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Several cardiomyopathy causing mutations on tropomyosin either destabilize
the active state of actomyosin or alter the binding properties of tropomyosin
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We examined the cardiomyopathy-causing tropomyosin mutations E180G, D175N, and V95A to deter-
mine their effects on actomyosin regulation. V95A reduced the ATPase rate when filaments were satu-
rated with regulatory proteins both in the presence and absence of calcium, indicating either a
stabilization of the inactive state or an inability to fully populate the active state. Effects of E180G and
D175N were more complex. These two mutations increased ATPase rates at sub-saturating concentra-
tions of troponin and tropomyosin as compared to wild type tropomyosin. At higher concentrations of
regulatory proteins, ATPase rates became similar to wild type. Normal activation was achieved with
the tight-binding myosin analog N-ethylmaleimide-S1, at saturating regulatory protein concentrations.
These results suggest that the E180G and D175N mutations reduce the affinity of tropomyosin for actin
and also destabilize troponin binding to the actin thin filaments.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Familial hypertrophic cardiomyopathy is a serious disorder that
results from mutations in any one of several cardiac contractile
proteins [1–4]. We are particularly interested in mutations of the
calcium-sensing regulatory complex of troponin and tropomyosin
that binds to actin. Mutations of these regulatory proteins can
either increase or decrease thin filament-activated ATPase activity
of myosin. In several previously studied cases, changes in ATPase
activities were shown to result from changes in the equilibrium
transitions among the active, intermediate and inactive states of
regulated thin filaments [5–7]. The three structural states of regu-
lated actin are defined by the position of tropomyosin with respect
to the groove along the actin helix. Unique positions of tropomyo-
sin on actin have been observed in the absence of calcium, at sat-
urating calcium concentrations, and when fully activated with
rigor myosin binding [8,9].

Protein kinase C phosphomimetic mutants of TnI also alter the
equilibria among states [7], indicating that changes in actomyosin
state distributions may be a common response to changes in regu-
latory protein structure. We therefore investigated regulatory
changes associated with mutations in tropomyosin that lead to
congenital cardiomyopathies, particularly whether troponin and
ll rights reserved.
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tropomyosin have a common mechanism for causing hypertrophic
cardiomyopathy by altering the equilibrium between actin states.

We studied three mutations on tropomyosin that cause hyper-
trophic cardiomyopathy: V95A, E180G and D175N. Cardiomyopa-
thy caused by V95A is highly lethal, but produces minimal
cardiac gross and microscopic pathology [10]. Deletions of the
portion of tropomyosin containing V95A reduce the ability of reg-
ulated thin filaments to be fully activated by calcium [11].

Patients with cardiomyopathy due to E180G mutations show a
higher mortality than those with D175N [12]. Transgenic mouse
lines with the D175N mutation show mild myocardial disorganiza-
tion and hypertrophy along with impairment of both contraction
and relaxation. These morphological and functional changes are
not apparent in mouse lines expressing E180G [12,13]. Both
E180G and D175N mutations lead to partial unwinding of the
tropomyosin coiled-coil, and alter tropomyosin binding to actin
[14,15]. The juxtaposition of similar structural effects and proxim-
ity with disparate clinical outcomes leads to the question of corre-
lating the effects of these two mutations on underlying sarcomeric
regulation to better understand the differences between them.

We examined these mutations using ATPase assays in the pres-
ence and absence of calcium, and with increasing concentrations of
NEM-S1. The measured ATPase rate is dependent on the cycle time
for an individual myosin S1, the fraction of myosin that is bound to
actin, and the distribution of actin among the three states of regu-
lated actin [6]. Calcium has little effect on the binding of S1 to actin
during ATP hydrolysis [16]. Actin in the intermediate state has a
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higher kcat for actin-activated ATPase activity than actin in the
inactive state, and actin in the active state has the highest value
of kcat. The higher rate constant is likely due to a larger rate con-
stant for product release [17,18].

The V95A mutation reduced ATPase activities in the presence
and absence of calcium. These reductions were maintained at sat-
urating concentrations of troponin and tropomyosin, and at vary-
ing concentrations of NEM-S1. We concluded that V95A either
stabilizes the inactive state of actin, or cannot fully reach the active
state. E180G and D175N mutations differed from V95A. ATPase
rates for both these mutations were increased in the absence and
presence of calcium at sub-saturating concentrations of troponin
and tropomyosin. The ATPase rates, however, were similar to wild
type when the regulatory proteins were at saturating concentra-
tions. The rates in the presence on NEM-S1 were also similar to
wild type. These results indicate that these mutations reduce
tropomyosin interactions with actin and troponin.
Fig. 1. ATPase rates in the absence of calcium. [S1] = 0.1 lM, [Actin] = 10 lM,
temperature = 25 �C, pH 7. (A) Troponin concentration was fixed at 2.1 lM. Legend
shows stoichiometry of troponin and tropomyosins per 7 actin monomers. E180G
and D175N show increased ATPase rates compared to wild type at all tropomyosin
concentrations. V95A shows a slightly increased rate compared to WT at all
concentrations of tropomyosin. (B) Tropomyosin concentration was fixed at 4.3 lM
with varying troponin concentrations. Legend shows ratios of tropomyosin and
troponin per 7 actin. E180G and D175N show a higher ATPase rate as compared to
wild type at low troponin concentration. V95A has a lower ATPase rate than wild
type at all troponin concentrations.
2. Materials and methods

