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Abstract

Familial hypertrophic cardiomyopathy (HCM) can be
caused by dominant missense mutations in cardiac troponin
T (TnT), a-tropomyosin, C-protein, or cardiac myosin
heavy chain genes. The myosin mutations are known to im-
pair function, but any functional consequences of the TnT
mutations are unknown. This report describes the in vitro
function of troponin containing an Ile91Asn mutation in rat
cardiac TnT, corresponding to the HCM-causing Ile79Asn
mutation in man. Mutant and wild-type TnT cDNAs were
expressed in bacteria and the proteins purified and reconsti-
tuted with the other troponin subunits. The mutation had
no effect on troponin’s affinity for tropomyosin, troponin-
induced binding of tropomyosin to actin, cooperative binding
of myosin subfragment 1 to the thin filament, Ca?*-sensitive
regulation of thin filament-myosin subfragment 1 ATPase
activity, or the Ca?* concentration dependence of this regu-
lation. However, the mutation resulted in 50% faster thin
filament movement over a surface coated with heavy mero-
myosin in in vitro motility assays. The increased sliding
speed suggests an unexpected role for the amino terminal
region of TnT in which this mutation occurs. The relation-
ship between this faster motility and altered cardiac con-
traction in patients with HCM is discussed. (J. Clin. Invest.
1996. 97:2842-2848.) Key words: troponin « cardiomyopa-
thy « tropomyosin « heart « genetics

Introduction

Familial hypertrophic cardiomyopathy (HCM)' can be caused
by dominant missense mutations in any one of four genes en-
coding sarcomeric proteins: B-cardiac myosin heavy chain, car-
diac C-protein (a thick filament accessory protein), a-tropomy-
osin, or cardiac troponin T (TnT) (1-4). The first identified
source of HCM was a missense mutation in the myosin heavy
chain gene (1), resulting in an Arg403GIln mutation, and a
striking defect in the function of the purified myosin. Filament
sliding speed is reduced by 80% in an in vitro motility assay
(5). Similarly, the actin-myosin MgATPase rate is greatly di-
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minished by this myosin mutation (6). At least 29 different
missense mutations in the myosin heavy chain gene have been
found in HCM kindreds, and the functional defects attribut-
able to the mutations can generally be understood in terms of
functional regions in the myosin subfragment 1 (S-1) crystal
structure (7). The various mutations are associated with vari-
ably severe defects in myosin function (8), which may correlate
with the severity and penetrance of the disease.

In contrast to the actively investigated mutations in the my-
osin heavy chain, the recently identified HCM-causing muta-
tions in cardiac TnT are as yet unstudied. Also, the detailed re-
lationship between the TnT mutations and cardiomyopathy is
more problematic than for myosin because the three dimen-
sional structure of TnT is unknown. Numerous structure-func-
tion studies of TnT have been reported, providing valuable
characterization of the properties of TnT fragments and re-
gions (see reviews in 9-11), but the functions of individual res-
idues have not been investigated. Furthermore, two of the
eight reported HCM-associated TnT mutations are within an
NH,-terminal region that can be deleted with little loss of
troponin function (12-15). To address how one of these TnT
mutations, Ile79Asn, causes HCM, this report characterizes
the functional properties of the homologous mutation in re-
combinant rat cardiac TnT. In qualitative agreement with pre-
vious structure-function studies of TnT, the present results in-
dicate that wild-type TnT and this mutant TnT have few
functional differences in vitro. However, the mutation pro-
duces one functional change that may be important in explain-
ing the human phenotype: thin filaments containing the mu-
tant TnT exhibit 50% faster sliding speed in an in vitro motility
assay.

Methods

Cloning strategy. Rat cardiac embryonic TnT ¢cDNA in plasmid ex-
pression vector pET3D (16) was subcloned into the BamHI and SpHI
sites of the high copy plasmid pSP72. The TnT sequence was altered
using oligonucleotide-directed mutagenisis (Clontech, Palo Alto,
CA). Nucleotides ATC, encoding isoleucine, were changed to AAT,
encoding asparagine. This Ile91 Asn missense mutation replaces the
normal nonpolar Ile with a polar Asn residue. The complete nucle-
otide sequences of recombinant embryonic rat cardiac troponin T (wt
TnT) and mutant TnT cDNA were confirmed by a combination of ra-
dioactive dideoxynucleotide chain termination (17) and automated
fluorescence sequencing (University of lowa DNA Core, Iowa City,
Iowa) methods. The wt and mutant TnT cDNAs were removed from
pSP72 by digestion with BamHI and SpHI and inserted back into the
same sites on the expression vector pET3D.

