �-TM, which correlated with
decreased flexibility. Hearts of transgenic mice expressing
�-TM-D137L showed systolic and diastolic dysfunction with
decreased myofilament Ca2� sensitivity and cardiomyocyte
contractility without changes in intracellular Ca2� transients or
post-translational modifications of major myofilament pro-
teins.We conclude that conversion of the highly conservedAsp-
137 to Leu results in loss of flexibility ofTMthat is important for
its regulatory functions in mouse hearts. Thus, our results pro-

vide insight into the link between flexibility of TM and its func-
tion in ejecting hearts.

�-Tropomyosin (�-TM)3 is an �-helical parallel coiled-coil
protein that cooperatively binds actin filaments and serves as a
nodal point in control of Ca2�-regulated cardiac muscle
dynamics. The position of TM is shifted on the actin filament in
response to Ca2� binding to troponin (Tn) (1, 2). According to
current models of thin filament regulation of the actin-myosin
interaction, Ca2� triggers contraction from a blocked thin fila-
ment state to a weak cross-bridge binding or closed state, and
full activation requires an open state induced by strong cross-
bridge binding (3–5). Rapid regulatory relocations of TM are
key to these transitions; thus, it is plausible that structural flex-
ibility of TM is important in its regulatory movements.
As with typical coiled-coils, the amino acid sequence of

�-TM contains a heptad repeat of the form a-b-c-d-e-f-g with
non-polar residues found at the hydrophobic core of the two
helices at positions a and d. Hydrophobic residues at positions
a and d provide stability to the protein. Interestingly, in �-TM
there is a highly conserved, Asp-137 residue that is unexpect-
edly found at the position d. The presence of two negatively
charged residues in the hydrophobic core of a parallel coiled-
coil structure is expected to increase flexibility of the molecule
by causing destabilization at the region. A previous database
search study reported that although exceptional polar and
charged residues are found at a and d positions of coiled-coil
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parallel coiled-coil proteins identified in the Protein Data Bank
(6).
TMhas breaks in the periodicity of the heptad repeat that are

predicted to introduce functionally important flexibility to pro-
tein structure. Regulatory functions of TM are believed to be
enabled by this flexibility (7–10). In a previous study by Sumida
et al. (11), Asp-137 was converted to Leu, which is a highly
preferred residue for position d, and as a result a reduced pro-
teolytic susceptibility of the variant associated with its reduced
flexibility was reported. Therefore, this study showed involve-
ment of Asp-137 in increased flexibility of TM at the central
part. Additionally, a higher S1 ATPase activity of reconstituted
filaments regulated by �-TM-D137L was shown.
In the present study, we extended these studies by analyzing

structural features of the �-TM-D137L variant, employing
solution NMR and Differential scanning calorimetry (DSC).
Our 1H-13CNMR spectra of reductivelymethylated�-TM sug-
gest long range structural perturbations by the D137L conver-
sion. As determined with DSC, the �-TM-D137L variant has
higher thermostability than WT, suggesting decreased flexibility.
In thedescriptionof the�-TMand�-TM-D137Lvariant,wehave
used the term “flexibility” as has been common in previous papers
(8, 9, 11, 12). However, it should be recognized that in our case
describing a protein as flexible is an interpretation of determina-
tions of stability that may have different interpretations.
Accordingly, the highly conserved, unusual Asp-137 of TM

would be expected to contribute to key aspects of controlmech-
anisms involving TM. However, the importance of flexibility of
TM provided by Asp-137 in ejecting hearts remains unknown.
We addressed this question with functional studies on a novel
�-TM-D137L transgenic (TG) mouse model. Our results
revealed the first evidence demonstrating that a loss of TM
flexibility due to Leu substitution of Asp-137 induces altered in
situ cardiac function with impaired systolic and diastolic func-
tion. There was also reduced cardiomyocyte contractility and
myofilament Ca2� sensitivity along with increased Hill n values
with no change in maximum tension, rigor cross-bridge depend-
ent activation, intracellular Ca2� transients, or post-translational
modification (PTM) of major myofilament proteins.

EXPERIMENTAL PROCEDURES

Expression of Recombinant TMs—All recombinantly ex-
pressed TMs used in this study carry an Ala-Ser N-terminal
extension to mimic N-terminal acetylation of the native TM
(13). T7-based pET-3d rat-striated muscle �-TM vector was a
gift from Dr. Larry Tobacman (University of Illinois, Chicago,
IL). The amino acid sequences of rat and mouse �-TM are
identical. This vector was used as a template for preparation of
�-TM-D137L plasmid. The QuikChange Lightning site-di-
rectedmutagenesis kit (Stratagene) was usedwith the following
primers to produce the �-TM-D137L clone: forward (5�-
CATTGAAAGCCGAGCCCAAAAACTTGAAGAAAAG-
ATGGAGATTCAG-3�) and reverse (5�-CTGAATCTCCAT-
CTTTTCTTCAAGTTTTTGGGCTCGGCTTTCAATG-3�).
The coding sequences of the expression plasmids were
confirmed by DNA sequencing. For expression, BL21(DE3) Es-
cherichia coli cells (Stratagene) were transformed with clones
and purified as described previously but with minor modifica-

tions (13). The extinction coefficient, which was used for pro-
tein concentration determinations, was calculated according to
a model developed by Gill and von Hippel (14). The coefficient
used for �-TM and �-TM-D137L was E280 nm � 1.56 � 104
M�1 cm�1.
NMRSpectroscopy—Lysine residues andN-terminal primary

amine groups of recombinant �-TM and �-TM-D137L pro-
teins were chemically modified with reductive methylation as
described (15). Reductive methylation converts Lys residues to
13C-labeled dimethyl-Lys. Thus, the side chain retains its posi-
tively charged nature at neutral pH. For NMR experiments,
methylated protein samples were dialyzed into 25 mM sodium
phosphate buffer, pH 7.0, 0.1 M NaCl, 1 mM EDTA, and 2 mM

