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Abstract Mutations have been identified in a-tropomy-
osin (Tm), a key regulatory protein in striated muscle
cells, that are associated with a human cardiac myopathy,
hypertrophic cardiomyopathy (FHC) and a human skele-
tal myopathy, nemaline myopathy (NM). In this review,

JosepH M. METZGER

Joseph Metzger received his
Ph.D. from Marquette Univer-
sity and post-doctoral training

Heis currently Associate
Professor of Physiology and
Internal Medicine at the Uni-
versity of Michigan. Hisre-
search is focused on genetic
modification of cardiovascular
function. His work features
transgenesis and gene transfer
approaches to re-design heart
function in health and disease.

at the University of Wisconsin.

DANIEL E. MICHELE

Daniel Michelereceived his
Ph.D. in Physiology from the
University of Michigan where
he focused on the role of tro-
pomyosin mutations in diseas-
es of cardiac and skeletal mus-
cle. Heiscurrently a post-doc-
toral fellow at the University
of lowa. His current interests
are the molecular mechanisms
of muscular dystrophy and
their relationship to disease-
associated cardiomyopathies.

D.E. Michele - JM. Metzger ([ ])

Department of Physiology, University of Michigan,

Ann Arbor, M| 48109, USA
e-mail: metzgerj@umich.edu

Tel.: +1-734-7635844, Fax: +1-734-9368813

JM. Metzger

Department of Physiology, 7730 Medical Sciencell,
University of Michigan, 1301 E. Catherine, Ann Arbor,

MI 48109-0622, USA

we highlight experiments aimed at identifying the under-
lying mechanisms by which mutations in a-Tm cause in-
herited diseases of cardiac and skeletal muscle. Gene
transfer of normal and mutant a-Tm to isolated adult
cardiac myocytes was used to study the primary effects
of mutant a-Tm proteins on the structure and contractile
function of fully differentiated striated muscle cells.
Both FHC and NM mutant a-Tm proteins incorporated
normally into the adult muscle sarcomere, similar to nor-
mal Tm but exerted differential “dominant-negative’ ef-
fects on the contractile function of the muscle cell. FHC
mutant o-Tm proteins produced hypersensitivity of
Ca?+-activated force production with a hierarchy that
was related to the clinical severity of each mutation.
Conversely, the NM mutant o-Tm produced a hyposensi-
tivity of Ca2+-activated force production that may under-
lie, at least in part, the muscle weakness observed in
NM. Taken together, the results suggest that the differen-
tial changes in the ability of the mutant Tm proteins to
regulate muscle contraction in response to changing Ca2*
concentrations underlie the differential clinical presenta-
tion of the cardiac and skeletal muscle myopathies asso-
ciated with mutationsin o-Tm.
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The contractile apparatus of fully differentiated striated
muscle, which includes both cardiac and skeletal muscle,
is acomplex array of proteins arranged in interdigitating
thick and thin filaments and is designed to produce both
force and motion. The overall structure and regulation of
cardiac and skeletal muscle are generally similar. Depo-
larization of the striated muscle cell membrane leads to a
transient release of Ca2* from the internal Caz* stores of
the sarcoplasmic reticulum. Ca2* then binds to the tropo-
nin regulatory complex which initiates conformational
changes in the thin filament, initiating muscle contrac-
tion. The troponin complex is composed of three sub-
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units. Ca2* binds to the troponin C (TnC) subunit, which
causes changes in the interactions of TnC and troponin |
(Tnl), relieving the inhibitory binding of troponin | to
actin. The release of inhibition is transmitted through
troponin T (TnT) to tropomyosin (Tm), a coiled-coil di-
mer that coils around the actin filament and spans seven
actin monomers for every troponin complex. Binding of
Ca?* to troponin alows the movement of Tm over the
surface of the actin filament, which exposes stereospecif-
ic myosin binding sites on actin. Myosin can then bind
strongly to actin and use ATP hydrolysis to drive both
force production and muscle shortening (for review see
[1, 2]). Therefore, Tm plays an integral role in the regu-
lation of muscle contraction, as it “relays’ the informa-
tion from the Ca2* sensor, a single troponin complex, to
the seven actin monomers and the actin/myosin interac-
tions that produce force and motion.
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Fig. 1A—C Tropomyosin structure and mutations associated with
hypertrophic cardiomyopathy and nemaline myopathy. A Align-
ment of apha tropomyosin (aTm) isoforms. Genebank accession
numbers are: TPM3, X04201; TPM1, M19713; rat, SEG_RAT-
TMA; C. e, D38540. B Position of Tm mutations in the primary
structure of a-Tm. The shaded areas represent the putative re-
gionsin o-Tm that bind troponin T (TnT) [17]. C Predicted apha
helical coiled-coail structure of a-Tm. View isfrom the N-terminus
of a-Tm looking down the axis of the Tm dimer. The positions
“a—g" are the amino acids of the alpha-helical heptad repeat in a-
Tm [18]

Multiple tropomyosin isoforms exist and are ex-
pressed in almost every mammalian cell type. These dif-
ferent isoforms result from the alternative splicing of
four different Tm genesin humans[3]. In cardiac muscle
of adult rodents and humans, Tm is composed exclusive-
ly of a-Tm (TPM1 gene product) which is identical in
sequence to that expressed in fast-twitch skeletal muscle.
Embryonic cardiac muscle is composed primarily of Tm
expressed from the 3-Tm gene (TPM2). Thus, thereis a
developmental switch from B-Tm to a-Tm during the de-
velopmental maturation of the adult heart. Adult skeletal
muscle is composed of a-Tm and B-Tm with the relative
amounts of each being dependent on fiber type [4]. In
slow skeletal muscle, the predominant a-Tm isoform is
expressed from the TPM3 gene. The comparison of the
sequences of TPM1 and TPM3 Tm in Fig. 1A shows that
the a-Tm expressed from the TPM1 gene or the TPM3
gene shows a high degree of sequence identity and con-
vergence, especialy near the N-terminus of a-Tm. The
TPM4 gene encodes a non-muscle Tm expressed in fi-
broblasts and platelets [3].