Protein expression and purification. DE3 cells were transformed
with pET3D encoding either the wt or the mutant TnT sequence.
Yields of ~ 8 mg of TnT per liter of culture were obtained by inocu-
lating 500 ml of Luria broth containing 100 mg/liter ampicillin with a
single colony from a fresh transformation. (A much lower expression
was observed for the adult cardiac TnT isoform.) The cells were
grown overnight at 37°C, and then 0.4 mM isopropyl-B-D-thiogalacto-
pyranoside (IPTG) was added for 4 h. Pelleted cells were resus-



pended in buffer containing 25 mM Tris-HCI (pH 7.5), 20% sucrose,
1 mM EDTA, 5 pg/ml TPCK, 5 pg/ml TLCK, 0.3 mM PMSF, and
0.2 M NaCl. The cells were incubated on ice for 1 h and then stored at
—70°C overnight. The cells were thawed and sufficient 5 M NaCl was
added to give 1 M NaCl final concentration. The cells were then lysed
with a probe sonicator. After a 1 h centrifugation at 46,000 rpm, at
4°C, the pellet was reextracted with a similar buffer that contained
5 M urea and 0.1% Triton X100. The extraction step was repeated to
dissolve as much of the relatively insoluble TnT as possible. TnT’s
presence and purity was judged by SDS-PAGE. The TnTs were puri-
fied by two successive DE52 (Whatman Inc., Clifton, NJ) column
chromatography steps.

Bovine cardiac troponin C (TnC), troponin I (TnI), and tropomy-
osin and rabbit skeletal muscle actin and myosin S-1 were obtained as
previously described (18-20).

Troponin reconstitution. Ternary troponin complexes containing
mutant or wt TnT , bovine cardiac TnC, and bovine cardiac Tnl were
obtained by mixing the subunits in 1:1:1 stoichiometry under denatur-
ing conditions, and then sequentially dialyzing to facilitate gradual sub-
unit association (18). To eliminate uncomplexed subunits, the reconstitu-
ted troponins were concentrated and applied to a Sephadex G100 column.

MgATPase assay. The rate of y-[*P]ATP hydrolysis was mea-
sured by extraction into isobutanol/benzene of [**P]Pi molybdate
(21). Six aliquots were extracted over 10 min and rates were cal-
culated. Free Ca?" concentrations were calculated using overall
Ca?*-1, 2-bis-(2-amino-s-bromo-phenoxy)ethane-N,N,N' N! tetraace-
tic acid (dibromo-BAPTA) and Mg?*-dibromo-BAPTA dissociation
constants of 140 nM and 2.8 mM, respectively (22, 23).

Troponin binding to pyrene-labeled tropomyosin. Fluorescence
measurements were performed on stirred, water-jacketed samples us-
ing a SLM-8000C spectrofluorometer at 25°C. Data was obtained
with excitation and emission wavelengths of 340 nm and 405 nm, re-
spectively. The effects of protein dilution (~ 10%) were corrected in
the calculations. The conditions studied were: 0.1 uM pyrene-labeled
tropomyosin, 10 mM Tris-HCI (pH7.5), 60 mM KCl, 3 mM MgCl,,
0.6 mM EGTA, and 0.1 mM dithiothreitol.

Labeling of tropomyosin. Bovine cardiac tropomyosin was stoi-
chiometrically labeled at Cys190 by incubation of the reduced, dena-
tured protein with N-(1-pyrene)-iodoacetamide (Molecular Probes,
Inc., Eugene, OR) (24) or [*H] iodoacetic acid (1.8 x 10°® cpm/pmol;
Amersham Corp., Arlington HTS, IL) (12).