DTT. The concentration of TMs used in theNMR experiments
was 5 �M. 13C methyl signals of �-TM and �-TM-D137L were
collected with NMR 1H-13C-edited heteronuclear single quan-
tum coherence (HSQC) experiments at 25 °C with a 900-MHz
Bruker spectrometer equipped with a cryogenic probe. The
data were processed and analyzed using NMRPipe software
(16).
DSCMeasurements—DSCexperimentswere performed on a

VP-DSC (MicroCal) at the Center for Structural Biology, Uni-
versity of Illinois (Chicago, IL). All measurements were carried
out using reduced recombinant TM species (1.8 mg/ml) in 20
mMMOPS, pH 7.0, 1 mM EDTA, 0.1 M NaCl, and 1 mM �-mer-
captoethanol, at a scanning rate of 1 °C/min. The state of TM
species (reduced or not) was checked by SDS-PAGE; all TMs
used inDSCmeasurementswere in the fully reduced state (data
not shown). The reversibility of thermal transitions was tested
by a second heating of the sample immediately after cooling
from the first scan. The calorimetric traces were corrected for
instrumental background by subtracting a scan with buffer in
both cells. TheDSCdatawere analyzed usingOrigin version 7.0
(MicroCal) as described (17). The heat capacity (Cp) versus
temperature curve was analyzed to determine the transition
temperature (Tm) and the calorimetric enthalpy of transition
(�Hcal). Tm was used to compare thermal stability of TM spe-
cies.�Hcal, which is calculated by integrating the area under the
peak, was used to compare the size of the transition for each
calorimetric domain.
Animals—The experiments were carried out according to

guidelines of the Animal Care and Use Committee at the Uni-
versity of Illinois (Chicago, IL).
Generation of �-TM-D137L TG Mouse—The mouse �-TM

striated muscle-specific cDNA (1.1 kb) (accession number
X64831) was cloned into the pBluescript vector. Three nucleo-
tide changes (GAT � CTG) corresponding to an amino acid
substitution at codon 137 (D137L) were carried out using the
QuikChange site-directed mutagenesis kit (Stratagene). The
sequencewas verified by automatedDNAsequencing and com-
pared with the published sequence. The �-TM-D137L cDNA
was cloned into a vector (18), which contained the cardiac spe-
cific �-myosin heavy chain promoter and the human growth
hormone poly(A) signal sequence. The transgene constructwas
purified to generate TGmice (FVB/N strain) as described (19).
Founder mice were identified by PCR, and the mutation in the
TG lines was verified by nucleotide sequencing of TG mouse
genomic DNA.
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Genotyping—DNA samples were extracted from tail clips of
17-day-old mice, and PCR was employed for genotyping the
�-TM-D137L transgene. The following primers were used:
�-myosin heavy chain forward (5�-GCCCACACCAGAAAT-
GACAGA-3�); �-TM reverse (5�-TCCAGTTCATCTTCAGT-
GCCC-3�); control forward (5�-AGCGAGCTCAGGACATT-
CTGG-3�) and control reverse (5�-CTCCTAACCACGCTCC-
TAGCA-3�). An untargeted site of genomicDNAamplification
was used as an internal control for the PCRs.
Echocardiography—Echocardiography of TG and non-trans-

genic (NTG) mice was performed using a Vevo 770 high reso-
lution in Vivo imaging system and RMVTM 707B scan head
with a center frequency of 30MHz (Visual Sonics), as described
previously (20). M-mode images of the left atrium were taken
from the left parasternal long axis view. Pulsed Doppler was
performed with the apical four-chamber view. The mitral
inflow was recorded with the Doppler sample volume at the tip
of the mitral valve leaflets in the center of the mitral valve ori-
fice. In order to measure time intervals, the Doppler sample
volume was moved toward the left ventricular outflow tract,
and both the mitral inflow and left ventricular outflow were
obtained in the same recording. All measurements and calcu-
lations were averaged from three consecutive cycles and per-
formed according to the American Society of Echocardiogra-
phy guidelines (21, 22). Data analysis was performed with Vevo
770 analytic software.
Measurements of Ventricular Myocyte Shortening and Cal-

cium Transients—Mouse ventricular myocytes were isolated
from TG and NTG mice as described in detail previously else-
where (23, 24).
Fura-2 fluorescence and shortening of cells were monitored

simultaneously as described previously (23). Following car-
diomyocyte isolation, an aliquot of cells was transferred to a
perfusion chamber mounted on the stage of an inverted Nikon
microscope and allowed to settle onto the glass. Background
fluorescence recordings were taken daily for noise reduction.
Following this recording, another aliquot of myocytes were
loaded for 15 min with the Ca2� indicator fura-2 (3 �M from
Invitrogen) prepared from a DMSO stock solution. Following
loading, cells were perfused using a dye-free 1.2 mM Ca2� solu-
tion to allow for de-esterification of the indicator. Single intact
ventricular myocytes were field-stimulated by applying a 4-ms
square suprathreshold voltage pulse at 0.5 Hz to the bath
through parallel platinum electrodes. For [Ca2�]i transient
measurements, myocytes were alternatively excited at wave-
lengths of 340 and 380 nm, and the emitted fluorescence was
collected at a wavelength of 505 nm by a photomultiplier tube
and stored in the acquisition software (Felix 32, Photon Tech-
nology International) for later offline analysis. Cell shortening
was assessed by using edge detection. The cell image was col-
lected by the �40 Nikon objective and transmitted to a multi-
image module. A video edge detector (Crescent Electronics)
was used to monitor cell length, and recordings were stored
using an acquisition software program (Felix 32, Photon Tech-
nology International) for later analysis. [Ca2�]i measurements
were reported as background-subtracted 340/380 ratio (fura-2
ratio).

