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a b s t r a c t

Two cardiomyopathy-causing mutations, E244D and K247R, in human cardiac troponin T (TnT) are
located in the coiled-coil region of the Tn-core domain. To elucidate effects of mutations in this region
on the regulatory function of Tn, we measured Ca2+-dependent ATPase activity of myofibrils containing
various mutants of TnT at these residues. The results confirmed that the mutant E244D increases the
maximum ATPase activity without changing the Ca2+-sensitivity. The mutant K247R was shown for
the first time to have the effect similar to the mutant E244D. Furthermore, various TnT mutants
(E244D, E244M, E244A, E244K, K247R, K247E, and K247A) showed various effects on the maximum ATP-
ase activity while the Ca2+-sensitivity was unchanged. Molecular dynamics simulations of the Tn-core
containing these TnT mutants suggested that the hydrogen-bond network formed by the side chains of
neighboring residues around residues 244 and 247 is important for Tn to function properly.

� 2009 Elsevier Inc. All rights reserved.
In vertebrate striated muscles, muscle contraction is regulated
in a Ca2+-sensitive manner by troponin (Tn) and tropomyosin
(Tm), located on the actin-containing thin filaments [1]. Tn is a
complex consisting of three subunits; TnC, TnI, and TnT. Binding
of Ca2+ to TnC triggers a series of conformational changes of TnC,
TnI, TnT, and Tm that release inhibition of interaction between
myosin and actin, thereby allowing muscle contraction to occur.
Mutations at various locations in Tn may have effects on various
points along the pathway of the conformational changes, thereby
having various effects on the regulatory function. Indeed, more
than 60 mutations of Tn have been shown to cause various types
of cardiomyopathy [2,3]. Understanding how the mutations of Tn
affect the regulatory function is therefore important to understand
not only the mechanism of pathogenesis of cardiomyopathy but
also the regulatory mechanism by Tn.

Effects of the disease-causing mutants of Tn on Ca2+-regula-
tion have been investigated using the techniques by which
intrinsic Tn within isolated skinned fibers and myofibrils is re-
placed with recombinant Tn [4,5]. The effect of the mutant Tn
has been shown to be classified into three types; increasing
the Ca2+-sensitivity without altering the maximal force (type I)
ll rights reserved.
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[6–8], decreasing the Ca2+-sensitivity without altering the maxi-
mal force (type II) [9,10], and increasing the maximal force with-
out altering the Ca2+-sensitivity (type III) [11,12]. Most of the
mutations showing the effects of the type I and II are located
in the regions directly involved with Ca2+-regulation such as
Tm-binding region, the actin-binding region, and the regulatory
region of TnC [2,3]. However, two mutations of TnT, E244D,
and K247R, one of which (E244D) was found to have the effect
of the type III [2], are located in the region not directly involved
with Ca2+-regulation. They are located in the coiled-coil region
formed by TnI and TnT (the IT arm) of the Tn-core domain
[13]. Since this IT arm connects the region containing Ca2+-bind-
ing site of TnC and Tm-binding region of TnT, this region may
play a pivotal role related to propagation of the Ca2+-binding sig-
nal from TnC to Tm. Elucidating how the mutations in this re-
gion affect the regulatory function should thus provide insights
into not only the regulatory mechanism by Tn but also the
mechanism of the functional aberration of the type III.

Here, to investigate the effects of the mutations at residues 244
and 247 of TnT on the regulatory function, we prepared various re-
combinant TnTs mutated at these residues, incorporated them into
myofibrils, and measured Ca2+-dependent ATPase activity. We also
calculated structural models of the Tn-core containing the mutant
TnTs by molecular dynamics (MD) simulations to gain insights into
the effects of the mutations on the local structure of Tn. A relation-
ship between the functional aberration caused by the mutations
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and the local structures around the mutated residues was
suggested.
Fig. 1. SDS–PAGE patterns of bovine cardiac myofibrils before and after exchange
with recombinant hcTnT, TnI and TnC. Lane1, purified wild-type hcTnT; lane 2,
purified hcTnT(E244D); lane 3, purified hcTnT(K247R); lane 4, purified hcTnI; lane
5, purified hcTnC; lane 6, untreated myofibrils; lane 7, myofibrils treated with wild-
type hcTnT; lane 8, myofibrils treated with wild-type hcTnT and reconstituted with
hcTnI and hcTnC; lane 9, myofibrils treated with hcTnT(E244D); lane 10, myofibrils
treated with hcTnT(E244D) and reconstituted with hcTnI and hcTnC; lane 11,
myofibrils treated with TnT(K247R); and lane 12, myofibrils treated with
hcTnT(K247R) and reconstituted with hcTnI and hcTnC. MHC, LC1, LC2, and bcTnI
denote myosin heavy chain, myosin light chain 1, myosin light chain 2, and intrinsic
bovine cardiac TnI, respectively.
Materials and methods