2.1. Protein preparation

Actin and myosin were isolated from rabbit back muscle [19].
Tissues were obtained with the approval of the Animal Care and
Use Committee of East Carolina University. S1 was produced by
digesting myosin with chymotrypsin (Worthington Biochemical)
[20]. WT human cardiac troponin and WT and mutant human car-
diac (aa) tropomyosins were expressed in Escherichia coli and puri-
fied as previously described [21]. These tropomyosins have two
extra amino acids Gly-Ser at the N-terminal to substitute for N-
terminal acetylating.

Protein concentrations were determined by absorbance mea-
surements at 280 nm, corrected for scattering at 340 nm, using
the following extinction coefficients (e0.1%) for 280 nm: actin
(1.15), myosin-S1 (0.75), tropomyosin (0.23), and troponin (0.37).

2.2. Measuring ATPase rates

Rates of (c32P) ATP hydrolysis were determined in the presence
and absence of calcium at 25 �C, pH 7.0 by measuring the release of
32Pi. Four time points were taken over a 10–15 min period over
which the production of 32Pi was linear with time so that the mea-
sured velocities were initial velocities. The buffer generally con-
tained 1 mM ATP, 3 mM MgCl2, 10 mM MOPS, 34 mM NaCl,
1 mM EGTA or 0.5 mM CaCl2 and 1 mM dithiothreitol. Assays nor-
mally contained 0.1 lM S1 and 10 lM actin. The proportions of
actin:tropomyosin:troponin were 7:3:3 unless otherwise noted.

The conditions used to evaluate ATPase activity were chosen to
explore the major states of regulated actin. In the absence of cal-
cium the ATPase rates are at their minimum value and the inactive
state is predominant. The fraction of intermediate state is thought
to be 0.6–0.7 at saturating calcium with the inactive and active
states being populated to varying degrees. NEM-S1 binding to reg-
ulated actin stabilizes the fully active state. In the presence of opti-
mal concentrations of NEM-S1 the active state appears to be
virtually fully populated.

ATPase rates measured in the presence of NEM-S1 were re-
corded at variable concentrations of NEM-S1. Virtually all of the
NEM-S1 added bound to actin under these conditions [22]. To pre-
vent competitive inhibition of S1 binding, the actin concentration
was increased by an equal amount to the NEM-S1 added to main-
tain the same level of free actin [5]. ATPase rates were corrected for
the activity of free S1 (0.06 s�1) and of NEM-S1 (0.002 s�1). The
hydrolytic activity of NEM-S1 is not significantly increased upon
binding to actin (<1.4-fold change).
2.3. Statistics

Data in figures are shown as means with error bars showing
standard deviation. Statistical significance (p < 0.05) was deter-
mined using the two sample significance t-test to compare means.

3. Results

ATPase rates were first measured in the absence of calcium and
increasing concentrations of tropomyosin to insure that actin was
saturated with each of the tropomyosin mutants (Fig. 1A). The tro-
ponin concentration was fixed at 2.1 lM, a 1.5:7 ratio of troponin
to actin. At all concentrations of tropomyosin, the rates for D175N
and E180G were significantly higher than wild type. The rates for
V95A were slightly higher than wild type at all concentrations of
tropomyosin.

The concentration of troponin was varied to ensure that tropo-
nin and tropomyosin were both optimized for maximal inhibition
(Fig. 1B). At low concentrations of troponin, ATPase rates with
either E180G or D175N mutations were higher than with wild type
tropomyosin. At high troponin concentrations, both tropomyosin
mutants had rates similar to wild type. Thus these mutations re-
duced the affinity of troponin for tropomyosin–actin but did not
shift the distribution of states.

The V95A mutant exhibited a different response to increasing
troponin concentrations. ATPase rates were lower than wild type
at high troponin concentrations, indicating that the V95A mutant
may have destabilized the active state to a greater extent than seen
with wild type troponin.