Measurements of Cross-bridge and Ca2�-dependent Activa-
tion of Skinned Fiber Bundles—Detergent-extracted fiber bun-
dles were dissected from left ventricular papillary muscles of
TGandNTGmice, andmeasurements ofpCa-tension relations
at a sarcomere length of 2.2 �m were conducted as described
previouslywithminor changes (25). Skinned fiber bundleswere
initially placed in high relaxing solution (HR; 10 mM EGTA,
41.89 mM potassium propionate, 6.57 mMMgCl2, 100 mM BES,
6.22 mM ATP, 10 mM creatine phosphate sodium salt, 5 mM

sodium azide at pH 7.0) and then maximally activated in acti-
vating solution at pCa 4.5 (10 mM EGTA, 9.9 mM CaCl2, 22.16
mM potassium propionate, 6.2 mM MgCl2, 100 mM BES, 6.29
mM ATP, 10 mM creatine phosphate sodium salt, 5 mM sodium
azide at pH 7.0) followed by relaxation in HR. Fiber bundles
were then subjected to sequential increase in [Ca2�]. Solutions
with varying [Ca2�] were prepared by mixing HR with activat-
ing solution at pCa 4.5.
Measurements of pMgATP-tension relationwere conducted

similarly to pCa-tension measurements described above, but
the skinned fiber bundles were subjected to a sequential
decrease in [MgATP] using a procedure modified from that of
Brandt et al. (26). The fiber bundles were initially placed in HR
and then subjected to decreases in [MgATP] (10�4 to 10�6 M).
Solutions with varying [MgATP] were prepared by mixing
pMgATP 3 solution (10 mM EGTA, 63.45 mM potassium pro-
pionate, 2.8 mM MgCl2, 1.07 mM ATP, 12 mM creatine phos-
phate sodiumsalt, 20mMBES, 5mMsodiumazideatpH7.0)with
pMgATP 8 solution (10 mM EGTA, 68.98 mM potassium propio-
nate, 1.8mMMgCl2, 1�10�5mMATP,12mMcreatinephosphate
sodium salt, 20 mM BES, 5 mM sodium azide at pH 7.0).
In both pCa-tension and pMgATP-tension measurements, all

solutions contained the following protease inhibitors: pepstatin A
(2.5 �g/ml), leupeptin (1 �g/ml), and phenylmethylsulfonyl fluo-
ride (PMSF) (50�mol/liter). 10 IU/mlcreatinephosphokinasewas
freshly added to all solutions before use. Ionic strength of all solu-
tions (150 mM), and [MgATP] and free [Ca2�] were calculated
with a computer program by A. Fabiato (27) using binding con-
stants listed by Godt and Lindley (28). Data were fit to the Hill
equation using Prism software (GraphPad version 5).
Myofibrillar Protein Preparation—The hearts of NTG and

TG mice were excised as described (29). Myofibrillar proteins
were prepared from the left ventricular myocardium of NTG
and TG mice, in the presence of protease (Sigma-Aldrich) and
phosphatase (Calbiochem) inhibitor mixtures, according to
methods described previously (30). In brief, myofibrils were
purified and solubilized from ventricular homogenates in UTC
buffer (8 M urea, 2 M thiourea, and 4% (w/v) CHAPS) at a 1:20
(w/v) ratio using Dounce homogenizers. Samples were clarified
with centrifugation (18,000� g for 10min, 4 °C), and the super-
natant fraction was kept at �80 °C until use. Myofibrillar pro-
tein sample concentrations were determined using the RC-DC
assay kit (Bio-Rad). Samples used for PTM analyses were
treated with the 2D clean-up kit from GE Healthcare and then
resuspended in UTC buffer.
Two-dimensional Difference Gel Electrophoresis (2D-DIGE)—

We performed 2D-DIGE as described previously (29–32).
Myofibrillar proteins were prepared as described above. Sam-
ples fromNTG and TGmice and an internal standard (mixture
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of all NTG and TG samples used in the run) were randomly
labeled with fluorescent cyanine dyes from GE Healthcare as
described (30). Isoelectric focusing was performed using the
following immobilized pH gradient strips in the first dimen-
sion: for TM, 24 cm, pH 3.9–5.1 (Bio-Rad); for cardiac tro-
ponin-I (cTnI), 18 cm, pH 7–11; for cardiac troponin-T (cTnT)
and myosin light chain (MLC), 18 cm, pH 4–7; for myosin-
binding protein-C (MyBP-C), 24 cm, pH 3–11 (all from GE
Healthcare). The second dimension was run on a 12% SDS-
polyacrylamide gel (30) in the Criterion gel system (Bio-Rad).
Gels were then imaged on a Typhoon 9410 imager (GE Health-
care). Images were analyzed using PDQuest software (version
8.0 advanced, Bio-Rad). The spot density as a percentage of
totals was calculated by dividing the density of a particular spot
by the total of all spot densities for that protein.
Analysis of Myosin Heavy Chain Isoform Expression—We

separated cardiac MyHC isoforms (� and �) of myofibrillar
protein samples from left ventricles of 1-day-old neonatal mice
and 4-month-old NTG and TG mice by use of a special SDS-
PAGE system described previously (33). Quantification of band
densities was done using ImageLab software (version 3.0,
Bio-Rad).
In Vitro ATPase Assay—Thin filaments were prepared and

reconstituted as described (34) with cTnC (recombinant,
mouse), cTnT (recombinant, mouse), cTnI (recombinant,
mouse), actin (isolated from tissue, rabbit skeletal muscle), and
myosin subfragment-1 (isolated from tissue, rabbit psoas mus-
cle) and with the following variations in TM: control �-TM-
WT, �-TM-D137L, reductively methylated �-TM-WT, and
reductively methylated �-TM-D137L. ATPase measurements
were conducted as described elsewhere (34). The reaction con-
ditions were 0.2 �M subfragment-1, 5 �M actin, 1.5 �M TM, 1.5
�M Tn in 35 mM NaCl, 5 mM MgCl2, 20 mM MOPS, pH 7.0, 1
mM ATP, and either 0.1 mM CaCl2 or 2 mM EGTA.
Statistical Analysis—Measurements of isolated cardiomyo-

cytes, tension-pCa, tension-pMgATP, heartweight/tibia length
ratio, 2D-DIGE, and in vitro ATPase were analyzed with an
unpaired Student’s t test. In addition, echocardiography data
from 4- and 8-month-old mice were examined together with
analysis of variance followed by Bonferroni post hoc analysis.
p � 0.05 was considered statistically significant. Data are
expressed as � S.E.