Cloning and mutagenesis of human cardiac Tn cDNAs. Human car-
diac (hc) cDNA bank was purchased from GIBCOBRL. Cloning of
hcTnI was carried out by PCR using following oligos; the forward
primer was 50-CTCACCATGGCCGATGGTAGCAGCGATGCGG-30 with
the NcoI site and the reverse primer was 50-GGCAGGATCCCTC
AGCTCTCAAACTTTTTCTTGCGGCCC-30 with BamHI site. PCR frag-
ment was digested by NcoI and BamHI and cloned into pTV118
which was also digested both by NcoI and BamHI. Cys97 and
Cys80 were changed to Ala using Mutan-K (Takara). After the
mutagenesis, pTV118 TnI(C80A,C97A) was digested by NcoI and
BamHI and cloned into pET3d which was cleaved also both by NcoI
and BamHI. Cloning of TnT was carried out by PCR using following
oligos: the forward primer was 50-GGTGGTGGAAGCGTACGAAG
AGG-30 with SplI site and the reverse primer was 50-GCTGCAGGA
TCCTATTTCCAGCGCCCGG-30 with BamHI site. PCR fragment was
digested by SplI and BamHI and ligated with pET3d which was di-
gested both by NcoI and BamHI and following oligos 50-CATGTC
TGACATCGAAG-30 and 50-GTACTCTTCCACCTCTTCTTCGATGTCAG
A-30, giving rise to pETTnT. Cloning and mutagenesis of cys leit
hcTnC cDNA were carried out as described [13]. Mutagenesis of
TnT(E244D), TnT(E244A), TnT(E244K), TnT(E244M), TnT(K247R),
TnT(K247A), TnT(K247E), were carried out using QuikChange II
Site-Directed Mutagenesis Kit (Stratagene), using pETTnT as a
template.

Expression and purification of recombinant Tns. The recombinant
hcTnTs were expressed in Escherichia coli BL21-CodonPlus(DE3)-
RP. The harvested cells by centrifugation were resuspended in
solution containing 50 mM Tris–HCl (pH 7.5), 5 mM EDTA, 20% su-
crose and 0.5 mg/ml lysozyme and incubated for 1 h at 4 �C. After
repeated sonication on ice, the supernatant was brought to contain
6 M urea, 0.1 M NaCl, and 5 mM 2-mercaptoethanol. The hcTnTs
were purified by SP Sepharose FF (GE Healthcare) and DEAE Se-
pharose FF (GE Healthcare), followed by RESOURCE RPC (GE
Healthcare) using a linear gradient from 1% to 90% of acetonitrile.
The wild-type cysteineless variants of hcTnI and hcTnC were ex-
pressed in E. coli BL21(DE3)-pLys-S. The hcTnI was purified by SP
Sepharose FF, followed by RESOURCE RPC. Purification of the hcTnC
was performed as described [14].

Preparation of myofibrils containing mutant Tns. Myofibrils were
prepared from bovine heart according to the method of Solaro et al.
[15], and stored at �20 �C in solution containing 50% glycerol,
20 mM MOPS (pH 7.0), 60 mM KCl and 2 mM MgCl2. Stocked myo-
fibrils were resuspended in a solution containing 60 mM KCl and
1 mM NaHCO3 just before use. The recombinant TnT was first ex-
changed into myofibrils, and the recombinant TnI and TnC were
then reconstituted into myofibrils [11].

ATPase activity measurements. The ATPase activity measure-
ments, the reaction times of which were 30 min, were done at var-
ious pCa(�log[Ca2+]) values between 4.5 and 7.0 as described [11].
The pCa values were calculated by using the stability constant of
8.45 � 105 M�1 for Ca2+–EGTA [16]. To determine the pCa value
at half-maximal ATPase activity (pCa50) and the Hill coefficient
(nH), the relative ATPase activity was analyzed by fitting with the
Hill equation (relative ATPase activity (%) = 100/{1 + 10^(pCa � p-
Ca50)nH}) as described [6]. The maximum ATPase activity of myofi-
brils containing each mutant was normalized to the maximum
ATPase activity of myofibrils containing the wild-type hcTnT in
the same series of the measurements.