Tropomyosin mutations and diseases of cardiac
muscle: familial hypertrophic cardiomyopathy

The key role of Tm in the regulation of striated muscle
contraction has been highlighted by the identification of
mutations in Tm genes that are associated with inherited
human diseases of cardiac and skeletal muscle (Table 1).
Familial hypertrophic cardiomyopathy (FHC) is an in-
herited disease of heart muscle characterized by abnor-
mal cardiac hypertrophy in the absence of known sys-
temic stimuli for cardiac hypertrophy [5, 6]. In addition
to cardiac hypertrophy, FHC often results in structural
abnormalities of myocyte disarray, sarcomere disruption
and interstitial fibrosis, which can lead to cardiac ar-
rhythmias causing premature sudden cardiac death. FHC
is the leading cause of sudden death in the young, most
notably young competitive athletes [7, 8]. Generaly,
FHC isinherited as an autosomal dominant disorder and
is geneticaly heterogeneous. All the FHC mutations
identified thus far are in genes encoding the contractile
proteins of the cardiac sarcomere including the 3-myosin
heavy chain (MyHC) and associated essential and regu-
latory myosin light chains, and the cardiac protein iso-
forms of TnT, Tnl, actin, and myosin binding protein C,

Table 1 Tropomyosin mutations and diseases of cardiac and skeletal muscle

Disease gene Mutation Inheritance Phenotype Reference
FHC TPM 1 AB3V Autosomal dominant Cardiomyopathy [11, 12]

TPM1 K70T Autosomal dominant Cardiomyopathy [12]

TPM1 D175N Autosomal dominant Cardiomyopathy [10, 11, 16]

TPM1 E180G Autosomal dominant Cardiomyopathy [10, 16]
NM TPM3 M9R Autosomal dominant Adult-onset skeletal myopathy [23]

TPM3 3lstop Autosomal recessive Severeinfantile skeletal myopathy [28]

TPM1 Candidate gene Autosomal recessive Severe infantile skeletal myopathy [29]




and the TPM1 gene encoding a-Tm [6, 9]. Thus, FHC
has been termed a “disease of the sarcomere” [5]. There
have been four mutations identified in a-Tm (TPM1
gene) associated with hypertrophic cardiomyopathy and
they account for about 5% of all cases of FHC (although
Tm mutations are more prevalent in the Finnish popula-
tion, >25%) [10, 11, 12, 13].

In concordance with the varied effects of severa oth-
er FHC alleles even within given kindreds [14], the FHC
mutations in Tm, A63V, K70T, D175N and E180G, are
clinically heterogeneous. The D175N mutation has now
been identified in several unrelated kindreds, suggesting
that this site may be a mutationa “hot spot” for the dis-
ease [15]. Patients from families with the D175N muta-
tion show varied amounts of cardiac hypertrophy but
consistently show a benign clinical outcome with no in-
creased incidence of sudden death. Although the analysis
of the A63V, K70T and E180G mutations are limited to
small numbers of kindreds, all of these alleles show fam-
ily histories of sudden cardiac death [10, 11, 12, 16]. It is
not known why different FHC mutations in the same
protein show markedly different disease outcomes. The
most attractive hypothesis is that the degree to which
each of these mutations changes the ability of Tm to reg-
ulate muscle contraction in cardiac muscle might under-
lie the severity of prognosis of different FHC mutations
inTm.

The position of Tm mutations associated with FHC in
the predicted structure of Tm are shown in Fig. 1B. Two
of the mutations, E180G and D175N, lie in regions asso-
ciated with TnT binding [17], which suggests that these
mutations might alter the interactions of Tm with the tro-
ponin complex. In contrast, the A63V and K70T muta-
tions lie in a region not known to interact with TnT,
which suggests these | atter two mutations could alter Tm
function by different mechanisms. However, in terms of
the interactions within the Tm protein itself, the posi-
tions of each of the FHC mutations are all highly similar.
That is, each of the mutations reside in “€” or “g” posi-
tions of the alpha-helical heptad repeat that exists along
the entire length of Tm proteins (Fig. 1C). These resi-
dues are generally charged amino acids that are thought
to be involved in stabilizing the coiled-coil structure of
o-Tm [18] and three of the mutations remove charge
from those positions. Therefore, all four FHC mutations
may destabilize the coiled-coil structure, increase Tm
flexibility in the regions surrounding the mutations and
have convergent effects on the ability of Tm to regulate
muscle contraction. In support of this hypothesis, bio-
chemical studies on D175N or E180G mutant tropomyo-
sin homodimers show increased local flexibility about
the mutated residues and altered actin binding conforma-
tion in the state that allows myosin binding [19].

