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We have previously shown that mutations in troponin T (TnT), which is associated with
familial hypertrophic cardiomyopathy (HCM), cause an increase in the Ca2+ sensitivity
and a potentiation of cardiac muscle contraction. To gain further insight into the patho-
physiological role of these mutations, four mutations (Arg92Gln, PhellOUe, Glu244Asp,
Arg278Cys) were introduced into recombinant human cardiac TnT, and the mutants
were exchanged into isolated porcine cardiac myofibrils. The effects of mutations were
tested on maximal ATPase activity, the inhibitory function of troponin I (Tnl) in the
absence of troponin C (TnC), and the neutralizing function of TnC. Arg92Gln, PhellOIle,
and Glu244Asp markedly impaired the inhibitory function of Tnl. Arg278Cys also im-
paired the inhibitory function of Tnl, but the effect was much smaller. PhellOIle and
Glu244Asp markedly enhanced the neutralizing function of TnC and potentiated the
mmrimiim ATPase activity. Arg92Gln and Arg278Cys only slightly enhanced the neutral-
izing function of TnC, and they conferred no potentiation on the maximum ATPase ac-
tivity. These results indicate that mutations in TnT impair multiple processes of Ca2+

regulation by troponin, and there are marked differences in the degree of impairment
from mutation to mutation.
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Troponin (Tn) is a specific Ca2+ receptor protein located on
thin filaments for regulation of striated muscle contraction.
This protein is a complex of three subunits, troponin C
(TnC), troponin I (Tnl), and troponin T (TnT). TnC is a
Ca2+ binding component. Tnl has an inhibitory effect on the
interaction between myosin and actin-tropomyosin, which
is reversed by Ca2+ binding to TnC. TnT is a tropomyosin-
binding component and integrates the entire Tn complex
into the thin filament.

Familial hypertrophic cardiomyopathy (HCM) is an auto-
somal dominant heart disease associated with a high risk
of sudden death. This disease has recently been demon-
strated to be caused by mutations in several cardiac sarco-
meric proteins including TnT (1,2), Tnl (3), (3-myosin heavy
chain (4), actin (5), a-tropomyosin (1), myosin-binding pro-
tein C (6), and myosin light chains (7). At least thirteen
point mutations and one splice donor site mutation in the
TnT gene have so far been identified (8). A number of bio-
chemical and physiological studies of the functional conse-
quences of HCM-linked TnT mutations have been reported
(9-27). However, the exact mechanisms by which these TnT
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mutations cause this disease remain unclear.
We have previously reported that five HCM-linked TnT

missense mutations (Ile79Asn, Arg92Gln, PhellOIle, Glu-
244Asp, Arg278Cys) have two different effects on the
ATPase activity of isolated myofibrils and/or the force de-
velopment of skinned fibers; i.e., Ca2+-sensitization (Ile79-
Asn, Arg92Gln, Glu244Asp, Arg278Cys) and potentiation of
maximum contractile activity (PhellOIle, Glu244Asp) (24-
27). In the present study, we examined the effects of four
HCM-linked TnT mutations (Arg92Gln, PhellOIle, Glu244-
Asp, Arg278Cys) on the functions of the other troponin sub-
units, Tnl and TnC, to gain insight into the molecular
mechanisms of the patho-physiological effects exerted by
these TnT mutations. It was found that these TnT muta-
tions impair the inhibitory action of Tnl and enhance the
neutralizing action of TnC, but the effect is highly variable
depending on the mutation.

MATERIALS AND METHODS

Cloning and Mutagenesis of Human Cardiac Tn
cDNAs—The cloning and mutagenesis of human cardiac
Tn cDNAs (TnC, Tnl, and TnT) were carried out as de-
scribed previously (24). Briefly, human cardiac Tn cDNAs
were cloned by RT-PCR from human heart mRNA and the
obtained wild-type Tn cDNAs were then constructed into a
pET-3d vector for expression. To obtain mutant TnTs,
mutagenesis was carried out by PCR. The results of the
mutations in TnT cDNA were confirmed by DNA sequenc-
ing.

Expression and Purification of Recombinant Tns—The
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wild-type Tn and mutant TnTs were expressed in Escheri-
chia coli BL21(DE3) and purified using an FPLC system as
described previously (24).

