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Human cardiac actin mutants E99K and A230V were expressed with baculovirus/insect cells and used to
reconstitute the thin-filament of bovine cardiac (BVC) muscle fibers, together with tropomyosin (Tm)
and troponin (Tn) purified from bovine ventricles. Effects of [Ca2+], [ATP], and [phosphate] on tension
and its transients were studied at 25 °C. In the absence of Tm/Tn, both mutants significantly decreased
the tension of actin filament reconstituted fibers (WT: 0.75 ± 0.06 T0, E99K: 0.58 ± 0.04 T0, A230V: 0.58 ±
0.03 T0), where T0 is active tension of native fibers (T0 = 26.9 ± 1.1 kPa, N = 41), indicating diminished
actin–myosin interactions. However, in the presence of Tm and Tn, WT, E99K, and A230V recovered tension
(0.85 ± 0.06 T0, 0.89 ± 0.06 T0, and 0.85 ± 0.05 T0, respectively), demonstrating the compensatory effect of
Tm/Tn. Ca2+ sensitivity (pCa50) increased (5.59 ± 0.02, 5.80 ± 0.03, 5.77 ± 0.03, respectively) and
cooperativity (nH) decreased (2.6 ± 0.3, 1.87 ± 0.21, 1.60 ± 0.11, respectively). The kinetic constants of the
cross-bridge cycle were deduced using sinusoidal analysis. E99K did not show any significant changes in any
of the kinetic constants compared to those of WT. A230V caused a decrease in K1 (ATP association constant),
k2 and k−2 (rate constants of the cross-bridge detachment step). The cross-bridge distribution was similar
amongWT, E99K, and A230V. In conclusion, our experiments demonstrate that the first step of HCM pathogenesis
with E99K is increased pCa50 and decreased nH, which result in larger tension during partial activation to cause a
diastolic problem. The effect on nH is more severe with A230V. In addition, A230V has a problem of decreased
cross-bridge kinetics, which affects the normal functions of the cross-bridge cycle and may contribute to the first
step of the HCM pathogenesis.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Hypertrophic cardiomyopathy (HCM) is the most common genetic
disease characterized by maladaptive hypertrophy of the left ventricles
and interventricular septum [1–3]. HCMaffects 1 in 500 individuals, and
the risk of sudden cardiac death caused by HCM in young adults is as
high as 1% per year [4]. Genetic mutation is the major cause for HCM,
accounting for ~63% of all HCM cases [5]. Most HCM causing mutations
occur in contractile proteins, including cardiac β-myosin heavy chain
(MHC), cardiac myosin-binding protein C (cMyBP-C), cardiac troponin
T (cTnT), cardiac troponin I (cTnI), cardiac troponin C (cTnC), myosin
essential light chain (ELC), myosin regulatory light chain (RLC), α-Tm,
titin, and α-cardiac actin (actin, unless specified) [6]. So far, there
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are 11 missense mutations found in human cardiac actin (H88Y,
R95C, E99K, P164A, Y166C, A230V, S271F, A295S, M305L, R312C,
and A331P) identified in patients with HCM [6–13]. In this report,
two of these mutations (E99K and A230V) were selected to investi-
gate their immediate effects on the actin–Tm–myosin (ATM)
interaction in thin-filament reconstituted cardiac muscle fibers
(myocardium, cardiac strip).

Actin is essential to the normal structure and functions of
cardiomyocytes.α-Cardiac actin is themajor isoform (~80%) expressed
in adult cardiomyocytes [14]; the rest consists ofα-skeletal actin,which
hasfive conserved substitutions compared toα-cardiac actin. In striated
muscles, α-actin is one of the key components of force generation and
its regulation. During the cross-bridge cycle, a myosin head directly in-
teracts with two adjacent actin monomers to generate force [15]. The
primary binding site is between the subdomain 1 of the first actin
monomer and myosin's lower 50K domain [16]; the secondary binding
site is subdomain 1 of the actin monomer below [17] and myosin's
upper 50K domain. The binding of actin and myosin is a multi-step
process: the initial weak binding is mainly ionic, and the subsequent

http://crossmark.crossref.org/dialog/?doi=10.1016/j.yjmcc.2014.10.014&domain=pdf
http://dx.doi.org/10.1016/j.yjmcc.2014.10.014
mailto:Fan-Bai@uiowa.edu
mailto:casterha@gmail.com
mailto:jdawso01@uoguelph.ca
mailto:Masataka-Kawai@uiowa.edu
http://dx.doi.org/10.1016/j.yjmcc.2014.10.014
http://www.sciencedirect.com/science/journal/00222828
www.elsevier.com/locate/yjmcc


124 F. Bai et al. / Journal of Molecular and Cellular Cardiology 79 (2015) 123–132
strong binding ismainly hydrophobic [15,16]. Tmdirectly interactswith
both actin and myosin and plays an essential role in regulating the
actin–myosin (AM) interaction [15,18]. In the absence of Ca2+, Tm
blocks myosin binding sites on actin to inhibit the AM interaction [18].
In the presence of Ca2+, cTnC–Ca2+ binding relieves the inhibitory
effect of the Tn complex, which releases Tm from myosin binding sites
on actin to allow initial weakbinding. This initial binding in turn induces
a further azimuthal shift of Tm on the actin filament [18], which
promotes the strong AM binding, presumably by recruiting more
hydrophobic residues into the AM interface [15,19,20]. This process is
called the positive allosteric effect of Tm on the AM interaction.