Another interesting feature of Tm-associated FHC is
that although the TPM 1 gene that is mutated is expressed
in both cardiac and skeletal muscle [3, 20], patients with
FHC mutations in a-Tm do not present a noted skeletal
myopathy [10]. Thisisin contrast to FHC patients with
mutations in the B-MyHC, who often develop central
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core disease in their slow skeletal muscle fibers [21] be-
cause both normal and mutant 3-MyHC proteins are ex-
pressed in slow-twitch muscle fibers [22]. It has not been
determined why FHC mutations in a-Tm do not produce
an overt skeletal myopathy.

Tropomyosin mutations and diseases
of skeletal muscle: nemaline myopathy

This absence of a skeletal myopathy associated with
FHC mutations in Tm is quite surprising in light of the
recent evidence that mutations in the TPM3 gene, which
encodes a nearly identical a-Tm expressed in slow-
twitch skeletal muscle fibers, produce a skeletal myopa-
thy known as nemaline myopathy (NM) [23]. The TPM3
gene is not expressed in cardiac muscle, which is proba-
bly why NM patients with this mutation do not have any
evidence of a cardiac myopathy. The TPM3 gene pro-
duces a Tm that is nearly identical (>90%) to TPM1 Tm
(Fig. 1A). The methionine that is mutated in TPM3
(M9R) and the entire N-terminal region of Tm are highly
conserved among many muscle Tm isoforms from hu-
mansto C. elegans (Fig. 1A).

NM is genetically heterogeneous with autosomal
dominant and recessive inheritance; it is aso clinically
heterogeneous, with neonatal-, childhood-, and adult-on-
set forms with the most dramatic NM disease phenotype
being the “floppy infant” [24]. The hallmarks of NM are
severe muscle weakness and structures known as nema-
line rods, which are seen within biopsy samples of mus-
cle fibers. Nemaline rods are usually electron-dense en-
largements of the muscle Z-line. The origin of the nema-
line rods in muscle fibers is unknown, although they are
composed primarily of the Z-line protein apha-actinin
which normally helps anchor the actin filament into the
Z-line [25]. NM patients often present muscle weakness
before nemaline rods are visible, and sometimes nema-
line rods are not visible until a second biopsy [24], sug-
gesting that nemaline rods may be a secondary conse-
guence of disease. In addition to Tm, mutations in anoth-
er contractile protein, skeletal a-actin [26], and a struc-
tural protein of the skeletal muscle sarcomere, nebulin
[27], have been genetically linked to NM. Like TPM3,
these gene products are not expressed in adult cardiac
muscle either, and this probably explains why most NM
patients do not show evidence of the NM phenotype in
cardiac muscle. In addition to the MO9R mutation in a-
Tm, which results in an autosomal dominant childhood-
onset form of NM, a nonsense mutation at the 31st co-
don of TPM3 was very recently shown to be associated
with a severe neonatal-onset, recessive form of NM [28].
TPM1 is still considered a candidate gene for NM kin-
dred for which mutations have yet to be identified [29],
and there is a subset of NM patients who have features
of NM, including nemaline rods, present in cardiac mus-
cle[30].

The MOR mutation in a-Tm would be predicted to a-
ter the coiled-cail structure of the N-terminus of a-Tm.
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The MOR mutation resides in an “&" position (Fig. 1C)
of the alpha-helical coiled-coil structure of a-Tm which
is a “forbidden” position for charged amino acids [31].
The C- and N-terminus of a-Tm are unresolved in the
crystal structure of Tm [32], but recent NMR analysis of
an a-Tm N-terminus peptide suggests that a-Tm forms a
coiled-cail to the first amino acid on the N-terminus
[33]. The N-terminus of a-Tm, where M9R resides,
binds TnT and is also involved in the overlap of adjacent
Tm proteins [17]. Biochemical studies have shown that
deleting the first nine amino acids or peptidase removal
of the last 9-11 amino acids results in a-Tm proteins that
have negligible or reduced affinity for actin, indicating
that the N-terminus of Tm and the overlap region may
contain an important actin binding site [34, 35]. There-
fore, it remains unknown whether the NM mutant Tm,
which has an M9R mutation predicted to disrupt the
coiled-cail of the N-terminus, is able to assemble nor-
mally into the thin filaments of muscle cells.

Tropomyosin mutations in FHC and NM:
possible mechanisms of disease pathogenesis

In general, because the described point mutationsin Tm
associated with FHC and NM are both inherited as auto-
somal dominant disorders (patients are heterozygous for
the mutant Tm alleles), two general hypotheses of how
these mutations might result in FHC and NM have been
put forth. The first hypothesis is that the mutations be-
have as “nulls’, meaning that the stable protein is either
not expressed or cannot incorporate into the contractile
apparatus; therefore, NM and FHC patients suffer from
haplo-insufficiency or a reduced amount of Tm protein.
The aternative hypothesis is that these mutant proteins
incorporate normally into the contractile apparatus and
behave as “dominant negatives’ by directly altering ei-
ther the structure or the contractile function of muscle
cells.