RESULTS

Long Range Rearrangements Were Observed in �-TM-D137L
Structure—NMR spectra of reductively methylated recombi-
nant �-TM and �-TM-D137L were compared with study
effects of the D137L conversion on TM structure. Reductive
methylation of Lys residues is a highly valuable method that
allows characterization of high molecular mass proteins (�30
kDa), such as TM,which is not achievable with traditional solu-
tion NMR approaches due to the well knownmolecular weight
limitation problem (35).
Thirty-nine lysine residues of TM are spread along the pro-

tein, which allowed us to compare global structural features of
�-TM-D137L with �-TM. An overlay of 1H-13C-edited HSQC
spectra of reductively methylated �-TM (blue) and �-TM-
D137L (red) is shown in Fig. 1. Significant signal overlap was

observed in the spectra ofWT andD137LTM.Overall, 26 of 39
signals were observed in either spectrum. Comparison of spec-
tra of �-TM and �-TM-D137L demonstrated methyl chemical
shift perturbations in all resonances. This result indicated long
range structural rearrangements in the structure of �-TM-
D137L compared with �-TM.

Previously, it was shown that reductivemethylation does not
alter protein structures and native protein-protein interactions
(36–38). As a control, we testedwhether reductivemethylation
of TM alters the effects of Leu for Asp-137 substitution in TM
function.We compared ATPase rates of thin filament prepara-
tions reconstituted with�-TM-WT,�-TM-D137L, reductively
methylated �-TM-WT, or reductively methylated �-TM-
D137L. The ATPase rate in relaxing conditions (EGTA) was
not affected by the presence of modified TM or TM-D137L.
Ca2� switched on the ATPase rate inWTTM (0.26� 0.02 s�1)
and �-TM-D137L (0.36 � 0.02 s�1) as well as in modified WT
TM (0.72 � 0.03 s�1) and modified �-TM-D137L (0.81 � 0.04
s�1). Although the maximum ATPase rate was higher in the
modified TM variants, the difference in ATPase rates at maxi-
mum Ca2� between �-TM-WT and �-TM-D137L (0.1 � 0.01
s�1) was the same as that for modified WT TM and �-TM-
D137L (0.09 � 0.03 s�1).

�-TM-D137L Exhibited Increased Thermal Stability Com-
pared with WT �-TM—In order to further assess the effects of
D137L conversion on TM structure, we compared the thermal
stability of �-TM (Fig. 2A) with that of �-TM-D137L (Fig. 2B)
using DSC. The thermal unfolding character of the variant was
noticeably different from that ofWT. This was reflected in pro-
nounced increases in Tm values for the two calorimetric
domains of the variant (Table 1). Calorimetric domains of the
�-TM were seen at maxima 43.35 °C (domain-1) and 49.99 °C
(domain-2). Calorimetric enthalpy values for these domains
were 91.13 kcal/mol (70.5% of total) and 38.07 kcal/mol (38.0%
of total), respectively. In the case of the �-TM-D137L, the same

FIGURE 1. An overlay of 1H-13C-edited HSQC spectra of reductively meth-
ylated WT �-TM (blue) and �-TM-D137L (red). The spectra of 5 �M proteins
were obtained at 25 °C on a 900-MHz Bruker NMR spectrometer. Conditions
were 25 mM sodium phosphate buffer, pH 7.0, 0.1 M NaCl, 1 mM EDTA, and 2
mM DTT.
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two calorimetric domains were observed, but thermal transi-
tions were at higher maxima, 45.68 °C (domain-1) and 52.19 °C
(domain-2), with�Hcal values of 94.58 kcal/mol (36.5% of total)
and 168 kcal/mol (63.0% of total), respectively. The reversibility

of thermal transitions was confirmed by a second heating of the
sample immediately after cooling from the first scan (data not
shown).
Previous studies revealed that the least thermostable

domain-1 corresponds to the thermal unfolding of the C-ter-
minal part, whereas the domain-2 corresponds to the N-termi-
nal unfolding of striated �-TM (17, 39–41). Thus, our results
suggested that the D137L conversion increases thermal stabil-
ity of both the N and C terminus of TM with almost equal
increases in Tm values of domain-1 and -2. A prominent
increase in calorimetric enthalpy of N-terminal calorimetric
domain compared with C-terminal domain indicated a higher
stabilization effect of Leu substitution at position 137 on the
N-terminal domain.
Thermal instability is thought to correlate with protein flex-

ibility. Accordingly, the detected increased coiled-coil stability
of �-TM-D137L suggested a decrease in the structural flexibil-
ity of the protein.
Generation of�-TM-D137LTGMice—Toexamine the phys-

iological importance of the residue Asp-137 and decreased TM
flexibility in ejecting hearts, we generated �-TM-D137L TG
mice as described above. The transgene construct used to gen-
erate the�-TM-D137LTGmice is shown in Fig. 3A. The�-my-
osin heavy chain promoter drives cardiac specific expression of
the �-TM-D137L cDNA.
Expression Profile and Phosphorylation of �-TM-D137L in