All known HCM causing actin mutations are located on the
surface of the protein or close to it; some are within or close to the
actin–tropomyosin–myosin (ATM) interface [15,17]. Fig. 1 shows
two actin subunits in one of the strands of the two-stranded F-actin
helix. E99K is located in the AM interaction region, whereas A230V
is located in the Tm interaction region. Specifically, E99K is located
in a surface loop of subdomain 1, which comes close to a positively
charged segment (K567–H578) of myosin S1 [17]. Surface charge
changes introduced by E99K may impair the ionic binding between
actin and myosin, leading to a weaker AM binding in the cross-bridge
cycle. E99K has been studied using both a transgenic model and
in vitro motility assays. In transgenic mice, E99K at a 50% expression
level caused a typical HCM phenotype (apical hypertrophy with
impaired relaxation), decreased the maximum tension production
(without statistical significance), and increased Ca2+ sensitivity
[21]. However, the phosphorylation level of TnI, which was shown
to be critical for cardiac contraction and its regulation [22], was also
altered significantly [21]. In vitro analysis showed that in the absence
of Tm and Tn, E99K slightly decreased myosin S1 binding affinity,
significantly decreased the sliding velocity and force production
compared to WT [21,23,24].

So far, there is no published report on themolecular pathogenesis of
A230V. Previous studies on disease causing actinmutants have generally
focused on actin's stability, polymerizability, and AM interactions [24–
26]. However, how these actin mutants affect the actin–Tm interaction
and the ATM interaction as a whole have not been elucidated. Tm's pos-
itive allosteric effect has been shown to be essential for promoting and
maintaining the normal contractility of the cardiac muscles [20]. Our
Fig. 1.Actin dimer structure and the positions of E99K andA230V. The pointed end and barbed e
mutation is marked in red and A230V is marked in yellow (PDB ID: 4a7f).Modified from [15].
recent investigations have demonstrated that both HCM and DCM caus-
ing Tm mutants resulted in abnormal changes in Tm's effect on the AM
interaction, leading to either impaired relaxation or insufficient force
generation [27,28]. Therefore, it is vitally important to understand
whether these actin mutants alter the actin–Tm interaction, and how
the altered interaction further changes the AM interaction.

A thin-filament extraction/reconstitution techniquewas used in this
report to investigate howactinmutants change theATM interaction and
lead to further changes in contraction and its regulation [29]. This
technique offers a unique method to incorporate an actin mutant into
a real muscle fiber environment without inducing secondary effects,
such as altered phosphorylation level of sarcomeric proteins. Therefore,
the immediate effect of the actin mutant on the ATM interaction can
readily be studied. During the two stage thin-filament reconstitution
process (first with actin, and then with Tm/Tn), this technique allows
us to investigate how Tm and Tn alter the AM interaction and force
generation in the presence of mutant actin proteins. This technique has
been satisfactorily used for cardiac muscle fibers, presumably because
nebulette is a small molecule, and hence easily interacts with the thin
filament [20,30,31]. This technique was not as satisfactory for skeletal
muscle fibers, presumably because nebulin is a largefilamentous protein
which interacts extensively with the thin filament [32]. Sinusoidal anal-
ysiswas applied to the reconstitutedmyocardium to investigate how the
cross-bridge kinetics were altered by these mutants.

Recently, we reported that recombinant WT actin synthesized by
baculovirus/insect cell expression can be used to reconstitute the thin-
filaments of the cardiac muscle fibers without affecting contractile and
regulatory properties, which demonstrated that the contamination of
endogenous insect actin (if any) didn't interfere with the functional
characterization of the reconstituted fibers; fibers reconstituted with
pure insect actin were used as an internal control [31].

In this report, two HCM associated mutants, E99K and A230V, were
expressed using the baculovirus/insect cell expression system and used
for thin-filament reconstitution in cardiacmuscle fibers and subsequent
functional analyses. The results demonstrate that 1) both E99K and
A230V caused significantly decreased force generation in the absence
of Tm/Tn; 2) in thepresence of Tm/Tn, E99K andA230V restored normal
active force; 3) E99K and A230V significantly increased the Ca2+ sensi-
tivity compared to that ofWT; and 4)HCM related actinmutants caused
nd of the F-formactin are noted. S1–S4 represent subdomains in the actinmonomer. E99K
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only minimum changes to the cross-bridge kinetics. These results are
discussed in the context of ATM interactions and the early molecular
pathogenesis of HCM.