Most of the evidence that FHC and NM Tm proteins
do not behave as “nulls” obtained so far has been indi-
rect. The murine striated muscle a-Tm gene has been
knocked out by two independent groups [36, 37]. Al-
though the homozygous knock-out (KO) is lethal, the
heterozygotes are viable and their cardiac muscle struc-
ture and function are indistinguishable from normal.
There was no detailed examination of skeletal muscle by
either group but there was no gross evidence of a skele-
tal myopathy. Interestingly, although there is a reduction
in the amount of a-Tm MRNA in the hearts and skeletal
muscle of heterozygous KO mice, the total amount of
Tm protein remains unchanged. This suggests that there
is post-transcriptional mechanism for maintaining total
Tm stoichiometry in the face of reduced amounts of Tm
gene transcription [37]. Similarly, when particular con-
tractile proteins, including Tm isoforms, are overex-
pressed in heart muscle using an a-MyHC promoter, the
total amount of contractile protein generally remains un-
changed [38, 39]. However, heterozygous murine KO’s

of a-MyHC have impaired cardiovascular function, sug-
gesting that “null” alleles of some contractile proteins
can affect muscle function [40]. In addition, it is not
known whether the FHC or NM mutant Tm proteins are
translated but not incorporated into the contractile appa-
ratus, and whether this would affect the stoichiometry of
the normal Tm protein.

Both FHC and NM patients show aterations in their
sarcomere structure and muscle morphology. Because
the contractile proteins are also important structural pro-
teins of the sarcomere, it is not known whether these ef-
fects on sarcomeric structure are directly due to the ef-
fect of the mutant contractile protein, or are a secondary
effect due to compensation for some direct effect of the
protein on function. Experiments using the expression of
mutant proteins in cultured muscle cells have attempted
to elucidate the direct effects of FHC mutant proteins on
the sarcomeric structure in the absence of compensatory
adaptations that might occur in vivo. The results from
these experiments are disparate. The expression of FHC
mutant B-MyHC in neonatal cardiac myocytes results in
incorporation of the protein without disrupting sarco-
mere structure [41], while the expression of the same
mutant protein in feline adult cardiac myocytes by re-
combinant adenovirus disrupts the cardiac sarcomere in
a portion of the cells (although incorporation of this mu-
tant protein was not demonstrated in the latter experi-
ments) [42]. Expression of FHC mutant TnT proteins has
been shown to have no direct effect on sarcomere struc-
ture in rat and feline adult cardiac myocytes [43, 44],
while different mutations in TnT disrupt sarcomere
structure in a small percentage of cells when the proteins
are expressed at high levelsin quail myotubes [45]. Until
recently, no experiments had examined whether expres-
sion of FHC or NM mutant a-Tm directly affects sarco-
mere structure. However, nemaline rods can be found in
a variety of conditions or myopathies unrelated to NM,
including AIDS infection, hemodialysis, and central core
disease [24]. The finding that muscle weakness can pre-
cede the development of nemaline rods suggests the sar-
comere alterations may be a secondary, and potentially
non-specific, consequence of NM [24]. Clearly, experi-
ments examining the direct effects of expression of these
mutant o-Tm proteins on sarcomeric structure in muscle
cells in vitro would have important implications for the
understanding of FHC and NM pathogenesis.

Gene transfer and muscle transgenesis. genetic systems
to understand the function of mutant Tm proteins

The present time is an exciting stage in muscle research
because of the recent development of experimental tools
that alow one to genetically manipulate cardiac muscle
cells both in vitro and in vivo [39, 46]. Both approaches,
namely transgenic animals and gene transfer to isolated
adult cardiac myocytes, have the capability of advancing
our understanding of the role of contractile protein muta-
tions in the pathogenesis of disease. Several laboratories



have used the a-MyHC promoter for expression and re-
placement of contractile proteins in adult mouse heart
muscle in vivo [47, 48, 49, 50, 51, 52, 53]. In addition,
investigators have used gene targeting to create knock-in
FHC mutations for MyHC and MyBP-C [54, 55]. Many
of these anima models show morphological hallmarks
of FHC, including myocyte disarray and interstitial fi-
brosis, but variable effects on cardiac hypertrophy.
Clearly, anima models of disease are critical for under-
standing how these mutant proteins might alter organ
function, and perhaps for understanding the secondary
phenomena that occur in these diseases. However, ani-
mal models may be difficult to interpret because any
phenotype measured, morphological or functional, could
be due to either the direct effect caused by that protein
and/or the compensatory adaptations the animal has em-
ployed to counteract an initial defect. Therefore, in order
to sort out what are the primary defects in muscle cells
caused by these mutant proteins with the goal of under-
standing the primary mechanisms of disease pathogene-
sis, an aternative approach would provide important ad-
ditional insight.

A complementary approach to identifying the direct
effects of mutant contractile proteins on the structure and
function of muscle cells is to use gene transfer into iso-
lated, fully differentiated adult cardiac myocytes. Using
isolated cells allows the assessment of the direct effects
of mutant proteins on the structure and function of mus-
cle cells without the compensatory adaptations that
might occur in vivo to maintain homeostasis and the life
of the organism. Adenoviral vectors provide a highly ef-
ficient method of rapidly modifying fully differentiated
adult cardiac myocytes in vitro without altering the mor-
phological stahility, contractile protein isoform expres-
sion and stoichiometry, or isometric force production of
the muscle cells [56]. Westfall et a. [57] demonstrated
that adenoviral gene transfer to adult cardiac myocytes
combined with single cell isometric force measurements
provides a new method for studying the structure—func-
tion relationship of a contractile protein (Tnl) in the con-
text of a fully differentiated adult muscle cell [57].
Adenoviral gene transfer to adult cardiac myocytes has
been used previously to study the effect of FHC muta-
tions in B-MyHC on the structure of adult cardiac myo-
cytes [42] and the effects of FHC mutations in TnT on
the structure and contractile function of adult cardiac
myocytes [43, 44].