TGMouse Hearts—Multiple TG lines were generated, but only
the highest�-TM-D137L-expressing linewas studied.Wewere
not able to separate endogenous �-TM and variant �-TM-
D137L protein bands using traditional SDS-PAGE (data not
shown). Therefore, to quantify expression levels of �-TM-
D137L in TG mice, myofibrillar preparations from hearts of
age-matched NTG and TG mice were subjected to 2D-DIGE.
Results from NTG samples displayed one unphosphorylated
and one phosphorylated (P-) TM spot (Fig. 3B, channel 1) that
were well characterized previously in our laboratory (30). As
anticipated, we detected four TM spots from TG samples (Fig.
3B, channel 2). An overlay of differentially labeledNTGandTG
channels allowed us to clearly identify these four spots (Fig. 3B,
channel 3). Conversion of a negatively charged Asp residue to a
neutral Leu resulted in a rightward shift (toward the minus end
of the pH strip) in TM spots due to loss of charge in the protein.
Quantification of two-dimensional difference gels showed a
81.3 � 1.5% replacement (total �-TM-D137L/total �-TM) of
WT TMwith the variant TM in TGmouse hearts. There was a
concomitant decrease in NTG TM levels, maintaining 100%
total TM levels. Myofibrillar protein preparations from NTG
and TG mouse hearts were run on an SDS-polyacrylamide gel
as a control and showed that all other major cardiac myofila-
ment proteins were expressed at a stoichiometric ratio in TG
mouse hearts compared with NTG ones (data not shown).
It has been recently reported in both in vitro and in vivo

studies that TM phosphorylation plays a role in modulation of
muscle force generation (42, 43). Thus, we determined the per-
centage of total TM phosphorylation (total phosphorylated
TM/total TM) in myofibrillar protein samples from 4-month-
old NTG and TG mouse hearts using the same 2D-DIGE
approach. No statistically significant difference between total

FIGURE 2. Deconvolution analysis of the excess heat capacity (Cp) func-
tion of reduced WT �-TM (A) and �-TM-D137L (B). Solid lines represent
experimental curves after subtraction of chemical and instrumental base
lines. The dotted lines show individual thermal transitions (domains; 1 and 2)
obtained from fitting the data to the non-two-state model. The heating rate
was 1 °C/min. Concentration of reduced protein samples was 1.8 mg/ml.
Buffer conditions were 20 mM MOPS, pH 7.0, 1 mM EDTA, 0.1 M NaCl, and 1 mM

�-mercaptoethanol. Samples were heated up to 90 °C, but only a tempera-
ture region below 65 °C, where thermal transitions occurred, is depicted (see
Table 1 for parameters).

TABLE 1
Calorimetric parameters obtained from DSC data (Fig. 2) of recombi-
nantly expressed WT �-TM and �-TM-D137L

Domain-1
(C-terminal region)

Domain-2
(N-terminal region)

Tm
a �Hcal

b Tm
a �Hcal

b

°C kcal/mol (% of total) °C kcal/mol (% of total)
�-TM 43.35 91.13 (70.5%) 49.99 38.07 (29.5%)
�-TM-D137L 45.68 94.58 (36.5%) 52.19 168 (63%)

a The error of the given Tm (transition temperature) values did not exceed
�0.2 °C.

b The relative error of the given values of �Hcal (calorimetric enthalpy) did not
exceed �10%.
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phosphorylated TM levels in TG and NTG mouse hearts were
detected (see Table 5). We repeated the same phosphorylation
analysis of TM with samples from 8-month-old NTG and TG
mice and again observed no statistically significant differences
(supplemental Table S3).
TG Mice Exhibited Systolic and Diastolic Dysfunction—

Echocardiographic analyses of TG andNTGmouse hearts were
employed to compare their cardiac function and detect any
changes due to �-TM-D137L expression. Results from
4-month-old TG mice predominantly demonstrated systolic
dysfunction with a significant depression in velocity of circum-

ferential shortening, fractional shortening, ejection fraction,
and mitral annulus systolic velocity (Table 2). Diastolic dys-
function coexisted with systolic dysfunction in TG mouse
hearts, as demonstrated by prolongation of isovolumetric relax-
ation time and an increase in ratio of early pulsed Doppler left
ventricular filling and early tissue-Doppler mitral annular
velocity. Additionally, a mild left ventricular dilation was pres-
ent in TGmouse hearts with increases in end-systolic and end-
diastolic left ventricular dimensions. Stroke volume and cardiac
output were maintained. There was no change in heart rate of
TG mice compared with NTG ones. Functional defects

FIGURE 3. A, the �-TM-D137L construct used to generate the TG mice. HGH, human growth hormone; B, TM region from a representative two-dimensional
difference gel of myofibrillar proteins from 4-month-old NTG and TG mouse hearts. Myofibrillar fractions were labeled separately and equally mixed. Channel
1, Cy5-labeled �-TM (green); channel 2, Cy3-labeled �-TM-D137L (red); channel 3, merged image of channels 1 and 2. 81.3 � 1.5% replacement (total �-TM-
D137L/total �-TM) in TG mouse hearts was detected (n � 11). P-, phosphorylated protein.

TABLE 2
Cardiac function of NTG and �-TM- D137L TG mice at 4 months of age as assessed by echocardiography

Parameters NTG 4 months (n � 11) TG 4 months (n � 12)

Systolic
Fractional shortening (%) 34.9 � 0.91 30.3 � 1.16a
Ejection fraction (%) 64.7 � 1.26 57.9 � 1.76a
Velocity of circumferential shortening (circ/s) 6.4 � 0.23 5.4 � 0.29a
Mitral annulus systolic velocity (mm/s) 22.3 � 0.58 16.2 � 0.80a
Cardiac output (ml/min) 19.5 � 1.48 20.8 � 0.96
Heart rate (beats/min) 439.0 � 9.33 462.5 � 10.88
Stroke volume (�l) 44.7 � 2.30 42.6 � 2.23

Diastolic
E/A ratiob 1.8 � 0.11 1.8 � 0.19
E/Em ratioc 31.0 � 1.47 43.3 � 3.95a
Isovolumetric relaxation time (ms) 13.0 � 0.42 18.51 � 1.01a
E wave DTd (ms) 22.7 � 1.19 22.2 � 1.07