2. Material and methods

2.1. Experimental material and the thin-filament extraction and
reconstitution technique

Trabecular muscle bundles were dissected from right ventricles of
freshly killed cow hearts and skinned as described [29]. These bundles
were further dissected into thin fibers (~2 mm long and 90–110 μm
thick) and used for the thin-filament extraction/reconstitution process,
and subsequent biophysical measurements. Muscle fibers were
attached between the length driver and force transducer using nail
polish, and further skinned in 1% Triton X100 for 20 min before
experiments. The sarcomere length was adjusted to ~2.1 μm, on which
thin-filament extraction and reconstitution were performed. The thin-
filament extraction/reconstitution technique was originally developed
in Ishiwata's laboratory [30], refined in Kawai's laboratory [20], and
was performed as described [28–30]. In short, muscle fibers were treat-
ed with gelsolin, a plasma protein which severs actin and thin fila-
ments. Then the fibers were treated with the actin reconstitution
solution that contained 1 mg/ml G-actin under the polymerizing
conditions forfive times, 7min each. The actinfilamentwas reconstituted
during this process. After the actin-filament reconstitution, the fibers
were further treated with the Tm/Tn reconstitution solution overnight.
The fully reconstituted fibers were used for biophysical measurements
in the next morning.

2.2. Protein preparation and polymerization assay

Recombinant human WT and mutant α-cardiac actin cDNA were
expressed and purified as described [31,33–35]. The quality of purified
actin was examined by SDS-PAGE. An actin polymerization assay was
performed as described [31].

BVC actin, Tm and Tn were purified as described [36,37]. All
experimental solutions were prepared as described in Table S2 in [28]
and pH adjusted to 7.00.

2.3. Measurement of force during stages of thin-filament extraction and
reconstitution

Tension of the fibers during different stages of the thin-filament
extraction and reconstitution processes was measured in the standard
activating solution (5S8P) at pCa 4.66 and 25 °C, and used as the index
of the force generation ability of the fibers. The standard activating
solution contained (in mM) 5 MgATP2−, 8 Pi1.5−, 6 Ca EGTA, 1 Mg2+,
55 Na+, 15 creatine phosphate, 10 MOPS, 200 ionic strength, and
160 unit/ml creatine kinase. The tension of native muscle fiber was
measured before extraction and marked as T0. After thin-filament
extraction, the tension of fibers dropped to 5–10% T0. After actin filament
reconstitution (without Tm or Tn), the tension was measured again and
marked as Ta. Tensionwas alsomeasured after Tm and Tn reconstitution
and marked as THC.

2.4. pCa–tension study

pCa–tension studies were performed as described [38] in the pCa
range from 8.0 to 4.66. The tension at pCa 8.0 was called low Ca2+

tension (TLC), and the tension at pCa 4.66 was called high Ca2+ tension
(THC). Baseline tension was defined as that measured at 0 °C in the
relaxing solution, which contained 6 mM EGTA, no added Ca2+, and
40 mM BDM. There are no detectable actively cycling cross-bridges
under these conditions. Subsequent tension measurements were
performed as an increment from this baseline tension. The pCa–tension
relationship of reconstitutedfiberswas studied in the standard activating
solutionwith 11 different Ca2+ concentrations (pCa: 8.0, 7.0, 6.4, 6.2, 6.0,
5.8, 5.6, 5.4, 5.2, 5.0, 4.66) [28,38]. The pCa–tension datawerefitted to the
standard 4-parameter Hill equation:

Tension¼ Tact

1þ Ca50
Ca2þ½ �

� �nH
þ TLC ð1Þ

where pCa = − log10[Ca2+], Tact is the Ca2+ activatable tension (Tact =
THC − TLC), and Ca50 represents the Ca2+ concentration at half-active
tension (0.5 Tact). pCa50 (=− log10Ca50) represents Ca2+ sensitivity,
and nH (Hill factor) represents the cooperativity. pCa–tension curves
were individually fitted to Eq. (1), and the fitted parameters were
averaged. In pCa–tension curves, all tension values were normalized
to the maximum tension of the native myocardium (Ta), which
was obtained in the standard activating solution at pCa 4.66 and 25 °C.

2.5. Sinusoidal analysis

The elementary steps of the cross-bridge cycle based on six states
(Scheme 1) [39,40] were characterized by sinusoidal analysis performed
as described [20,28,41], which yielded the complex modulus data Y(f),
which is a frequency response function. Y(f) was fitted to the equation
which contains two exponential processes B and C, and their respective
apparent rate constants 2πb (medium speed) and 2πc (fast speed) were
derived as described [39]. The effects of [ATP], [ADP], and phosphate (Pi)
on 2πb and 2πcwere studied, and the kinetic constants that characterize
the elementary steps of the cross-bridge cycle consisting of six states
were derived as reported [41].