Thus far, other methods for studying mutant contrac-
tile proteins in fully functional muscle cells have been
not readily applicable to the study of Tm structure/func-
tion, probably because of the integral role of Tm in
maintaining the structure of the thin filament. Extraction
and reconstitution have been used by several investiga-
tors to study Tnl and TnT structure/function and the po-
tential dominant negative effects of FHC mutations in
permeabilized muscle fibers (for review see Redwood et
a. [58]). But even for these more readily extracted pro-
teins, perturbations in force production are often seen
even after reconstituting wild-type (WT) TnT or Tnl pro-
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teins, thus the quality and quantity of extraction/ recon-
stitution when trying to compare mutant contractile pro-
teins can potentially affect the interpretation of these re-
sults. Fujita et al. [59] have reported methods for recon-
stituting entire thin filaments including actin, Tm and Tn
into gelsolin-treated (actin-extracted) cardiac fibers.
However, large variations in force recovery occur fol-
lowing reconstitution with actin (30-300%), and further
deterioration of force occurs after addition of Tm and
Tn, suggesting that several unexplained, non-specific ef-
fects of reconstitution are occurring. In addition, cul-
tured, differentiating quail myotubes, used previously to
study the functional effects of FHC TnT, do not tolerate
the transfection, selection and overexpression of normal
Tm [60, 61]. Finaly, Redwood et a. [62] has recently
shown that thin filaments reconstituted with 50% or
100% FHC mutant TnT behave in an opposite manner in
the in vitro motility assay, suggesting that the percentage
of mutant protein may be an important factor when eval-
uating the relevance of the findings of these assays to pa-
tients heterozygous for FHC mutations.

In this review, we describe recent experiments in
which gene transfer to adult cardiac myocytes has been
developed as a model system and used to understand and
compare how FHC and NM mutations in Tm directly al-
ter the structure and function of striated muscle cells to
gain an insight into the primary mechanisms of FHC and
NM pathogenesis. Gene transfer provides a unique in-
sight into the direct effects that these myopathy-causing
Tm mutations have on the structure and function of fully
differentiated striated muscle cells. These findings
should have important implications not only for under-
standing the primary mechanisms of important human
diseases but also for understanding the role of Tm in the
regulation of normal striated muscle contraction.

Gene transfer of Tm to adult cardiac myocytes:
direct effects of FHC and NM mutations
on Tm regulation of muscle contraction

In order to create a stable muscle system in which to
study the structure and function of genetically modified
contractile proteins, protocols have been developed to
maintain stable, fully differentiated adult cardiac myo-
cytes in primary culture in conjunction with extremely
efficient adenoviral gene transfer (>90% of the myo-
cytes) [46, 56]. Adenoviral-mediated gene transfer was
shown to be an effective and efficient method for replac-
ing a portion (approaching, on average, 35-45% of total
Tm in the muscle cell) of the endogenous a-Tm protein
in adult rat cardiac myocytes with human a-Tm [63]. In
addition, the use of epitope tagging, quantitative Western
blotting and immunofluorescence confocal microscopy
allowed the direct visualization and incorporation of
newly synthesized a-Tm and cTnl into the fully differen-
tiated muscle sarcomere. These experiments identified
how important contractile proteins are replaced within
the thin filaments of fully differentiated muscle contrac-
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tile apparatus [63]. Interestingly, the amount of expres-
sion and incorporation of Tm and cTnl achieved by gene
transfer over time in culture appears to be limited by the
turnover of the protein aready residing in the myofila-
ments [63]. Theinitial incorporation of a-Tm into the re-
gion about the pointed end of the actin thin filament, and
random incorporation of Tnl into the fully differentiated
sarcomere suggest a model of thin filament maintenance,
in which actin thin filaments remain for the most part in-
tact, with the mechanism of removal and replacement of
contractile proteins with newly synthesized proteins be-
ing highly dependent on the structural properties and
molecular interactions of the protein in the sarcomere.
Most importantly, the expression of human Tm by gene
transfer did not change total Tm stoichiometry or the
Caz*-activated isometric force production of the cardiac
myocytes [63], which demonstrates that specific replace-
ment of a portion of the Tm in adult rat cardiac myocytes
with WT human a-Tm can be achieved without altering
the contractile function of a fully differentiated muscle
cell.