Morphology
LAe (mm) 2.0 � 0.04 2.0 � 0.08
LVIDsf (mm) 2.6 � 0.09 3.1 � 0.10a
LVIDdg (mm) 3.9 � 0.10 4.2 � 0.08
Left ventricular mass (mg) 74.9 � 3.43 88.2 � 5.00
RWTh (mm) 0.3 � 0.02 0.3 � 0.01

a p 	 0.05 versus NTG.
b Ratio of maximal velocity of E (early LV filling) and A (atrial contraction) waves.
c Ratio of early pulsed Doppler LV filling and early tissue-Doppler mitral annular velocity.
d E wave deceleration time.
e Left atrium.
f End-systolic left ventricular dimension.
g End-diastolic left ventricular dimension.
h Relative wall thickness.
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observed in 4-month-old TGmouse hearts were maintained at
8-month-old animals without any statistically significant, age-
dependent worsening (supplemental Table S1).
In agreement with morphology data obtained from echocar-

diography, the heart weight/tibia length ratio, which is an inde-
pendentmeasure of hypertrophy,was not significantly different
in 4- and 8-month-oldNTGandTGmouse hearts (supplemen-
tal Fig. S1A). Additionally, survival analyses suggested no sig-
nificant difference between viability of TG and NTGmice over
the course of 8 months (supplemental Fig. S1B).
Contractile Mechanics of Cardiomyocytes from TG Mouse

Hearts Were Diminished without Any Changes in Intracellular
Ca2� Transients—The regulation of cardiac contractility is
dependent upon the changes in the functional state of themyo-

filaments in addition to the characteristics of the intracellular
calcium transient. Therefore, we examined cell shortening and
the Ca2� transient relations in ventricular cardiomyocytes
from 4-month-old NTG and TG mice using video edge detec-
tion and fura-2 fluorescence. The representative recordings of
cell shortening (Fig. 4A), the kinetics of contraction and relax-
ation (Fig. 4B), and intracellular Ca2� transients expressed as
fura-2 fluorescence ratio (Fig. 4C) are demonstrated. Car-
diomyocytes isolated fromTGmice exhibited a statistically sig-
nificant 30% reduction in the extent of unloaded cell shortening
(NTG � 8.5% � 0.34 versus TG � 6.0 � 0.30%). The peak rate
of contraction (NTG � 131.4 � 5.3 versus TG � 87.22 � 3.0
�m/s) and the peak rate of relaxation (NTG� 92.9� 5.1 versus
TG � 61.75 � 2.7 �m/s) were also diminished in cells express-

FIGURE 4. Analysis of contractile mechanics and Ca2� transients of mouse ventricular cardiomyocytes. Shown are representative recordings of unloaded
cell shortening (A), kinetics of twitch contraction and relaxation (B), and intracellular Ca2� transients (see Table 3 for parameters) (C) of single isolated
cardiomyocytes from 4-month-old NTG and TG animals. D, quantification of the contractile parameters (percentage of shortening and maximal rates of
contraction and relaxation). Five NTG animals (15 cells) and four TG (11 cells) mouse hearts were studied. * and #, p 	 0.05 versus NTG. Error bars, S.E.
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ing �-TM-D137L (Fig. 4D). The observed changes in contrac-
tility were independent of any alteration in Ca2� transient
(Table 3). There was also no significant difference in average
cardiomyocyte size isolated from NTG and TG mouse hearts
(data not shown).
Myofilament Ca2� Sensitivity Was Decreased in TG Mouse

Hearts—To further elucidate the mechanisms responsible for
the functional alterations observed in the hearts of TGmice, we
focused on the sarcomere level and studied Ca2�-dependent
tension development of skinned fiber bundles from NTG and
TG mouse hearts. Results depicted a significant decrease in
Ca2� sensitivity of myofilaments from 4-month-old TG mice
without any change in the maximum developed tension (Fig.
5A). No age-dependent alteration in the decreased state of
Ca2� sensitivity was detected at fibers from 8-month-old TG
mouse hearts (supplemental Table S2). A significant increase in
the Hill coefficient of TG myofilaments at both ages was also
present (Table 4 and supplemental Table S2).
Rigor Cross-bridge-dependent Activation of Myofilaments

from TG Mouse Hearts Was Not Altered—To probe for modi-
fication in strong cross-bridge-dependent activation in the
presence of �-TM-D137L, we determined the relation between
[MgATP] and skinned fiber tension generation. There was no
difference in the ability of strong cross-bridges to activate thin
filaments from 4-month-old NTG and TGmouse hearts in the
absence of Ca2� at various ATP concentrations (Fig. 5B).
TheD137L Variant Did Not Alter PTMStatus ofMajorMyo-

filament Proteins—PTMs of sarcomeric proteins are one of the
main modes of the heart to meet changing hemodynamic
demands. It is possible that compensatory responsesmay occur
in response to the altered contractile dynamics in�-TM-D137L
TG mouse hearts. Therefore, to elucidate whether �-TM-
D137L expression alters the modification status of other myo-
filament proteins in TG mouse hearts, we employed the
2D-DIGE approach. Results indicated no significant difference
between modification levels of major myofibrillar proteins
(cTnI, cTnT, MLC, andMyBP-C) from 4-month-old NTG and
TGmice (Fig. 6 and Table 5). The modification state of myofil-
ament proteins remained unchanged in samples from 8-month-
old NTG and TGmouse hearts (supplemental Table S3).
Slightly Increased �-MyHC Expression Was Detected in TG

Mouse Hearts—In addition to PTMs, variable expression of
myofibrillar protein isoforms also regulates heart function.One
important protein that is known to undergo isoform switching
with cardiac stress is MyHC (44). There are two cardiacMyHC
isoforms: �- and �-MyHC. Adult mouse hearts predominantly
express �-MyHC in ventricles. Wemeasured the relative levels
of �- and �-MyHC expression in ventricular tissue from 4- and
8-month-old NTG and TG mice. Results demonstrated that

�-MyHC expression was slightly higher in myofibrillar prepa-
rations from 4-month-old TG mice compared with controls
(Fig. 7). However, there was no age-dependent, statistically sig-
nificant increase in �-MyHC expression in 8-month-old TG
mouse hearts (supplemental Fig. S2).