Electrophoresis. SDS–PAGE was carried out according to the pro-
cedure of Laemmli [17] at an acrylamide concentration of 12.5%.
The gels were stained with 0.1% Coomassie brilliant blue G250. Den-
sitometric analysis was performed using the public domain NIH Im-
age (version 1.62) program (developed at the U.S. National Institutes
of Health and available at http://rsb.info.nih.gov/nih-image/).

Molecular dynamics simulations. Two coordinates of the Tn-core
structure are available (PDB Accession Code: 1J1D and 1J1E) [13].
We employed the 1J1D structure because this structure was ob-
tained from the crystallographic data with better resolution
(2.6 Å, compared to the resolution of 3.3 Å for 1J1E). The 1J1D
structure contains two molecules of the Tn-core. We term the
structure consisting of the chains A, B, and C in 1J1D as 1J1Da,
and that consisting of the chains D, E, and F as 1J1Db. Both struc-
tures were employed as the starting structures separately. Resi-
dues 1–91 of TnC and residues 183–225 and 272–288 of
TnT(183–288) were removed from the coordinates because these
residues are rather separated from the dense region including the
IT arm, thereby having little effects on the structure of the IT arm
region. These truncated structures of 1J1Da and 1J1Db were used
as the starting structures. MD simulations were performed using
the program NAMD (version 2.6) [18] with the CHARM22 force-
field parameters and visualizing program VMD [19]. The starting
structure was placed in a water sphere with a radius of 46 Å with
a periodic boundary condition. Energy minimization was done for
2000 steps. The mutation was generated in this energy-minimized
structure by the model-building software Coot [20]. Energy mini-
mization of the mutated structure was done for 2000 steps. MD
(50 ps) was then performed with an integration time step of 2 fs
under the conditions of constant pressure (1 atm) and temperature
(310 K). The equilibrium of the system was attained at about
5.6 ps. The coordinates after the equilibrium were stored every
0.1 ps and the average coordinates were calculated from these
stored structures.

Results and discussion

Displacement of TnT mutants in myofibrils

Fig. 1 shows the SDS–PAGE patterns of the purified wild-type
hcTnT, cardiomyopathy-causing hcTnT mutants (TnT(E244D) and
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TnT(K247R)), hcTnI and hcTnC (lanes 1–5). Each Tn component
shows a single band, indicating that there are no appreciable impu-
rities or degradations. Gels of other hcTnT mutants prepared also
gave single bands, indicating that the preparations of these mu-
tants have similar quality to the wild-type and cardiomyopathy-
causing TnTs (data not shown). These recombinant hcTnTs and
hcTnC show similar electrophoretic mobility to bcTnT and bcTnC
while the recombinant hcTnI shows somewhat faster mobility than
the native bcTnI.

Fig. 1 also shows the patterns during the reconstitution of myo-
fibrils containing the recombinant hcTn components. The bands
from the endogenous Tn-complex disappeared from the pattern
by the TnT treatment (lanes 7, 9, 11), and the bands from the re-
combinant TnI and TnC appeared after the reconstitution (lanes
8, 10, 12). Densitometric analysis of these patterns showed that
the exchange rate of the endogenous Tn with the recombinant
TnT was approximately 65%, consistent with the previous reports
[11]. The exchange rates were similar in all the recombinant TnTs,
and the amounts of the incorporated hcTnI and hcTnC were similar
to the amounts of the endogenous TnI and TnC.

Effects of the cardiomyopathy-causing mutants on the ATPase activity

The ATPase activity measurements of myofibrils containing the
wild-type hcTnT and those containing the cardiomyopathy-caus-
ing mutants of hcTnT (E244D and K247R) were performed at vari-
ous pCa values. Fig. 2A and B shows the pCa-dependence of the
ATPase activity, from which the maximum ATPase activity relative
to myofibrils containing the wild-type TnT, the pCa value at half-
maximal activity (pCa50), and the Hill coefficient (nH) were
estimated. The parameter values obtained are summarized in Table
1. The maximum ATPase activity of myofibrils containing
TnT(E244D) was 109.4 ± 4.5% of that of myofibrils containing the
wild-type TnT, but there were no significant differences in pCa50