In following studies, the gene transfer of norma and
mutant human a-Tm to adult cardiac myocytes was used
to determine the effects of FHC and NM mutations on
the ability of Tm to incorporate into the muscle sarco-
mere and, ultimately, on the ability of Tm to regulate
contraction in response to changing Ca2+ concentrations.
The analogous NM mutation in TPM3 was made in the
nearly identical TPM1 a-Tm (M8R, see Fig. 1A) for di-
rect comparison of this NM mutant Tm to the FHC mu-
tations in Tm. Interestingly, using epitope tagging and
immunofluorescence confocal microscopy to directly
follow the incorporation of the newly expressed Tm in
adult cardiac myocytes, al four FHC mutant o-Tm and
the NM mutant a-Tm were shown to incorporate into
sarcomeres similar to WT a-Tm [64, 65]. Quantitative
Western blotting showed that the expression level
achieved with all four FHC mutants and NM mutants
was similar to WT a-Tm ([(40% total Tm) without alter-
ing total Tm stoichiometry [64, 65]. Given that the FHC
and NM mutants can be expressed and incorporated into
sarcomeres similar to WT Tm (and in some experiments
were shown to be able to directly compete with the en-
dogenous Tm; see [65] for details), the partia replace-
ment of Tm by the mutant Tm is indeed desirable, be-
cause FHC and NM patients are heterozygous for each
of the mutant alleles. The gross sarcomeric structural al-
terations evident in FHC and NM patients were not seen
in muscle cells expressing FHC or NM mutant Tm
5-6 days after the gene transfer. These results suggest
that the FHC and NM mutant Tm proteins do not directly
alter sarcomeric structure and that these alterations in
sarcomeric structure are secondary and long-term conse-
guences of disease pathogenesis.

Most strikingly, expression of the FHC and NM mu-
tant a-Tm proteins had differential effects on the Ca2*
sensitivity of force production which may be related to
the different clinical presentation of these mutations
(NM mutations produce a skeletal muscle myopathy,

FHC mutant Tm
ABN=KTOT=E180G

force NM mutant Tm

MER

—— .
s skeletal Ca®* release

cardiac Ca?* release

[Ca?;

Fig. 2 Schematic summary of the effect of hypertrophic cardio-
myopathy (FHC) and nemaline myopathy (NM) mutations in a-
Tm on Ca2*-activated force generation in fully differentiated mus-
cle cells [64, 65]. The trace in gray represents a muscle cell ex-
pressing wild-type a-Tm. The black lines indicate the representa-
tive shifts in Ca2* sensitivity in muscle cells expressing either
HCM or NM mutant Tm. Shown by the bars on the bottom is the
range of Ca2* release during a normal cardiac muscle (solid bar)
or skeletal muscle (hatched bar) contraction [66]. As shown, Ca2*
released during normal cardiac contraction does not maximally ac-
tivate cardiac muscle. However, in skeletal muscle tetanic contrac-
tions, enough Ca2* is released to nearly fully activate skeletal
muscle contraction [68]

FHC mutations do not). Neither FHC nor NM mutant
Tm expression atered the maximal force production of
the fully differentiated muscle cells [64, 65]. However,
the FHC mutations increased the Ca2+ sensitivity of con-
traction in a-Tm, with the following allele hierarchy:
A63V>K70T>E180G>>D175NDWT [65]. In contrast,
the NM mutant a-Tm caused a decrease in Ca2* sensitiv-
ity (Fig. 2) [64]. These results suggest the FHC and NM
mutations differentially modulate the ability of Tm to
regul ate muscle contraction in response to changing Ca2*
concentrations. These data provide evidence that defects
in the ability of a-Tm to regulate contractile function
may be an important determinant in the differential
mechanisms that underlie the pathogenesis of mutant
Tm-associated FHC and NM.

FHC o-Tm: Ca2+ hypersensitivity and disease
pathogenesis

The gene transfer experiments identified a direct, con-
vergent effect of three of the FHC a-Tm mutations,
A63V, K70T, and E180G, namely to increase the Ca2*
sensitivity of force production. D175N a-Tm did not al-
ter Ca2* sensitivity of contraction at the levels of expres-
sion seen in these experiments. It cannot be ruled out
that D175N a-Tm has a primary effect on some other as-
pect of contraction not measured in these studies. How-
ever, recent evidence from a transgenic mouse model
suggests that higher levels of expression (>60% of total
Tm) of D175N a-Tm in mouse heart can increase the
Ca?* sensitivity of force production in isolated cardiac
muscle strips [53], while lines that had levels of expres-



sion similar to those seen in the gene transfer experi-
ments (40% of total Tm) had no alterations in CaZ* sen-
sitivity. These experiments suggest that the effects of
FHC mutations in a-Tm on Ca?*-activated force produc-
tion are probably all convergent, but that the threshold
expression for D175N a-Tm to have an effect on Caz*
sensitivity appears to be higher than that of the other
three mutations, which is consistent with the benign pre-
sentation of the D175N allele [15]. Thus, the hierarchy
of the effect of each Tm allele to alter contractile func-
tion appears to be related to the severity of the clinical
presentation of each allele. This convergent hypersensi-
tivity of Ca?*-activated force production might be ex-
pected to have large effects on force production in cardi-
ac muscle (Fig. 2) because normal Ca2* release in cardi-
ac muscle only reaches submaximal activation levels
[66]. In addition, as Ca2* is sequestered within the cardi-
ac myocyte, it is possible that force would remain high
and relaxation of the cardiac myocyte might be slowed,
contributing to the diastolic dysfunction and reduced
chamber filling seen in FHC patients [67].

The effect of FHC mutations to increase Ca?* sensi-
tivity without affecting maximal force production may
also explain why FHC patients with Tm mutations do
not show a skeletal muscle myopathy. The Ca2* released
during a skeletal muscle contraction (especialy tetanic
contractions) reaches concentrations that maximally acti-
vate skeletal muscle (Fig. 2) [68]. Therefore, FHC mu-
tant Tm would probably not augment the maximal force
production during normal Ca?* release in skeletal mus-
cle, and, therefore, not provide a stimulus for remodeling
in skeletal muscle that results in myopathy. The lack of
muscle cell disarray in skeletal muscle expressing FHC
mutant Tm also further strengthens the conclusion, from
the gene transfer studies, that sarcomere disarray caused
by FHC mutant Tm is a secondary consequence of func-
tional changes that are specific to the myocardium.