Preparation of Myofibrils—Porcine cardiac myofibrils
were prepared and stored in a solution comprising 50%
glycerol, 100 mM KC1, 20 mM MOPS (pH 7.0), and 0.5%
2ME at — 20°C as described previously (24).

Tn Exchange in Myofibrils—Tn exchange was performed
according to the previously reported method (28). Briefly,
myofibrils (500 jjLg/ml) were incubated in a solution of 20
mM MOPS/KOH (pH 6.2), 265 mM KC1, 5 mM EDTA, 5
mM MgCL,, 0.5 mM 2-ME, and 35 ng/ml of recombinant
human cardiac TnT at 25*C for 1 h with shaking. These
myofibrils were washed with a solution of 0.5% Briji-58, 20
mM MOPS (pH 7.0), 265 mM KC1,5 mM MgCL,, 0.5 mM 2-
ME, and the myofibrils were resuspended in a solution (500
jig/ml) containing 60 mM KC1 and 1 mM sodium bicarbon-
ate after washing with the same solution. The myofibrils
were then reconstituted with recombinant Tnl and TnC on
ice for 1 h.

ATPase Activity Measurement—The reaction mixture
(200 M.1) for the ATPase assay consisted of 90 mM KC1, 5
mM MgCL,, 20 mM MOPS (pH 7.0), 1 mM Ca2+-EGTA, 4
mM ATP, and 40 \ug myofibrils. The reaction was started by
adding ATP at 25"C and terminated by adding 1.6 ml of a
mixture of 50% acetone, 2.5 mM (NH^gMc^O^-^O and
1.25 N H^O,, after 15 min incubation, a period in which the
ATPase activity was linear with time. The contents were
mixed carefully, 160 JJ.1 of 1 M citric acid was added to the
tubes, and the yellow color was measured at O D ^ (29). The
Ca2+ concentrations in the reaction mixtures were calcu-
lated as described previously (30).

Electrophoresis—SDS/PAGE was performed according to
the procedure of Laemmli with an acrylamide concentra-
tion of 12%. The gel was stained with Coomassie Brilliant
Blue R-250 and an optical densitometric scan was obtained
using the Phoretix gel analysis software package (Phoretdx
International).

RESULTS AND DISCUSSION

Exchange ofTroponin in Porcine Cardiac Myofibrils with
Recombinant Human Cardiac TnT—The three subunits of
human cardiac Tn (TnT, Tnl, TnC) were expressed in E.
coli and purified. Recombinant human cardiac Tnl and TnT
had somewhat faster electrophoretic mobilities than por-
cine Tnl and TnT, respectively, in 12% SDS/PAGE gels,
while TnC from both species showed exactly the same
mobility (Fig. 1A, lanes 1 and 2).

Endogenous TnT-Tnl-TnC-complexes in isolated porcine
cardiac myofibrils were exchanged with the recombinant
human cardiac TnT by treating the myofibrils with an
excess amount of TnT under slightly acidic (pH 6.2) and
high ionic strength conditions (28). SDS/PAGE analyses
demonstrated an incorporation of recombinant TnT into the
myofibrils accompanied by decreases in endogenous TnT,
Tnl, and TnC after treatment with recombinant human
cardiac TnT (Fig. 1A, lanes 3 and 4). There were no signifi-
cant differences in the amounts of endogenous Tnl and
TnC displaced by treatment with recombinant human car-
diac wild-type or mutant TnTs (Fig. IB). Densitometric
scans indicated that about 65% of the endogenous Tn was
displaced, consistent with the previous study using rabbit
cardiac myofibrils (24).