DISCUSSION

This is the first study to show that the flexibility of TM struc-
ture provided by the residue Asp-137 plays a physiologically
important role in ejecting mouse hearts. Our findings advance
understanding of functionally important structural character-
istics of TM and suggest a possible link between altered struc-
tural flexibility of TM and cardiac disorders.
Our results from DSCmeasurements extend earlier findings

investigating the flexibility of �-TM. The conserved, non-ca-
nonical Asp-137 residue is located at a particularly unstable
region of �-TM that is susceptible to cleavage by trypsin.

TABLE 3
Ca2� transients of cardiomyocytes from 4-month-old NTG and TG-�-
TM-D137L mice
Representative recordings are shown in Fig.4C. n indicates the number of cells from
5 NTG and 4 TG mice hearts.

NTG 4 months (n � 15) TG 4 months (n � 11)

Base line 0.37 � 0.01 0.36 � .010
Amplitude (ratio units) 0.49 � 0.01 0.44 � 0.02
Tau (ms) 257.64 � 9.52 255.43 � 8.54

FIGURE 5. A, pCa-tension relation of skinned fiber bundles from 4-month-old
NTG (black) and TG (gray) mouse hearts. Measurements were carried out at
sarcomere length � 2.2 �m at 25 °C. (see Table 4 for parameters). B, pMgATP-
tension relation of skinned fiber bundles from 4-month-old NTG (black) and
TG (dark gray) mouse hearts. Sarcomere length � 2.2 �m at 25 °C. NTG
[MgATP]50 � 5.28 � 0.01, TG [MgATP]50 � 5.26 � 0.01. Error bars, S.E.

TABLE 4
Parameters from Fig. 5A describing Ca2�-dependent tension genera-
tion in skinned fiber bundles from 4-month-old NTG and TG mouse
hearts
n indicates the number of fibers from five NTG and four TG mice hearts.

NTG 4 months (n � 10) TG 4 months (n � 8)

pCa50 5.92 � 0.01 5.82 � 0.02a
nH 3.50 � 0.08 4.12 � 0.06a
Maximum force
(millinewtons/mm2)

35.12 � 2.34 36.93 � 2.45

a p 	 0.05 versus NTG.
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Sumida et al. (11) reported that substitution of Asp-137 with a
canonical Leu reduced proteolytic susceptibility of the variant
that was associated with reduced TM flexibility. In agreement
with this study, our DSC results suggested a decrease in flexi-
bility of the �-TM-D137L variant, which was detected in both
N- and C-terminal thermal transition domains. This overall
impact observed in �-TM-D137L structure is in agreement
with our NMR observations. Our 1H-13C-edited HSQC mea-
surements took advantage of reductive methylation of TM
samples and revealed long range structural rearrangements in
TM structure due to the stabilizing Leu substitution at position
137. These long range effects in TMstructure caused by a single
amino acid substitution may provide unique insight into how
hypertrophic cardiomyopathy- or dilated cardiomyopathy-

linked single point mutations mapped to the TM gene can sig-
nificantly alter dynamic properties of TM and hence affect reg-
ulatory functions of TM in the heart.
In this study, we significantly extended in vitro work and

employed transgenesis to study the naturally incorporated
�-TM-D137L variant in the whole heart, single cardiomyo-
cytes, and myofilaments. This highly integrative approach
allowed us to investigate how altered TM flexibility due to
D137L conversion influenced the function of regulated cardiac
thin filaments. Cardiac specific expression of �-TM-D137L led
to a phenotype with prominent systolic dysfunction along with
diastolic dysfunction. There was a robust reduction in systolic
parameters of the heart, and in isolated cardiomyocyte mea-
surements, cell shortening was diminished. Along with
decreased myofilament Ca2� sensitivity and mild dilation of
ventricles, the physiological profile of�-TM-D137LTGmice is
similar to dilated cardiomyopathy. Previously, the dilated car-
diomyopathy-linked E54K mutation was also reported to
increase the temperature stability of �-TM (45). In contrast,
increased flexibility appears to be a characteristic of hyper-
trophic cardiomyopathy-linked TM mutations (E180G,
D175N, K70T, andA63V) (17, 46, 47). These findings indicate a
possible association between TM flexibility and the complex
mechanisms leading to cardiac disorders.
In 2D-DIGE experiments, we demonstrated that �-TM-

D137L incorporation into myofilaments did not affect expres-
sion and PTM profiles of major myofilament proteins: TM,
cTnI, cTnT, MLC, and MyBP-C. These myofilament proteins
are oftenmodified in the case of altered cardiac function due to
pathological conditions resulting from impaired cardiac func-

FIGURE 6. Comparison of PTM status and expression profile of myofibril-
lar proteins from 4-month-old NTG and TG mouse hearts by 2D-DIGE.
Representative 2D-DIGE images (merged) show the region of cTnI (A), MLC (B),
cTnT (C), and MyBP-C (D). In A–C, U indicates unmodified. pH values indicate
the pH range of the strip used for the first dimension. Samples were labeled
with different Cy dyes and equally mixed to run in the same two-dimensional
gel. Quantification of protein spots is shown in Table 5.

FIGURE 7. SDS-polyacrylamide gel of myofibrillar proteins from 4-month-
old NTG and TG mouse hearts. Only the MyHC area is shown. First lane,
myofibrillar protein sample from 1-day-old neonatal mouse heart (2.5 �g/�l).
NTG and TG mice samples were loaded at 9 �g/�l concentration. A percent-
age relative quantification for �- and �-MyHC bands in each lane is shown
below the gel.