and nH. This indicates that this mutant has the effect of the type
III, confirming the previous studies [11,12].
Fig. 2. Dependence on pCa2+ of the relative ATPase activity of myofibrils containing v
myofibrils containing the wild-type TnT. The activities of myofibrils containing A; the mu
mutants E244M(TnT) (open circles), E244A(TnT) (open triangles), and E244K(TnT) (open
triangles), are shown. At each panel, the results of myofibrils containing the wild-type TnT
the Hill equation. Means and standard deviations of three (TnT (E244X) mutants) or fou
The effect of the other mutant TnT(K247R) that causes cardio-
myopathy [21] has not yet been analyzed. Here, as shown in
Fig. 2B and Table 1, the maximum ATPase activity of myofibrils
containing this mutant was 112.9 ± 6.6% of that of myofibrils con-
taining the wild-type TnT, while no appreciable differences in
pCa50 and nH were observed. The mutant TnT(K247R) is thus
shown for the first time to have the effect of the type III.

The mutants that has been shown to have the effect of the type
III so far are TnT(E244D) [11,12], TnT(K247R) (this study), and
TnT(F110I) [22]. Residue 110 is located in the domain TnT1, which
binds to Tm [23,24], suggesting that the effect of the type III is re-
lated to the Tn–Tm interactions. Thus, the mutations at residues
244 and 247 of TnT should also affect the Tn–Tm interactions
though the IT arm region, in which residues 244 and 247 are lo-
cated, has no direct contacts with Tm. It has been suggested that
the region around residues 244 and 247 is critical in the structure
and dynamics of the Tn-core: the coiled-coil structure is bent in
this region, and the side chains of the charged residues at 244
and 247, which should usually be hydrophobic and form a hydro-
phobic core between the helices, protrude from the hydrophobic
core to form a hydrogen-bond network with neighboring residues,
suggesting that the coiled-coil structure is destabilized in this re-
gion [25]. It is therefore important to investigate how the muta-
tions at these residues affect the regulatory function. We thus
introduced various mutations at residues 244 and 247, and mea-
sured the ATPase activity of myofibrils containing these mutants.

Effects of various hcTnT mutants on the ATPase activity

We introduced various mutations that could affect the hydro-
gen-bond network in various ways. In addition to the cardiomyop-
athy-causing mutants, TnT(E244D) and TnT(K247R), the mutants
TnT(E244M), TnT(E244A), TnT(E244K), TnT(K247E), and
TnT(K247A), were prepared. TnT(E244D) has the same negative
charge but a smaller volume: TnT(E244M) is hydrophobic and
has a larger volume; TnT(E244A) is hydrophobic but has a smaller
arious hcTnT mutants, normalized to the averaged maximum ATPase activity of
tant E244D(TnT) (open triangles), B; the mutant K247R(TnT) (open triangles), C; the

diamonds), and D; the mutants K247E(TnT) (open circles) and K247A(TnT) (open
(filled squares) are shown as a standard. Solid and dashed lines denote the fits with

r (TnT(K247X) mutants) independent series of the measurements are shown.



Table 1
Ca2+-sensitivity, maximum ATPase activity, and cooperativity in recombinant hcTnT-
exchanged myofibrils.

TnT pCa50 Maximum ATPase activity (%) nH

Wild type 5.62 ± 0.03 100.0 ± 0.0 1.50 ± 0.13
E244D 5.63 ± 0.04 109.4 ± 4.5 1.75 ± 0.26
E244A 5.64 ± 0.03 95.9 ± 2.9 1.75 ± 0.21
E244K 5.62 ± 0.03 96.7 ± 6.5 1.57 ± 0.29
E244M 5.64 ± 0.03 90.2 ± 3.0a 1.48 ± 0.29

Wild type 5.58 ± 0.03 100.0 ± 0.0 1.40 ± 0.13
K247R 5.59 ± 0.05 112.9 ± 6.6b 1.38 ± 0.22
K247A 5.60 ± 0.06 96.5 ± 6.1 1.54 ± 0.25
K247E 5.65 ± 0.05 140.0 ± 7.3a 1.58 ± 0.28

Values are means ± S.E. of three (E244X series) or four (K247X series) independent
series of measurements. aP < 0.01, and bP < 0.05 vs. wild-type (t-test).
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volume; TnT(E244K) has the opposite (positive) charge and a larger
volume; TnT(K247R) has the same positive charge but a larger vol-
ume; TnT(K247E) has the opposite (negative) charge and a smaller
volume; and TnT(K247A) is hydrophobic and has a smaller volume.