Effects of Tnl and TnC on the ATPase Activity of Myo-
fibrils Exchanged with Human Cardiac Mutant TnTs—
Myofibrils treated with TnT showed a high ATPase activity,
even in the absence of Ca2+, due to the loss of Tnl. The
ATPase activities of wild-type and mutant TnT-treated
myofibrils in the absence of Ca2+ increased up to approxi-
mately 65% of the activity in the presence of Ca2+. There
were no significant differences in the ATPase activities in
the absence or presence of Ca2+ between wild-type and mu-
tant TnT-treated myofibrils. To test the effects of mutations
in TnT on the inhibitory activity of Tnl, we measured the
decrease in the ATPase activity of mutant TnT-treated
myofibrils caused by the addition of Tnl in the absence of
TnC. As shown in Fig. 2, the recombinant human cardiac
Tnl completely inhibited the ATPase activities of the myo-
fibrils treated with wild-type and mutant TnTs at a concen-
tration of 9.45 fig/ml. At lower concentrations (0.95-3.15
tig/ml), the inhibitory activity of Tnl was significantly
weaker in myofibrils treated with Arg92Gln, PhellOHe,
and Glu244Asp mutant TnTs than in myofibrils treated
with wild-type TnT. A similar impairment of the inhibitory
activity of Tnl was seen in myofibrils treated with the
He79Asn mutant TnT (24). The inhibitory activity of Tnl
decreased only slightly in myofibrils treated with Arg278-
Cys mutant TnT, although no statistically significant differ-
ences were detected. The amounts of Tnl required for 50%
inhibition (ICy) are summarized in Table I.

To test the effects of mutations in TnT on the neutraliz-
ing activity of TnC, we next measured the increase in the
ATPase activity of mutant TnT-treated myofibrils caused
by addition of TnC in the presence of Tnl (Fig. 3). The neu-
tralizing activity of TnC increased slightly in myofibrils
treated with Arg92Gln and Arg278Cys mutant TnTs, al-
though we could detect no statistically significant differ-
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Fig. 1. SDS-PAGE patterns of porcine cardiac myo-
fibrils treated with recombinant human cardiac
TnT. A; Porcine cardiac myofibrils were treated with wild-
type TnT. Lane 1, purified porcine cardiac TnTTnlTnC-
mbrture; lane 2, recombinant human cardiac TnTTnl-
TnC-mixture; lane 3, untreated intact myofibrils; lane 4,
myofibrils treated with wild-type TnT. B: Porcine cardiac
myofibrils were treated with mutant TnTs. Lane 1, un-
treated intact myofibrils; lane 2, myofibrils treated with
Arg92Gln TnT, lane 3, myofibrils treated with PhellOIle
TnT; lane 4, myofibrils treated with Glu244Asp TnT; lane
5, myofibrils treated with Arg278Cys TnT. All data are
representative of four other experiments.
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Fig. 2. The effects of recombinant human cardiac Tnl on the
ATPase activity of myofibrils treated with wild-type or mu-
tant TnTs. Myofibrils were treated with wild-type or mutant TnTs,
and then reconstituted with various amounts of recombinant human
cardiac Tnl. The ATPase activity was measured in the absence of Ca2+

(pCa 7.05). The results are expressed as percentages of ATPase activ-

ity before the addition of Tnl [33.6 ± 1.2, 35.5 ± 1.9,34.1 ± 2.0, 33.8
± 2.0, and 34.1 ± 1.7 nmol P/mg/min (means ± SE of three experi-
ments performed in duplicate) in myofibrils treated with wild-type,
Arg92Gln, PhellOIle, Glu244Asp, and Arg278Cys TnTs, respec-
tively]. Asterisk ('), p < 0.05 compared with wild-type TnT-treated
myofibrils (t test).

TABLE I. Effects of HCM-linked TnT mutations on the inhib-
itory effect of Tnl and the neutralizing effect of TnC. Myo-
fibrils were treated with wild-type or mutant TnTs, and then re-
constituted with various amounts of Tnl to examine the effect of
Tnl. To examine the effect of TnC, the TnT-treated myofibrils were
reconstituted with 9.45 jJLg/ml of Tnl, and then reconstituted with
various amounts of TnC. The ATPase activity was measured as de-
scribed in "MATERIALS AND METHODS." ICM is the amount of
Tnl required for 50% inhibition of the ATPase activity in the
absence of Ca2+. ECj,, is the amount of TnC required for 50% acti-
vation of the maximum ATPase activity in the presence of Ca2+.
Maximum ATPase activity is the net ATPase activity recovered
with a saturating amount of TnC in the presence of Cas+. The data
represent the means ± SE of three experiments performed in
duplicate.