ATPase rates were also measured in the presence of calcium
with varying concentrations of troponin and a fixed saturating
tropomyosin concentration (Fig. 2). At high concentrations of



Fig. 3. ATPase rates in the presence of calcium with increasing concentrations of
NEM-S1 and saturating concentrations of troponin and tropomyosin. Conditions are
similar to Fig. 2 except for varying NEM-S1 and a corresponding increase in actin as
detailed in Section 2. Tropomyosin was either WT (solid gray bars in all panels) or
mutants (solid black bars) (A) V95A, (B) E180G, or (C) D175N.
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troponin both the D175N and E180G mutants had rates that were
similar to wild type, while the rates were higher than wild type
at low troponin concentrations. These data mirror results in the
absence of calcium, indicating a weakened interaction of these
two tropomyosin mutants with troponin.

Actin filaments containing the V95A tropomyosin mutant had a
lower S1 ATPase activity, relative to wild type, in the presence of
calcium at all troponin concentrations. Although the differences
were small they were consistent with the behavior in the absence
of calcium. That pattern indicated that either the inactive state was
stabilized or that this mutation prevented regulated actin fila-
ments from becoming fully activated. That distinction was made
by examining the rate under conditions that maximized the popu-
lation of the fully active state.

Fig. 3 shows ATPase rates for wild type and all three tropomy-
osin mutations with increasing concentrations of NEM-S1 in the
presence of calcium. NEM-S1 is a modified form of S1 that is capa-
ble of binding to and activating the thin filament in a similar fash-
ion to unmodified rigor S1. However, NEM-S1 has a low ATPase
activity which is not activated on binding to actin. As a result,
increasing concentrations of NEM-S1 stabilize the fully active state
of the actin–tropomyosin–troponin complex.

In the presence of calcium the rates with V95A were about 11%
lower than wild type at all concentrations of NEM-S1 examined
(Fig. 3A). Therefore, it was possible that the V95A mutation pre-
vented full activation.

The ATPase rates with the E180G mutant were 3% higher than
wild type at the lowest and highest NEM-S1 concentrations exam-
ined, which is within the statistical error of measurement (Fig. 3B).
The rates with D175N were similar to wild type at all concentra-
tions of NEM-S1 in the presence of calcium when the concentra-
tions of troponin and tropomyosin were saturating (Fig. 3C).
There is no evidence of a significant change in ATPase activation
in the fully active state for either mutant. The only effect of the
D175N and E180G mutations was on the binding to the other com-
ponents of the regulatory apparatus.

NEM-S1 activated ATPase rates in the low calcium condition are
shown in Fig. 4. Activation required higher concentrations of NEM-
S1 than in the presence of calcium. At 4 lM NEM-S1 the maximum
rate observed for wild type actin filaments was approximately 70%
of the maximum value observed at saturating calcium. The rates
for V95A were lower than wild type values at all concentrations
of NEM-S1 showing that stabilization of the active state required
higher NEM-S1 concentrations than in the wild type case or that
the active state cannot be fully reached with the V95A mutant
(Fig. 4A). The rates of D175N and E180G were similar to wild type
at all concentrations of NEM-S1 (Fig. 4B and C). These data confirm
Fig. 2. ATPase rates in the presence of calcium with a fixed tropomyosin
concentration of 4.3 lM and varying concentrations of troponin in the presence of
calcium. Legend shows stoichiometry of tropomyosin and troponin per 7 actins.
E180G and D175N show increased rates at low troponin concentrations. V95A shows
a reduced rate at all concentrations of troponin. [S1] = 0.1 lM, [Actin] = 10 lM,
temperature = 25 �C, pH 7.
the results of Fig. 3, again indicating that there was no defect in
reaching the fully active state.

4. Discussion

Small changes in the primary structure of tropomyosin and tro-
ponin affect regulation of cardiac muscle contraction. Post-transla-
tional modification may be an adaptive response whereas
mutations may lead to various familial cardiac disorders. Our pre-
vious work with troponin showed that alterations in troponin
changed the distribution of states of actin–tropomyosin–troponin
(regulated actin) without having much effect on the stability of
the regulated actin filaments, the attachment of myosin S1-ATP
to actin or on transitions from one actin-S1 chemical state to an-
other [5–7]. The states of regulated actin are in rapid equilibrium
with each other: Inactive) Intermediate) Active [23–26]. We
found that the D14 TnT mutation stabilized the active state of reg-
ulated actin [5], protein kinase C phosphomimetic mutations of TnI
stabilized the inactive state [7] and R146G and R146W mutations
of TnI stabilized the intermediate state [6].