Light-scattering assay. Myosin S-1 binding to the thin filament
complex was measured by light-scattering intensity at 400 nm using a
SLM 8000C spectrofluorometer at 25°C. Myosin S-1 titrations were
carried out as the sample was mixed by a microstirrer under the fol-
lowing conditions: 0.5 uM bovine cardiac tropomyosin, 3.5 uM rabbit
skeletal muscle actin, 0.55 uM wt or mutant reconstituted troponin,
2mM ADP, 0.1 mM EGTA, 5 mM MgCl,, 150 mM NaCl, 20 mM
Hepes (pH 7.5), 1 mM dithiothreitol, and 0.02% NaN;.

Binding of troponin—tropomyosin to F-actin. Binding of radiola-
beled tropomyosin to F-actin was determined by cosedimentation in
a TLA100 rotor (Beckman Instruments, Inc., Fullerton, CA), spun at
35,000 rpm for 20 min after 30 min of presedimentation incubation at
the desired temperature. High ionic strength (300 mM KCl) was em-
ployed to prevent troponin—tropomyosin polymerization (12). Condi-
tions were: 10 mM Tris-HCl (pH7.5), 3 mM MgCl,, 300 mM KCl, 0.5
mM EGTA, 5 pM F-actin, 0.6 uM tropomyosin, and either 25°C or 37°C.

In vitro motility experiments. The movement of rhodamine phal-
loidin-labeled thin filaments over rabbit fast skeletal muscle-heavy
meromyosin-coated coverslips was observed by video epifluores-
cence microscopy and analyzed as previously described (25, 26). Thin
filaments were reconstituted with 2 pM labeled F-actin, 0.5 pM
troponin, and 0.5 wM tropomyosin. The labeled thin filaments were
diluted to an actin concentration of 20-40 nM, and 100 nM troponin
and tropomyosin were added to maintain actin-troponin-tropomyo-
sin binding (24, 26). The experiments were performed at an ionic
strength of 100 mM in the presence of 0.5% methyl cellulose. The
temperature of the assay was thermostated at 25°C. The pCa was var-

ied by using 2 mM EGTA as previously described (26). Movement of
the centroid of each filament in the field was analyzed at 1-10 frames/s
(depending upon sliding speed), and those filaments moving at a con-
sistent speed (i.e., the standard deviation of the frame to frame speed
was < 0.5 X the mean speed) were identified. Most of the filaments
moved consistently or not at all (26). Under each condition, the
movement of more than 100 filaments was analyzed. Reproducibility
of the in vitro motility assay has been established using replicate sam-
ples of the same protein under identical conditions. In Homsher et al.
(26), five motility assays of unregulated thin filaments yielded mean
velocities between 4.7 and 5.1 wm/s with the overall mean velocity of
the five replicate assays at 5.0£0.2 um/s SD.

Results

Effect of 191N mutation on affinity of reconstituted troponin for
tropomyosin. Reconstituted troponin complexes were formed
by combining bovine cardiac TnC and Tnl with either wt or
mutant I9IN TnT. These purified troponin complexes are
shown in Fig. 1. The rat TnTs are higher in molecular weight
than bovine cardiac TnT, consistent with their respective
amino acid sequences (27-29).

TnT is the tropomyosin-binding subunit of troponin, so the
possible effect of the mutation on troponin—tropomyosin bind-
ing was investigated, using tropomyosin labeled with pyrene at
cys190. Isoleucine 91 in rat cardiac embryonic TnT is located
near the region most clearly shown to bind tightly to tropomy-
osin (11, 14, 30-32). Addition of troponin caused an increase in
tropomyosin pyrene monomer fluorescence (Fig. 2), regard-
less of whether the TnT in the reconstituted system was bo-
vine, wt, or rat I91N mutant, which corresponds to the 179N
mutation causing HCM in man. The concentration dependence
of the fluorescence change can be used to determine tropomy-
osin affinities for reconstituted troponin containing wt or mutant
TnT. The representative curves demonstrate that the affinities
of pyrene-labeled tropomyosin for wt and mutant troponin
were indistinguishable in the presence of EGTA: 1.2+0.1 X
10° M~1 (SEM) for troponin reconstituted with wt TnT and
1.2%0.2 X 10° M™! for troponin reconstituted with mutant
TnT. Similarly, the mutation did not alter the affinity of tropo-
nin for tropomyosin in presence of Ca** (affinities of both
forms of troponin for tropomyosin were 1.120.2 X 105 M).
These results with reconstituted, chimeric bovine/rat troponins
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Figure 1. SDS-PAGE of
various troponins. Equal
amounts of each troponin
were loaded on the gel.
Lane 1, reconstituted mu-
tant troponin, comprised of
bovine cardiac TnC, bovine
cardiac Tnl, and I91N rat
cardiac TnT. Lane 2, recon-
stituted wt troponin, com-
prised of bovine cardiac
TnC, bovine cardiac Tnl,
and wt rat cardiac TnT.
Lane 3, bovine cardiac
whole troponin, isolated as
a ternary complex.
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Figure 2. Fluorescence measurement of the affinity of tropomyosin
for wt or mutant reconstituted troponin. The pyrene monomer fluo-
rescence intensity (excitation, 340 nm; emission, 405 nm) of fluoro-
phore-modified tropomyosin was monitored as increasing concentra-
tion of wt or mutant (I91N) reconstituted troponin were added.
Conditions: 25°C, 0.1 uM pyrene-modified tropomyosin, 10 mM Tris-
HCI (pH 7.5), 60 mM KCl, 3 mM MgCl,, 0.6 mM EGTA, and 0.1 mM
DTT. Representative curves show the increase in fluorescence inten-
sity upon addition of either wt troponin (circles) or mutant troponin
(squares).