3. Results

3.1. Purification and polymerization of the recombinant actin

The purity of recombinant actins was examined by SDS-PAGE
(Fig. 2A). The N-terminus of the recombinant actin in this study was
not tagged to ensure the proper folding of actin. The ability of actin to
polymerize is critical for the function of actin and the reconstitution of
the thin-filament. To determine if E99K andA230Vpolymerize normally,
light scattering was monitored (Fig. 2B). Both E99K (–○–) and A230V
(··Δ··) polymerized similarly to WT (\■\), and the final light
scattering signal levels were identical among three actin varieties
(Fig. 2B). These results demonstrate that both E99K and A230V retained
the ability to polymerize normally; hence they can be used for the thin-
filament reconstitution experiments.

3.2. Tension generation of actin-reconstituted myocardium with/without
Tm/Tn

Isometric tensionwasmeasured at 25 °Cwith the standard activating
solution containing 8 mM Pi and ionic strength (IS) adjusted to 200 mM
by KAc. The tension of native muscle fibers (T0) before extraction/
reconstitution averaged 26.9 ± 1.1 kPa (N = 41); subsequent tension
values were all normalized to T0. Tension of actin-filament reconstituted
fibers (Ta, in the absence of Tmor Tn)withWT actin reached 0.75±0.06
T0 (N=11). Both E99K (0.58±0.04 T0, N=13) andA230V (0.58±0.03
T0, N= 20) actins showed significantly decreased Ta compared to that of
WT. They are plotted in Fig. 3A, and summarized in Table S1 in the
Supporting Materials.

On further reconstitution with regulatory proteins Tm and Tn,
tension (THC) further increased in fibers that used WT, E99K, and A230V
actins, exhibiting the positive allosteric effect (allostery). We defined
the allostery by the ratio THC/Ta. The ratio was 1.17 ± 0.08 (N = 11) for
WT actin, it was 1.59 ± 0.14 (N = 13) for E99K actin, and 1.50 ± 0.07
(N= 20) for A230V actin. Thus, the allostery increased in mutant actins.



Scheme 1. Elementary steps of the cross-bridge cycle. The uppercase letter K indicates the equilibrium constants, and the lowercase letter k indicates the rate constants of the elementary
steps. Collectively they are referred to as “kinetic constants” and deduced using sinusoidal analysis. A = actin, M = myosin, D = MgADP, S = MgATP and P = Pi = phosphate.
This scheme was rearranged from [56].
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In contrast, it was 0.75 ± 0.08 and decreased when insect actin was
used for thin filament reconstitution (Table S1). THC/Ta N 1 for positive
allostery, whereas THC/Ta b 1 for negative allostery.

Because of our previous observation that some cross-bridges actively
cycle during relaxation (at pCa 8.0) in cardiac muscle fibers, and the
number of the cycling cross-bridges increases with HCM mutants of
Tm [28] and decreases with DCM mutants of Tm [27], tension at pCa
8.0 (TLC) was measured to evaluate the actin mutants (Fig. 3A and
Table S1). E99K showed the same TLC (0.08 ± 0.01 T0, N = 13) as that
of the WT (0.08 ± 0.01 T0, N = 11). A230V showed significantly
decreased TLC (0.04 ± 0.01 T0, N = 20) compared to that of the WT.
The Ca2+ activatable tension (Tact) is defined as the difference between
the maximal tension (THC) and the relaxed tension (TLC). There were
no significant changes in Tact among WT, E99K, and A230V actin
reconstituted fibers (Fig. 3A and Table S1).

The stiffness of reconstituted fibers was also studied under standard
activating conditions (YHC), relaxed conditions (pCa 8.0, YLC) and rigor
conditions (YRG), and the results are plotted in Fig. 3C. The rigor stiffness
decreased significantly with both mutants compared to that of WT
actin, but YHC and Yact (=YHC − YLC) did not change with either of the
mutants. YLC of A230V was significantly less than that of WT.
Fig. 2. Purification and polymerization of recombinant actin. (A) SDS-PAGE of purified actins. La
actin; Lane 4: E99K actin; Lane 5: A230V actin. (B) Polymerization of 0.2 mg/ml G-actin, monito
the saturation level (at ~2800 s) of WT actin.
3.3. pCa–tension study

To determine the effect of HCM-related actin mutants on
Ca2+-sensitivity (pCa50) and cooperativity (nH), tension of the
thin filament-reconstituted fibers was studied as a function of
[Ca2+]. pCa–tension data were fitted to Eq. (1) (Fig. 4). Both E99K
and A230V shifted the pCa–tension curve to the left (Figs. 4A and
B) with increased pCa50 (5.80 ± 0.03, N = 13, and 5.77 ± 0.03,
N = 20, respectively) compared to WT (5.69 ± 0.02, N = 11)
(Fig. 4C and Table S1). Cooperativity (nH) was also calculated by
averaging the nH of individual curves (Fig. 4D and Table S1). E99K
and A230V showed significantly decreased cooperativity com-
pared to WT (E99K: 1.87 ± 0.21, N = 13; A230V: 1.60 ± 0.11,
N = 12; WT: nH = 2.6 ± 0.3, N = 11).