NM mutant a-Tm: Ca2* hyposensitivity and disease
pathogenesis

Gene transfer experiments have shown that the NM mu-
tation in a-Tm (M9R) exerts a “dominant negative’ ef-
fect that decreases the Ca2* sensitivity of force produc-
tion [64]. This finding supports the hypothesis that dif-
ferential effects of FHC and NM mutations on the ability
of a-Tm to regulate muscle contraction underlie the dif-
ferential clinical presentations of NM and FHC. Clearly,
NM mutations in Tm do not produce a cardiac myopathy
because the TPM 3 gene that is mutated is not expressed
in cardiac muscle. Unlike the FHC mutations in Tm ex-
pressed in skeletal muscle, which do not produce a skele-
tal muscle myopathy, the NM mutationsin Tm produce a
noted skeletal muscle myopathy characterized by skele-
tal muscle weakness. In that regard, it is noteworthy that
expression of the NM mutant Tm decreases the Ca?*+ sen-
sitivity of force production. Thus, in skeletal muscle
where the released Ca2* nearly maximally activates the
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contractile apparatus, the NM mutant Tm may reduce
force production during the normal release of Ca2*, and
this may in part explain the muscle weakness seen in
NM (Fig. 2).

In the gene transfer experiments nemaline rod forma-
tion did not occur directly as a response to NM mutant
o-Tm expression in quiescent myocytes or in myocytes
undergoing unloaded contraction [63]. Several argu-
ments favor the interpretation that NM rods are perhaps
not a direct effect of NM mutant a-Tm expression. First,
some NM patients do have nemaline rods within their
cardiac muscle, suggesting that nemaline rods can form
in heart muscle cells (if the mutant genes are expressed
there) [30]. Thus, the isolated heart cell seems to be an
appropriate model system of striated muscle for studying
NM rod formation. Second, as mentioned before, NM
rods appear to be a secondary consequence of multiple
changes in muscle physiology, such as HIV infection
[69], and thus may not be a specific, direct consequence
of amutant sarcomere protein [24].

The mechanism behind the formation of the nemaline
rods is unknown, because nemaline rod formation was
not seen in fully differentiated striated muscle cells in
vitro expressing NM mutant a-Tm. If the distribution of
NM a-Tm is not uniform within a given muscle fiber,
NM a-Tm-expressing sarcomeres may not be able to
produce as much force as other sarcomeres at similar
Ca2* concentration (Fig. 3). This heterogeneity of the
ability of sarcomeres to bear force has been hypothesized
to be directly involved in certain regions of muscle being
more susceptible to contraction-induced injury [70].
Similarly, when muscles contract against no load (as
shown in tenotomized muscles of rat) nemaline rods can
also form [71]. In this tenotomized rat experimental
model, the rod formation is dependent on the muscle be-
ing innervated. Thus, there may be interplay between the
load on the sarcomeres and the compensatory adapta-
tions that are trying to maintain force production in the
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muscle that lead to nemaline rod formation in vivo. NM
patients with the MOR mutation have a type Il fiber pre-
dominance, which is indirect evidence that changes in
muscle stimulus frequency may be occurring as a com-
pensatory change in NM patients [23]. If long-term cell
cultures of fully differentiated striated muscle cells could
be developed, it may be possible to test the hypothesis
that nemaline rod formation is load dependent by cultur-
ing muscle cells on elastic membranes [72] and imposing
length changes to contracting myocytes expressing NM
mutant a-Tm.

FHC and NM o-Tm: tools to tease out the role
of a-Tm in contraction

The finding that FHC and NM mutant a-Tm differential -
ly alter the Ca?* regulation of steady-state isometric
force production in permeabilized muscle cells was both
exciting and fortuitous, because these mutations provid-
ed insight into the role of a-Tm in the regulation of mus-
cle contraction. McKillop and Geeves [73] have pro-
posed a three-state model of thin filament regulation that
features a blocked state that does not allow myosin bind-
ing, a closed state that allows weak myosin binding, and
an open state that is induced by myosin binding and al-
lows strong, force-producing myosin binding to occur.
The three states are proposed to exist in equilibrium,
with a large proportion of the thin filaments in the
blocked state and a small portion in the closed state in
the absence of Ca2* [73]. In this model, the major Caz*-
sensitive step is a shift in the equilibrium from blocked
to closed such that the closed state is more heavily popu-
lated. It might seem likely that the FHC mutations in a-
Tm affect this step because the Caz* sensitivity of con-
traction increased. However, if this step is altered such
that the closed state is more highly populated in the ab-
sence of Ca2*, than an increase in force in the absence of
Caz* might be expected because myosin heads could
bind and induce an open state. No increase in force in
the absence of Ca?* was seen with FHC mutant Tm ex-
pression in adult cardiac myocytes (D.M. and J.M., un-
published data). Thus, it could be hypothesized that the
conformational changes caused by the FHC mutations in
o-Tm shift the equilibrium between closed and open to
the open state. Thus, at any given Ca2* concentration, the
likelihood of myosin attaching and undergoing a transi-
tion to a force-producing state is increased, resulting in
an increase in the Ca2* sensitivity of contraction. The sit-
uation for the NM mutations on the stability of various
thin filaments states is less clear. Clearly, alarge percent-
age of the blocked state is required for full inhibition and
relaxation. But force measurements really only examine
the open state (where crossbridge cycling and force pro-
duction can occur). Thus, NM mutations in a-Tm could
be inhibiting the blocked to closed transition or the
closed to open transition.