were similar to those obtained in parallel titrations (not
shown) with bovine troponin that was purified as a complex
from bovine hearts: 1.8=0.4 X 10° M~! in the presence of
EGTA and 2.0+0.2 X 10° M~! in the presence of Ca?*.

Effect of TnT 191N mutation on binding of tropomyosin to
actin. Actin binding of wt and mutant troponin-tropomyosin
complexes is shown in the representative experiment in Fig. 3.
It has been established that troponin increases the affinity of
tropomyosin for actin by 100-500-fold and this effect is largely
attributable to TnT (12, 14, 24). To determine whether the
I91N mutation altered this function of TnT, troponin-induced
binding of tropomyosin to actin was investigated. Under the
conditions of this experiment (0.3 M KCl) tropomyosin-actin
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Figure 3. Induction of [*H]tropomyosin binding to actin by wt or mu-
tant troponin. Troponin-induced tropomyosin binding to actin was
monitored as the concentration of troponin was increased. Wt tropo-
nin (circles) and mutant troponin (squares). Conditions: 10 mM Tris—
HCI (pH 7.5), 3 mM MgCl,, 300 mM KCl, 0.5 mM EGTA, 5 uM F-actin,
0.6 uM [*H]tropomyosin, and 25°C. The wt and mutant troponin
curves were indistinguishable.
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Figure 4. Binding of rabbit skeletal myosin S-1 to the actin-tropomy-
osin—-troponin complex. Myosin S-1 binding to the thin filament com-
plex was measured by 90° light-scattering intensity at 400 nm. In the
absence of the thin filament, the myosin S-1 has negligible light scat-
tering under these conditions. The points show similar cooperative
transitions for myosin S-1 binding to thin filaments containing wt
troponin (squares) or mutant troponin (crosses). Conditions were as
described in Methods.

binding is weak in the absence of troponin, which makes it
easy to study the troponin-induced increase in tropomyosin-
actin affinity. At 25°C with EGTA, the 191N mutation did not
alter troponin’s induction of PH]tropomyosin binding to actin.
For both wt and mutant reconstituted troponin, tropomyosin—
actin binding reached the same level and required the same
troponin concentration. At a more physiological temperature,
37°C, very similar results were found (data not shown). De-
spite TnT’s primary role in mediating troponin binding to tro-
pomyosin and in the induction of troponin-tropomyosin com-
plex binding to actin, this TnT mutation had no effect on these
processes in vitro. Similar results were obtained in presence of
Ca?* (data not shown).