Fig. 2C and D shows the pCa-dependence of the ATPase activity
of myofibrils containing these mutants. The parameters obtained
are shown in Table 1. While no appreciable effects were observed
in pCa50 for all the mutants measured, indicating that these
mutants have no Ca2+-sensitizing effects, various effects were ob-
served on the maximum ATPase activity. TnT(E244A), TnT(E244K),
TnT(E244M), and TnT(K247A) appears to have a tendency to have
lower maximum ATPase activity than the wild type. Although this
Fig. 3. Models of the local structures around residues 244 and 247 of TnT of the Tn-core c
of 50-ps MD simulations are shown. Ribbon diagrams in yellow and green represent t
hydrogen bonds that meet the criteria [26] and those in violet denote the hydrogen bonds
program package for the molecular modeling, UCSF Chimera [27].
tendency may be small in TnT(E244A), TnT(E244K), and
TnT(K247A), TnT(E244M) showed rather clear tendency of the de-
creased maximum activity. On the other hand, TnT(K247E) showed
significantly larger maximum ATPase activity. It was larger than
that of the cardiomyopathy-causing mutant TnT(K247R).

The results obtained here showed no apparent tendencies to de-
pend on the volumes, charges, or hydrophobicity of the mutated
residues. Thus, to understand the effects of these mutations, the
structure of the Tn-core, particularly the local structure including
the hydrogen-bond network around the mutated residues, should
be inspected. Since the crystal structures of the Tn-core containing
the mutant TnTs are not available yet, we performed molecular
dynamics (MD) simulations to calculate the structural models of
the Tn-cores containing the mutant TnTs.

Effects of the mutations on the local structure of the IT arm

Fig. 3 shows the averaged local structures around residues 244
and 247 of TnT, calculated from the MD simulations. Fig. 3A shows
the structure of the wild type. It is shown that an extensive hydro-
gen-bond network are formed between residues K106(TnI),
E110(TnI), K247(TnT), E244(TnT), R79(TnI), and R103(TnI). How-
ever, in TnT(E244D), TnT(K247R), and TnT(K247E), which show
the effect of increasing the maximum ATPase activity, this hydro-
gen-bond network appears to be perturbed: the hydrogen bond be-
tween E110(TnI) and residue 247 of TnT is broken, and the
hydrogen bond formed by R103(TnI) is altered (Fig. 3C, F, and G).
These perturbations are clearly observed in the structures
ontaining various mutant TnTs. Averaged structures calculated from the trajectories
he backbone structures of TnT and TnI, respectively. Solid lines in red denote the
, criteria of which are relaxed by 0.4 Å and 20�. The images were produced using the
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calculated from the starting structure 1J1Db. The effects observed
in the structures from 1J1Da were subtler: in TnT(E244D) and
TnT(K247R), the hydrogen bond between R103(TnI) and R79(TnI)
was not broken but weakened, i.e., the distance between the
hydrogen donor and acceptor was larger than that in the wild type
(results not shown). Tendency of weakening the hydrogen bonds
are, however, the same in the structures from 1J1Da and 1J1Db.
The overall effect of these mutants thus appears to be weakening
the hydrogen network.

In the structures of TnT(E244A), TnT(E244K), TnT(E244M), and
TnT(K247A), which have the effect of rather decreasing the maxi-
mum ATPase activity, the hydrogen-bond network is disrupted
rather completely (Fig. 3B, D, E, and H). These effects are similar
in both the structures calculated from 1J1Da and 1J1Db.

These observations imply that the ‘‘proper” function of Tn re-
quires fine tuning of the hydrogen-bond network formed by resi-
dues 244 and 247 of TnT and neighboring residues. Small
perturbations of this hydrogen-bond network result in the increase
of the maximum ATPase activity, and the disruption of the hydro-
gen-bond network has the opposite effect of decreasing the activ-
ity. This demonstrates the importance of this hydrogen-bond
network in the function of Tn related particularly to the signal
propagation from TnC to Tm. The small perturbation of this local
hydrogen-bond network may be amplified to induce large confor-
mational changes so that the pathway of the signal propagation
from TnC to Tm is influenced. Elucidation of how such conforma-
tional changes could be induced by the mutations requires the
structure analysis of Tn containing the mutant TnT, which is cur-
rently underway.
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