Fig. 4. ATPase rates in the absence of calcium with increasing concentrations of
NEM-S1 and saturating concentrations of troponin and tropomyosin. Conditions are
similar to Fig. 1 except for varying NEM-S1 and a corresponding increase in actin as
detailed in Section 2. Tropomyosin was either WT (solid gray bars in all panels) or
mutants (solid black bars) (A) V95A, (B) E180G, or (C) D175N.
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Our approach was to look at regulatory function as a measure of
changes in distribution of regulated actin states. That is, different
forms of regulated actin have different abilities to stimulate S1
ATPase activity. The approximate relative activities are 0.04, 0.15
and 1 for the inactive, intermediate and active states, respectively.
Estimation of changes in distributions requires that the activity of
the fully active state be known. Measurement of the activity of the
fully active state was done by using NEM-S1 to stabilize the fully
active state. Differences in ATPase activation compared to wild
type values in the absence of NEM-S1, but not at saturating
NEM-S1, suggest changes in the equilibrium distribution among
the inactive, intermediate and active states of regulated actin. De-
creases in the maximally activated rate could occur if a mutation
prevented full stabilization of the activate state. Because this type
of analysis had not been previously applied to tropomyosin mu-
tants we reexamined three tropomyosin mutants that had been
studied previously.

Previous work showed that the E180G and D175N mutants of
tropomyosin had destabilized coiled-coils and reduced the affinity
of tropomyosin to actin filaments [14]. We also observed destabi-
lization of regulated actin filaments. At concentrations of troponin
and tropomyosin that give optimal regulation for wild type actin
filaments these mutants produced actin filaments with greater
stimulation of ATPase activity than wild type in both the absence
and presence of calcium. The requirement for higher concentra-
tions of troponin can be rationalized by the location of these muta-
tions within the primary binding site for troponin (tropomyosin
residues 160–220). At sufficiently high concentrations of troponin
and tropomyosin the rates in EGTA and calcium were similar to
wild type values. This result confirms the reported destabilizing ef-
fect of these mutations on regulated actin filament formation.

We observed no significant differences in activation with NEM-
S1 between actin filaments formed with wild type tropomyosin
and the E180G and D175N mutants in either the presence or ab-
sence of calcium. These mutants did not prevent actin filaments
from moving fully to the active state. The NEM-S1 results also ru-
led out large changes in processes such as S1-ATP binding to actin
or rates of product release. The previously reported destabilization
of the coiled coil structure appears to have no effect other than that
of the stability of regulated actin filaments.

Actin filaments containing E180G and D175N mutants of tropo-
myosin functioned normally as long as the actin filaments were
fully saturated with regulatory proteins. The observation that these
mutations lead to cardiac failure suggest that the physiological
concentrations of troponin and tropomyosin in vivo are insufficient
to allow binding of the full complement of regulatory proteins to
cardiac actin filaments. The production of native tropomyosin is re-
duced in mice expressing the D175N mutation, making it more
likely that the actin filaments are not properly regulated [13]. This
would lead to partial activation during diastole and cardiomyopa-
thy. These results suggest that increasing troponin and tropomyo-
sin expression could normalize contractile function.

The V95A tropomyosin mutant exhibited a slightly reduced
affinity for troponin but continued to exhibit abnormal regulation
at saturating protein concentrations. Actin filaments containing
V95A tropomyosin were more active than wild type when the tro-
ponin concentration was 2.1 lM. However at 4.3 lM troponin the
ATPase rates were slightly depressed with the V95A mutation in
both the absence and presence of calcium (Figs. 1 and 2). The dif-
ference in activity between actin filaments containing wild type
and V95A tropomyosin was small (10–20%). Previous studies of
V95A have shown a reduced rate in the presence of saturating cal-
cium concentrations for V95A, along with changes in calcium sen-
sitivity and myosin cycling [11].

It is surprising that such a small difference could lead to the
high rate of mortality linked to that mutation. We explored the
possibility that the V95A mutant had a defective activation by tight
binding S1. In the absence of calcium the activity of actin filaments
containing V95A tropomyosin was about 0.8 of the wild type value
over the range of 0–4 lM NEM-S1. At saturating calcium the rela-
tive activity of V95A tropomyosin containing actin filaments was
about 0.89 from 0 to 2 lM NEM-S1. Thus actin filaments contain-
ing the V95A mutation have a slightly depressed activation of myo-
sin S1-ATPase activity. This depression could be due to a shift in
the equilibria among the states of regulated actin to favor the inac-
tive state. It is also possible that actin filaments containing the
V95A mutation cannot totally reach the active state.

Although the troponin mutants that we have studied exhibited
changes in the distribution of states, this same primary defect may
not explain changes in activity of the three tropomyosin mutants
studied here. This could have important consequences in treat-
ment of cardiac disorders. Treatments directed against mutations
in troponin that normalize the distribution of states of regulated
actin may not be effective for these tropomyosin mutations.
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