The convergent phenotype of the FHC mutations, and
their convergent position in the coiled-coil structure of

o-Tm, indicates that important conformational changes
in o-Tm may be occurring in the regions around amino
acids 63-70 and 175-180 during the transition from
closed to open states. These regions may need to be flex-
ible for a-Tm to adopt an open conformation, and thus
increasing the flexibility about these regions stabilizes
these states. Alternatively, these residues could be in-
volved in electrostatic interactions between a-Tm and
the actin filament. Molecular modeling studies of thin
filament reconstructions have shown that the interaction
of a-Tm and the actin filament might be primarily elec-
trostatic [74], so perhaps the residues that remove charge
are causing alocal charge change that stabilizes the open
state. However, the A63V mutation produced the largest
change in the Ca2* sensitivity of contraction and this res-
idue change does not effect the electrostatic charge. In
contrast to the FHC mutations, the destabilization of the
coiled coil in the N-terminus of a-Tm by the MOR NM
mutation may alter the interactions between adjacent a-
Tm proteins or perhaps TnT. Disruption of the N-termi-
nus by deletion or exon swapping has been shown to
block or ater a-Tm binding to actin in the absence of Tn
[34]. Because a-Tm, in the absence of Tn, has been
shown to bind to muscle actin in different states depend-
ing on the tropomyosin isoform, Tm appears to move
fairly easily between different states [75]. Perhaps dis-
ruption of the coiled-coil near the N-terminus destabiliz-
es the closed conformation enough to reduce the equilib-
rium constant for the transition from blocked to closed
which would reduce the Ca2* sensitivity of force produc-
tion.

Future directions

The results from the comparative gene transfer studies
have shown that the FHC and NM mutations differential -
ly alter the steady-state Ca2*-activated force production.
But cardiac myocytes normally respond to transient
changes in intracellular Ca2* concentration. Therefore,
an important next step will be to determine if and how
FHC and NM mutant Tm proteins differentially alter in-
tact muscle cell contraction. Further comparison of the
effects of FHC and NM mutations on the biomechanical
properties of intact muscle cells and exploring strong
crossbridges as activating ligands in permeabilized mus-
cle cells[76] will provide important insights into the role
of Tm in the regulation of myocyte contraction under
physiological and pathophysiological conditions.
Extrapolating the results of studies of isolated cardiac
myocytes to the function of the whole organ is an impor-
tant consideration and, therefore, animal models of FHC
and NM need to be examined. Recently, Muthuchamy et
al. [53] described a transgenic mouse line expressing
FHC mutant D175N murine a-Tm in the adult heart us-
ing an a-MyHC promoter. The phenotype of these mice
was remarkably mild. Transgenic mice showed no gross
ventricular hypertrophy, small systolic and diastolic
function abnormalities and only mild disruption of the



myocyte structure in less than 5% of the myocardium.
The results from the gene transfer experiments suggest
that the other three mutations in a-Tm might produce a
more profound phenotype in transgenic animals. It
would also be interesting to compare the effects of ex-
pression of each of the FHC mutant Tm on the contrac-
tile function of isolated cardiac myocytes from transgen-
ic animals with the effects of FHC mutants on contrac-
tion by gene transfer to identify potential in vivo com-
pensatory adaptations and how they contribute to addi-
tional aterations in the mechanical function of individu-
al muscle cells.

The mutations in a-Tm associated with FHC and NM
appear to directly alter the regulatory behavior of the
thin filament in response to changes in intracellular
[Ca2*]. Therefore, based on the in vitro experiments it
could be proposed that gene transfer experiments over-
expressing normal a-Tm should be able to eventually re-
place the mutant a-Tm in FHC- or NM-expressing mus-
cle cells and potentially correct FHC or NM. Although
the gene therapy field is still in its infancy, future experi-
ments showing the feasibility of this approach to animal
models of FHC or NM both in vitro and in vivo will be
important first steps. Alternatively, pharmacological in-
tervention targeted at modifying the Ca2* transient or the
thin filament response to intracellular Ca2* may be able
to correct or prevent symptoms of FHC or NM. For in-
stance, a class of drugs known as Ca?* sensitizers were
originally developed for the treatment of heart failure
[77]. Many of these drugs directly increase the affinity of
Caz* binding to troponin C (although these drugs are also
potent phosphodiesterase inhibitors). Perhaps new class-
es of Ca?* sensitizers that target the thin filament regula-
tory proteins, including Tm, may be therapeutic tools for
treating NM. Conversely, Ca2* channel antagonists, such
as verapamil and diltiazem, which decrease Ca2* release
may be therapeutic and potentially preventative for FHC.
Clinical studies suggest that verapamil and diltiazem can
improve ventricular filling in hypertrophic cardiomyopa-
thy [67, 78]. Conseguently, studies of the direct effects
of mutant contractile proteins associated with cardiac
and skeletal myopathies on the structure and function of
muscle cells may point to important new targets and
tools for the therapy and prevention of disease pathogen-
esis.
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