3.4. Sinusoidal analysis and cross-bridge kinetics in the presence of Tm/Tn

Sinusoidal analysis was performed to characterize the elementary
steps of the cross-bridge cycle of the reconstituted fibers as reported
previously [20,28,41]. Two apparent rate constants, 2πb and 2πc, were
measured as functions of [ATP] and [Pi] (Fig. 5). The rate constant 2πb
ne 1: Precision plus protein dual color standards (Bio-rad); Lane 2: BVC actin; Lane 3:WT
red as the increase of light scattering signal. All light scattering signals were normalized to



Fig. 3. Summary of isometric tension and stiffness. (A): Ta: Active isometric tension of the actin-filament reconstituted cardiacmuscle fibers in the absence of Tm/Tn; THC, TLC and Tact: isometric
tension of the reconstituted fibers in the presence of Tm/Tn. All tension (Ta, THC, TLC and Tact) was measured and normalized to T0 (initial tension of native fibers before extraction, T0 = 26.9 ±
1.1 kPa, N = 41). THC (high Ca2+ tension at pCa 4.66) and TLC (low Ca2+ tension at pCa 8) were measured from the absolute baseline. Tact = THC − TLC; (B): The allostery of Tm/Tn on
isometric tension, shown by THC/Ta; (C): Stiffness (Y) of the reconstituted fibers in the presence of Tm/Tn. Subscripts HC, LC, and act correspond to those of tension. Rigor was induced
from fully reconstituted and Ca2+ activated fibers by washing out ATP, but YLC was not subtracted. Other than the absolute baseline, all experiments were performed at 25 °C. *Signifi-
cantly different fromWT actin (p b 0.05).
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with the mutants was not significantly different from WT among the
different Pi concentrations studied (Figs. 5A and B). The rate constant
2πc of E99Kwas not significantly different fromWT among the different
ATP concentrations studied (Fig. 5C), but 2πc of A230Vwas significantly
different from WT at all [ATP] studied (Fig. 5D). The apparent rate
constant data as functions of the ligand concentrations were fitted to
Eqs. (16) and (17) of [41], which was based on Scheme 1, and the best
fit curves are shown in Fig. 5. The fits were generally satisfactory, from
whichwe deduced the rate and association constants of the elementary
steps of the cross-bridge cycle shown in Scheme 1. These constants are
collectively referred to as “kinetic constants” of the elementary steps of
the cross-bridge cycle, and plotted in Fig. 6 and listed in Table S1. E99K
did not cause significant changes in any of the kinetic constants
compared to those of the WT. A230V caused an ~36% decrease in
Fig. 4. pCa-tension study comparingWT actin, E99K actin, and A230V actin reconstitutedfibers
actin (○, N = 13) reconstituted fibers; (B) pCa-tension plots comparingWT actin (same as in A
mean± SE, and continuous curves are the results of fitting the averaged data to Eq. (1). Tension
(C) Results of Ca2+ sensitivity (pCa50), and (D) cooperativity (nH) are compared for WT, E99K
averaging the fitted parameters of each curve. *Significantly different fromWT actin reconstitu
K1, ~43% decrease in k2 and ~40% decrease in k−2 compared to those
of the WT; these decreases were significant (p b 0.05).

3.5. Cross-bridge distribution and force per cross-bridge in the presence of
Tm/Tn

Actin directly interacts with myosin and is the key element of
force generation. Mutations in actin, especially those residues direct-
ly involved in the AM interface, are likely to affect the AM binding.
Altered AM binding may either change the number of force generat-
ing cross-bridges, or the force generated by each cross-bridge. To
discriminate between these possibilities, we calculated the distribution
of cross-bridges in each state under the standard activating condition as
described [42] (Fig. 7). Neither E99K or A230V showed significant
in the presence of Tm/Tn. (A) pCa-tension plots comparingWT actin (■, N= 11) and E99K
) and A230V actin (○, N = 20) reconstituted fibers. In (A) and (B), symbols represent the
was normalized against T0 (initial tension of native fibers before thin-filament extraction).
, and A230V actin reconstituted fibers. The values of the pCa50 and nH were calculated by
ted fibers (p b 0.05).