TABLE 5
Quantification of two-dimensional difference gels of myofilament proteins from 4-month-old NTG and TG mouse hearts
Representative 2D-DIGE images are shown in Fig. 6.

% total  
P-TM 

% of total cTnI % of total MLC % of total cTnT3+4 
Spots U 1 2 3 Spots U 1 2 Spots U 1 

NTG 
(n=4) 

25.1 
±1.51 

NTG 
(n=5) 

24.6 
±3.04 

27.3 
±0.66 

19.9 
±0.68 

14.4 
±4.08 

NTG  
(n=4) 

80.5 
±1.19 

15.0 
±0.98 

4.5 
±0.25 

NTG  
(n=4) 

35.0 
±1.3 

65.0 
±0.34 

TG 
(n=4) 

27.1 
±1.31 

TG 
(n=3) 

20.0 
±1.0 

27.5 
±1.5 

16.5 
±1.0 

22.5 
±1.0 

TG  
(n=4) 

80.5.0 
±0.42 

14.9 
±0.45 

4.6 
±0.08 

TG 
 (n=4) 

37.9 
±1.3 

62.1 
±1.33 

% of total MyBP-C 
Spots 1 2 3 4 5 6 7 8 9 10 11 12 
NTG 
(n=5) 

2.5 
±0.98 

3.3 
±1.38 

4.0 
±0.93 

3.7 
±0.93 

10.6 
±3.03 

4.3 
±0.2 

11.4 
±0.87 

19.5 
±1.24 

8.2 
±0.84 

12.1 
±1.09 

14.1 
±3.42 

5.9 
±1.19 

TG 
(n=3) 

1.4 
±0.17 

4.6 
±1.26 

2.9 
±0.89 

9.7 
±4.28 

11.2 
±1.03 

6.2 
±1.71 

12.8 
±0.79 

19.6 
±1.41 

7.7 
±0.88 

9.9 
±0.03 

13.1 
±0.78 

4.8 
±0.48 
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tion (42, 43, 48–51). Our results suggested that the level of
functional changes in the heart and reduced Ca2� sensitivity of
myofilaments regulated by �-TM-D137L did not provoke acti-
vation of compensatory signal transduction mechanisms or
alter major myofilament proteins as substrates for kinases or
phosphatases.
Another factor besides myofilament Ca2� sensitivity and

covalent modification of myofibrillar proteins that may affect
the power-generating capacity of the heart is variable expres-
sion of MyHC. Despite the detected increase in �-MyHC
expression in TG mouse hearts, the lack of the hypertrophic
phenotype suggested that this slight increase may not be func-
tionally important. Although it remains possible that increased
�-MyHC expression might have contributed to reduced con-
tractile function detected in TG mouse hearts (52), studies
comparing the relative expression of �-MyHC with loaded
shortening velocity and power demonstrated no significant
effects of the presence of up to 10% �-MyHC (53).
Regulation of cardiac muscle contraction and relaxation

requires complex interactions between Ca2�, thin filament
proteins, and myosin cross-bridges. TM molecules undergo
regulatory relocations over the surface of actin filaments in
response to Ca2� binding to Tn and myosin binding to actin.
We believe that the structural flexibility of TM plays a key role
in regulating the position of TM (blocked-closed-open) on the
actin surface, and perturbation of the TMposition affects phys-
iological responses of cardiac muscle. Although we observed
decreased Ca2� sensitivity of myofilaments from TG mouse
hearts, [MgATP]-tension measurements demonstrated no
change in the ability of strong cross-bridges to activate thin
filaments in the absence of Ca2�. These findings suggest that
decreased TM flexibility may impede Ca2�-dependent reloca-
tion of TMbetween blocked and closed states, therefore result-
ing in a delay in time-sensitive activation and relaxation pro-
cesses in cardiacmuscle. Themyosin-dependent closed to open
state relocation of TM in thin filaments might be also affected;
however, we could not detect a difference in strong cross-
bridge-dependent activation in myofilaments regulated by
�-TM-D137L compared with �-TM. As expected, expression
of a stiffer TM resulted in an increase of the Hill n values in
Ca2�-dependent myofilament activation. This indicates that
the alterations in TM flexibility may be significant in a mecha-
nism of cooperative activation that is intrinsic to the filaments
(54, 55).
It is also possible that �-TM-D137L incorporation intomyo-

filaments alters interactions of TMwith thin filament proteins.
It was previously reported that flexibility of themiddle region of
TM, where residue 137 lies, is not crucial for actin binding and
that D137L substitution does not alter the actin binding prop-
erties of TM (11, 12). However, a direct interaction between the
C-terminal mobile domain of cTnI and residue 146 of TM was
previously proposed by Mudalige et al. (56). Long range struc-
tural perturbations in TM structure due to D137L conversion
potentially affect this interactionwith cTnI and alter theTn-de-
pendent blocked-closed state equilibrium. This possibility
would also help in explaining decreased Ca2� sensitivity of
myofilaments in the absence of any change inCa2� transients of
isolated cardiomyocytes observed in this study. Altered signal

transmission between thin filament components due to expres-
sion of a decreased flexibility variant of TM may modify Ca2�

affinity of cTnC.
To conclude, our findings advance understanding of the

functional importance of unconventional structural features of
TM (e.g. negatively charged Asp residue at the hydrophobic
core of the coiled-coil molecule). The results from our study
demonstrated that a marked decrease in the structural flexibil-
ity of TM due to substitution of Asp-137 with Leu affects sys-
tolic and diastolic parameters of cardiac contraction, ultimately
leading to a phenotype similar to dilated cardiomyopathy in
�-TM-D137L TG mouse hearts. These investigations shed
light on a structural characteristic of TM that is essential for its
regulatory functions in cardiac muscle dynamics in the heart
and suggest a possible association between flexibility of TMand
cardiac disorders. We think that these findings will be highly
relevant to interpretation of in vitro data as well as to perspec-
tives on the clinical and physiological significance of TM
flexibility.
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