Effect of TnT mutation on rabbit skeletal muscle myosin-
subfragment 1 binding to actin—tropomyosin—troponin. Light
scattering can be used to detect the binding of myosin S-1 to
the actin—tropomyosin—troponin complex (33). Addition of
myosin S-1 to the thin filament results in very cooperative
binding (34-36). Moreover, this cooperativity is believed to be
partially mediated by direct contacts between adjacent tropo-
nin—tropomyosin complexes on the thin filament (37, 38).
These contacts involve the amino terminal region of TnT (27),
which includes the site of the Ile to Asn mutation (see Discus-
sion). Therefore, the effect of this mutation on cooperative
binding of myosin S-1 to the thin filament was evaluated by
light scattering. (Cardiac myosin S-1 has high turbidity in the
absence of actin under these conditions, so skeletal muscle my-
osin S-1 was used instead.) A cooperative transition was ob-
served with increasing myosin S-1 concentrations (Fig. 4),
demonstrated by the initial lag in the binding curves. The light
scattering profiles of reconstituted wt and mutant troponins
were indistinguishable under the conditions studied (150 mM
NaCl, 2 mM ADP, and 0.1 mM EGTA). Similar to Figs. 2 and
3, where the mutation demonstrated no effects on troponin—
tropomyosin binding or on troponin-induced tropomyosin
binding to actin, the myosin S-1-induced change in the state of
tropomyosin—-troponin on actin also showed no significant dif-
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Figure 5. Effect of TnT 191N mutation on Ca®* sensitive regulation
of the myosin S-1 thin filament MgATPase rate. The figure shows
representative myosin S-1-thin filament MgATPase data in the pres-
ence of bovine cardiac troponin, wt reconstituted troponin, or I91N
TnT reconstituted troponin. Closed symbols, 0.1 mM CaCl,, showing
troponin’s activating effect; open symbols, 0.5 mM EGTA, showing
troponin’s inhibitory effect; diamonds, bovine cardiac whole tropo-
nin; circles, reconstituted troponin with 191N rat cardiac TnT; trian-
gles, reconstituted troponin with wt TnT. The mutant troponin acti-
vates and inhibits the myosin S-1 MgATPase rate as well as wt or
bovine cardiac troponin.

ference between the wt and mutant troponins. The results in
Fig. 4 suggest that the mutation does not alter crossbridge-
induced thin filament activation, believed to be an important
aspect of muscle regulation (36, 39, 40).

191N TnT mutation has no effect on MgATPase rate activa-
tion. To further study the effect of I91N mutation on protein
function, troponin’s ability to regulate the myosin S-1 ATPase
rate was studied. The primary function of troponin is to confer
Ca?* sensitivity to the force-producing interactions of actin
and myosin (41). Troponin also confers Ca?* sensitivity to an
in vitro correlate of muscle contraction, the MgATPase rate of
actin-tropomyosin-myosin S-1. As shown in Fig. 5, the muta-
tion didn’t alter MgATPase rate activation by troponin in the
presence of Ca’*, nor the concentration of troponin needed to
achieve it. Similarly, the mutation didn’t alter troponin’s abil-
ity to inhibit the MgATPase rate in the absence of Ca?*.

Comparison of myosin S-1 MgATPase activation by Ca’*
between wt and mutant troponin. A more subtle effect of a
troponin mutation might be to influence thin filament activa-
tion of the myosin S-1 MgATPase rate in the presence of inter-
mediate Ca®* concentrations; an effect on either the apparent
Ca’" affinity or the cooperativity of activation. Alterations in
the hypervariable region of TnT, located immediately NH,-
terminal to the site of the Ile to Asn mutation (see Fig. 8), can
have subtle effects on the Ca**-dependence of MgATPase ac-
tivation (18, 42, 43) or of muscle tension (44-48). Thin fila-
ments were prepared containing actin, tropomyosin, and ter-
nary troponin complexes with either wt or mutant TnT. Fig. 6
shows that Ca?" cooperatively activated the thin filament-
myosin S-1 MgATPase rate. The curves shown for thin fila-
ments containing wt and mutant TnTs are indistinguishable.
The K,,, for activation (apparent Ca** affinity), the coopera-
tivity of activation (the transition steepness), and the fully acti-
vated enzymatic rate are all unchanged by the presence of the
191N mutation.
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Figure 6. Comparison of myosin S-1 MgATPase activation between
wt and mutant troponin as a function of the Ca?* concentration.
Ca’*-sensitive regulation of the myosin S-1 MgATPase rate by wt
(circles) and 191N TnT (asterisks) reconstituted troponins at 25°C in
the presence of 20 mM Imidazole (pH 7.5), 6.5 mM KCI, 3.5 mM
MgCl,, 0.5 mM dibromo-BAPTA, 0.3 wM myosin S-1, 2 uM bovine
cardiac tropomyosin, 2 .M mutant or wt troponin, and 14 wM rabbit
skeletal F-actin. The mutation had no observable effect on the K,
of activation, the cooperativity of activation, or the maximum enzy-
matic rate. Data is fit to Eq. 12 of Tobacman and Sawyer (23) with
an apparent Ca?* affinity of 0.23 X 10° M~! and a cooperativity pa-
rameter of 5.7.