Fig. 5.Apparent rate constants ofWT, E99K, andA230Vactin reconstitutedfibers in the presence of Tmand Tn. The apparent rate constant, 2πb, is plotted against [Pi], and the apparent rate
constant, 2πc, is plotted against [MgATP].Symbols represent themean ± SE. Curves were generated by fitting the data to Eqs. (3) (A–B) and (4) (C–D) of [28]. A–B: 2πb is plotted against
[Pi]. C–D: 2πc is plotted against [MgATP]. Dashed line represents mutant actin and solid line represents WT actin.
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changes in any cross-bridge states compared to those of theWT. Att indi-
cates the sum of all strongly attached (force generating) cross-bridges:
Att = AMD + AM + AM *S + AM *DP + AM *D. The percentage of
the Att state was similar among WT and mutant actins (WT: 69 ± 2%;
E99K: 72±6%;A230V: 73±2%), indicating that thenumber of force gen-
erating cross-bridges was not changed by any of the mutant actin pro-
teins. Consequently, it can be concluded that E99K and A230V had little
effect on steady state cross-bridge cycling in the presence of Tm/Tn.

4. Discussion

4.1. Mechanical defects at the sarcomere level caused by a mutation are
directly related to the HCM disease phenotype and pathogenesis

The pathological manifestations of HCM are highly variable and
different in each individual mutation [43,44]. Even different mutations
within the same protein can lead to a different disease phenotype to
result in a different prognosis [44]. These observations led us to believe
that the underlying molecular mechanisms behind a disease phenotype
may be different for each mutation [38]. While the exact mechanism of
how different molecular events lead to the appearance of the same
HCM phenotype remains unclear, it is likely that abnormal pressure
load (a mechanical defect) on cardiomyocytes plays a central role in
this process [45–47]. There are emerging lines of evidence demonstrating
that a sarcomere is not only a force generating unit, but also a signal
sensing unit that detects the mechanical signal from abnormal force
generating processes, and activates signaling cascades, in which titin is
thought to play a role as a mechanosensor and a regulator [48,49]. This
would eventually result in HCM. Our previous investigations on disease
related Tm mutations have demonstrated that the mechanical defects
of sarcomeres can directly determine the major symptommanifested in
patients: HCM associated Tm mutants result in the impaired relaxation
of myocytes, which leads to a diastolic dysfunction of the heart; DCM
associated Tm mutants result in insufficient contractility, which leads to
a systolic dysfunction [27,28].

It is of great interest to find out the immediate mechanical defect
caused by a specific sarcomeric protein mutation, as this is the first
step to pathogenesis. In this report, we have measured 19 parameters
associated with cross-bridge functions (Table S1). In the case of E99K,
only a few parameters were different from WT: an increase in pCa50
and decreases in nH (Fig. 4). These result in larger tension during partial
activation, hence difficulties in relaxing that cause a diastolic problem.
This problem is apparently more severe in A230V than in E99K, because
the decrease in nH ismore than that of E99K (Fig. 4D). In addition, A230V
has diminished K1, k2 and k−2 (Fig. 6), whichmay contribute to theHCM
pathogenesis. Lastly, the decrease in Ta for both mutants (Fig. 3A)



Fig. 7. Cross-bridge distributions of WT, E99K and A230V actin reconstituted fibers in the
presence of Tm and Tn. From the equilibrium constants, the cross-bridge distributions
over six states (see the cross-bridge model in Scheme 1) under the standard activating
condition (5 mM MgATP, 8 mM Pi, 0.01 mM MgADP) were calculated for the WT
and mutant actins. Att indicates the sum of all strongly attached (force generating)
cross-bridges: Att = AMD + AM + AM *S + AM *DP + AM *D. The distribution
was calculated individually and averaged for 11–20 fibers.

Fig. 6. Kinetic constants of WT, E99K and A230V actin reconstituted fibers in the presence of Tm/Tn. The kinetic constants of the cross-bridge cycle (Scheme 1) in reconstituted fibers are
compared among WT and mutant actins. *: p b 0.05. (A) Rate constants. (B) Equilibrium constants.
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indicates an intrinsic impairment of the AM interaction,whichmanyalso
cause a problem for the heart. The decreased rigor stiffness (YRG, Fig. 3C)
in both mutants indicates that the AM interface is weakened.

We have recently reported the study on another HCM related actin
mutant A331P by measuring the same parameters [31]. With our
studies, all three actin mutants (E99K, A230V and A331P) exhibited
significant mechanical defects. E99K is the most extensively studied
mutant among all HCM causing actin mutants, including both a
transgenic mouse study [50] and a comprehensive patient study on
129 samples from 5 families [11]. Our investigation indicates that,
except for the increased Ca2+ sensitivity, decreased cooperativity,
Ta, and rigor stiffness, E99K causes no other mechanical defects
(Table S1) in the reconstituted myocardium together with Tm and
Tn. Compared with those of Tm and TnT disease causing mutants [27,
28,38], E99K causes minimum changes in the biophysical properties.
Therefore, it is expected that E99K causes a benign disease penetrance
compared to Tm and TnT mutants. Indeed, a comprehensive patient
study showed that E99K was a benign mutation with only few sudden
cardiac deaths [11]. Specifically, our result indicates that E99K doesn't
change the normal contractility of the cardiac muscle (TLC and THC,
Fig. 3A; no change in cross-bridge kinetics, Fig. 6), which is consistent
with the fact that systolic dysfunction is rare in E99K mutation bearers
[11]. If we compare the mechanical defect caused by the actin mutant
E99K with that of myosin mutants R403Q and R453C, which are known
to severely interfere with the normal mechanical functions of sarcomeres
[51], we come to the conclusion that a change in the normal sarcomeric
function is directly related to the disease penetrance and pathogenesis.