TnT type
(ng/ml)

ECM for TnC Maximum ATPase activity
(ng/ml) (nmol P/mg/min)

Wild-type
Arg92Gln
PhellOIle
Glu244Asp
Arg278Cys

1.51 ± 0.23
2.45 ± 0.21'
2.44 ± 0.23*
2.78 ± 0.30*
1.73 ± 0.22

1.57 ± 0.12
1.24 ± 0.23
0.89 ± 0.15*
0.84 ± 0.13*
1.20 ± 0.21

35.9 ± 0.8
37.5 ± 2.0
42.0 ± 1.5*
44.2 ± 0.6*
32.3 ± 0.4

p < 0.05 compared with wild-type TnT (t test).

ences compared to wild-type TnT-treated myofibrils. In the
case of myofibrils treated with PhellOIle and Glu244Asp
mutant TnTs, the neutralizing activity of TnC increased
markedly, and a potentiatdon of the maximum ATPase ac-
tivity was observed (Table I). The amounts of TnC required
for 50% maximum neutralization (EC,^ are summarized in
Table I.

Based on the above findings, the HCM-linked mutations

in TnT examined in the present study can be classified into
three groups as follows: (i) Arg92Gln, which markedly
weakens the inhibitory activity of Tnl with slight or no en-
hancement of the neutralizing activity of TnC, (ii) PhellO-
Ile and Glu244Asp, which markedly weaken the inhibitory
activity of Tnl and also markedly enhance the neutralizing
activity of TnC, and (iii) Arg278Cys, which marginally
weakens the inhibitory activity of Tnl and also marginally
enhances the neutralizing activity of TnC. Previously, we
reported that the He79Asn mutation impairs the action of
Tnl without affecting the action of TnC, effects similar to
those of the Arg92Gln mutation observed in the present
study. According to the effects on myofibrillar ATPase activ-
ity, the Ile79Asn, Arg92Gln and Arg278Cys mutations can
be classified into the same group that causes Ca2+ sensiti-
zation {24). This suggests that impairment of the inhibitory
activity of Tnl is closely related to the Ca2+ sensitization
caused by these mutations. Although the Arg278Cys muta-
tion has only marginal effects on the actions of Tnl and
TnC, this may account for the relatively smaller Ca2+ sensi-
tizing effect of this mutation (26). Another interesting find-
ing in this study is that the PhellOIle and Glu244Asp
mutations, which potentiate the maximum ATPase activity
and force (24, 27), both enhance the neutralizing action of
TnC. This suggests that enhancement of the neutralizing
action of TnC is closely related to the potentdation of the
maximum contractile activity caused by these mutations.
The PhellOIle and Glu244Asp mutations also markedly
impaired the inhibitory activity of Tnl as well as the
He79Asn and Arg92Gln mutations. A previous study, how-
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Fig. 3. The neutralizing effect of TnC on the ATPase activity of
myofibrils reconstituted with Tnl after TnT treatment. Myo-
fibrils treated with wild-type or mutant TnTs were reconstituted with
Tnl (9.45 (ig/ml) and the effect of various amounts of TnC on the AT-
Pase activity were determined in the presence of Ca2* (pCa 5.18). The

results are expressed as the percentage of the maximum ATPase ac-
tivity of myofibrils treated with wild-type TnT (means ± SE of three
experiments performed in duplicate). Asterisk (*), P < 0.05 compared
with wild-type TnT-treated myofibrils (t test).

ever, showed that the PhellOIle and Glu244Asp mutations
had no significant Ca2+ sensitizing effect on myofibriUar
ATPase activity (24). This might be explained by the simul-
taneous marked effects of these two mutations on the neu-
tralizing action of TnC.

Finally, the present study reveals that HCM-linked TnT
mutations alter multiple processes in Ca2+ regulation in-
volving inhibition by Tnl and neutralization by TnC. The
degree of alteration, however, varies markedly from muta-
tion to mutation. This may explain the differential effects
exerted by these TnT mutations on the Cas+ regulation of
ATPase activity and force generation in cardiac muscle (24—
27), and on the phenotype in patients with differing muta-
tions (31).
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