Skinned cardiac muscle fibers from E99K transgenic mice showed
similar mechanical changes to those measured in our study: increased
Ca2+ sensitivity and unchanged contractility [21]. However, transgenic
mice bearing the E99Kmutation showed significant diastolic dysfunction
and lowered ejection fraction at the whole heart level [21], whereas
our study indicated a normal relaxation (TLC, K1, k2, k−2) and normal
contractility (Tact, k4, k−4, K5) (Figs. 3 and 6). Transgenic mice bearing
the E99K mutation also showed significant secondary effects of the
mutation on the heart, including the enlarged atria, increased interstitial
fibrosis, sarcomere disarray, and cardiac hypertrophy [21]. It is likely that
these secondary effects were the underlying cause of the observed
diastolic dysfunction in transgenic mice. In contrast, our thin-filament
reconstituted fibers did not contain the secondary effects, and all the
observed changes are the primary effects directly caused by the actin
mutation. Results from in vitro motility and laser trap assays using
E99K expressed by the baculovirus/insect cell expression system [24]
were at variance with ours. It was found in the in vitro motility assay
that E99K caused no changes in Ca2+ sensitivity, but caused significantly
slower sliding velocity and ADP release rate [24]. Laser trap assay
showed that E99K caused significantly less strong-binding cross-
bridges [24] (similar to our Fig. 3A in the absence of Tm/Tn). However,
these observations were made by using simpler protein complexes.
Furthermore, these assays were performed in the low IS solution
(~50 mM) in the absence of Pi, which are remote from the real physio-
logical conditions that exist in working cardiomyocytes (~215 mM IS
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and ~6 mM Pi) [52,53]. Our experiments were performed close to the
physiological conditions (200 mM IS and 8 mM Pi) using muscle fibers
where all contractile proteins are present in high concentrations.
Therefore, it is reasonable to observe some different results because of
these differences in the experimental conditions. Consequently, it can
be said that our approach mimics the real physiological conditions
better than those of in vitro motility assays, hence the mechanism
proposed is a better approximation of the disease pathogenesis.

There are limited patient studies on A230V and A331P, making it
difficult to analyze the genotype–phenotype relationship in humans.
However, based on our current data showing that A230V, similar to
E99K, only caused minimum interference with the normal sarcomeric
functions, we may also expect benign phenotype in patients carrying
this mutation. In fact, in the limited patient data carrying these two
actin mutations, no systolic dysfunction was detected [7,9], which is con-
sistent with our finding that the contractility (THC) was not changed from
WT in the reconstitutedmyocardiumwith A230V. A331P actually caused
more significant changes (decrease in THC and Tact); therefore, we expect
to seemore severe disease phenotype andpoorer prognosis in A331P car-
rying patients than those carrying the E99K or A230V mutation. Because
A230V exhibited more changes in the measured parameters (K1, k2, and
k−2: Fig. 6) than in E99K, a person carrying ACTC A230V is expected to
have a severer disease phenotype than a person carrying E99K.

4.2. Tm may act as a fail-proof mechanism of the AM interaction

The core force generating machinery in a sarcomere is the ATM
complex, which performs the key function of Ca2+ regulation and force
generation. Existing literature shows that all disease causing sarcomeric
protein mutations result in abnormal ATM interactions and/or abnormal
Ca2+ sensitivity. It is generally believed that Tm works as the regulator
and enhancer of the AM interaction [20,54]. In this study, we have
demonstrated that Tm also acts as a fail-proof mechanism in the AM
interaction; Tm appears to rescue the impaired AM interaction caused
by actin mutants E99K and A230V.

Using the thin-filament extraction/reconstitution technique,
we measured tension in the absence (Ta) and in the presence (THC) of
Tm/Tn, and evaluated the positive allosteric effect of Tm on the AM
interaction using the THC/Ta ratio. In the absence of Tm/Tn, both E99K
and A230V resulted in decreased tension (Ta, Fig. 3A and Table S1)
compared to that of theWT, indicating thatAM interactionswere indeed
weakened by these mutants. The similar reduction of the rigor stiffness
(Fig. 3C) complements this conclusion. E99 is located in a negatively
charged region in actin and is in close proximity with K494 of myosin
suggesting an electrostatic interaction [15]; therefore, amutation carrying
an opposite charge (E99K) decreases the electrostatic interaction
between actin and myosin and result in a decreased tension production.
With actin mutant A230V, the fact that Ta decreased compared to WT
(Fig. 3A) indicates that AM interactions are also weakened, although it
has been known that A230 is located in the subdomain 4 of actin, and
remote from the AM interaction sites. It is possible that the mutation
A230V may change the overall topology of the actin molecule, thus
exerting an effect on the AM interaction, as has been shown (“gestalt”
binding) in Tm mutations [55]. A230V is located in close proximity to a
putative Tm binding segment of actin (residues 232–238: SSSSLEK)
under the “open state”, but not in the “blocked state” [15]. Because
A230V increases the hydrophobicity, it may be that the actin–Tm (AT)
interaction is either increased or not changed, hence there is a significant
allosteric activation by Tm as we have observed (Fig. 3B and Table S1).

In E99K and A230V reconstituted fibers, the addition of Tm/Tn
rescued the impaired AM interaction caused by E99K or A230V, and
helped tomaintain normal contractility in the reconstitutedmyocardium
(Figs. 3A and B). THC/Ta was ~1.2 for WT actin, indicating that the
presence of Tm enhanced tension production by ~20%. For E99K
and A230V, THC/Ta was 1.5–1.6 (Fig. 3B). How Tm compensated the
impaired AM interaction for these two mutants remains unknown.
One possibility is that, in the absence of Tm, these HCM related
actin mutants caused a mismatch between actin and myosin, leading
to decreased tension; in the presence of Tm, the correct overall topology
of the actin–myosin interface is restored by Tm, reducing the effect of
single mutation and showing an enhanced positive allosteric effect of
Tm. This possibility may help explain the minimum interference
of E99K and A230V in sarcomeric function. Consequently, Tm may
function as a fail-proof mechanism in the AM interaction by ensuring
the right topology in the AM interface. The effect of a mutation in the
AM interface may be reduced to the minimum if the overall topology
remains intact in the presence of Tm.
4.3. Possible contamination of insect actin and its effect

Because insect actin is 92% identical to the recombinant human
cardiac actin (called WT in this report), it was not possible to separate
them during the purification process. The exact amount of insect actin
contamination, however, is not important for our study. Table S1 in the
Supporting Materials demonstrates that 17 parameters out of 19 were
not significantly different when comparing BVC actin reconstituted
fibers (2nd column) andWT actin reconstituted fibers (3rd column),
indicating that there is not much effect of insect actin. The amino acid
sequence of BVC and WT actins is identical, and the only difference is
that WT actin may have insect actin contamination. In contrast, 10 of
the measured parameters were significantly different when insect
actin (which is a β-actin) was used for reconstitution as the internal
control (last column, Table S1). From these data we infer that the effect
of insect actin is almost negligible. When mutant actins were used for
reconstitution, the majority of the parameters were not significantly
different from WT, which resulted in almost identical cross-bridge
distribution (Fig. 7): one of the main conclusions of our study. If rigor
stiffness is compared, insect actin reconstituted fibers showed lower
stiffness (1.62 ± 0.46 MPa) than that of BVC actin reconstituted fibers
(2.23 ± 0.21 MPa), but stiffness produced by E99K actin (1.28 ±
0.12 MPa) or by A230V actin (1.08 ± 0.07 MPa) was even lower than
that of insect actin, indicating that the effects are based on mutant
actins. Similarly, if pCa50 is compared, the value for WT actin is
5.69 ± 0.02, and the value for insect actin is 5.53 ± 0.02 and less
than that of WT, whereas the value for E99K is 5.80 ± 0.03 and for
A230V is 5.77 ± 0.03, and larger than WT. Therefore, the increased
Ca2+ sensitivity is the property of the mutant actins. The allostery
was positive with WT (1.17 ± 0.08) and it increased in mutants
(1.59 ± 0.14 for E99K, 1.50 ± 0.07 for A230V), but it was negative
(less than 1) when insect actin (0.75 ± 0.08) was used. Thus, we
conclude that the increased allostery is the property of the mutants.
5. Conclusion

Based on the results from experiments on thin-filament reconstituted
cardiac muscle fibers, we conclude that the abnormal ATM interaction
caused by the actin mutant acts as the key factor in the HCM pathogene-
sis. Tm may act as a fail-proof mechanism in the ATM complex in actin
mutants E99K and A230V, which rescues the impaired AM interaction
and possibly results in the relatively benign symptoms in patients
carrying these mutations. Our experiments have demonstrated that
the immediate effect of E99K on sarcomere function is increased
pCa50 (Fig. 4C) and decreased nH (Fig. 4D), which cause larger tension
during partial activation and may lead to a diastolic problem. The effect
on nH is severer with actin mutant A230V (Fig. 4D). In addition, A230V
has a problemof decreasedK1 (Fig. 6B), k2 and k−2 (Fig. 6A),which affect
the normal functions of cross-bridges and may contribute to the first
step of theHCMpathogenesis. The fact that Ta (Fig. 3A) and rigor stiffness
(Fig. 3C) decreased in both mutants may have additional significance in
the development of the disease phenotype.
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