Thin filaments containing the mutant Tn'T move faster in an
in vitro motility assay. Despite the normal behavior of the mu-
tant TnT in all the experiments described above, it was possi-
ble to distinguish the wt and mutant proteins in one respect.
The in vivo regulation of muscle contraction can be investi-
gated in vitro not only in an ATPase assay, but also in the reg-
ulation of movement as assessed by video epifluorescence mi-
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Figure 7. Effect of the TnT mutation on in vitro motility. Movement
of fluorescently labeled thin filaments was caused by interaction with
heavy meromyosin that was bound to a microscope coverslip. Thin
filament speed is plotted as a function of the free Ca?>* concentration.
Mean velocities+standard deviations are shown. Since each mean
represents > 100 filaments, the standard errors are much smaller than
the brackets shown. Circles vs squares represent different pairs of
protein preparations; open symbols, thin filaments reconstituted from
actin, tropomyosin, and troponin containing I91N mutant TnT; closed
symbols, identical thin filaments except the troponin-contained wt
TnT; triangle, identical thin filaments except that troponin was whole
bovine cardiac troponin. Solid lines are free hand curves.
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croscopy (26, 49, 50). The results of such an analysis are shown
in Fig. 7. Neither thin filaments with wt nor with mutant TnT
move in the presence of very low Ca>* concentration, and both
types of thin filaments move faster over the heavy meromyo-
sin-coated surface as the Ca’* concentration is increased. In
agreement with the ATPase results (Fig. 6), the Ca?* K,,, is
not affected by the mutation. However, the presence of the
191N mutation in TnT (open symbols) results in 50% faster
speeds than found when the mutation is absent (filled sym-
bols). This difference was not only significant statistically (the
standard error of the mean is small and ¢ test comparisons at
pCa 7, 6, and 5 show effects of the mutation with P < 0.01), it
was also reproducible. Similar results were obtained with a
separately prepared set of wt and mutant troponins (squares).
Also, the speed of filaments containing wt TnT was similar to
that found for thin filaments containing bovine whole troponin
(triangles).

Discussion

TnT is one of three subunits of troponin, which regulates car-
diac and skeletal muscle contraction via reversible binding of
Ca’" to another troponin subunit, TnC (9, 11, 51-53). TnT is
highly elongated and appears rodlike in electron microscopic
(54) and low resolution crystallographic studies (30). Although
TnT may play a role in transmitting the regulatory Ca?* signal
(24, 55), its most clearly demonstrated function is to promote
assembly of the regulatory troponin-tropomyosin apparatus
onto the actin filament (reviewed in 11). TnT interacts directly
with all four of the other thin filament proteins: tropomyosin,
actin, TnC, and Tnl.

The relationship between the structure and the function of
troponin subunits has been most thoroughly explored using
rabbit fast skeletal muscle troponin. In Fig. 8, biologically sig-
nificant mutations in various isoforms of TnT are mapped to
the amino acid sequence and functional regions of rabbit skel-
etal muscle TnT. The most NH,-terminal of the HCM-causing
mutations (arrows) is the one studied in this report. Biochemi-
cal evidence suggests that this mutation (corresponding to site
149N in rabbit) would cause only subtle changes in function.
Deletion of rabbit residues 1-69 has at most a twofold effect
on troponin-tropomyosin binding (14), troponin-induced tro-
pomyosin-actin binding (12-14), and the cooperativity of thin
filament assembly (12, 13). Fujita ez al. (15), reported normal
function for a truncated form of rabbit skeletal muscle TnT
that was missing residues 1-58, and includes the amino acid
corresponding to Ile79 in human cardiac TnT. These previous
studies are consistent with the present results, in which the Ile
to Asn mutation at this site has no effect on troponin-tropomy-
osin binding, troponin-induced tropomyosin-actin binding,
Ca’* activation of the myosin-thin filament ATPase rate, the
degree of cooperativity and apparent Ca*>" affinity for this acti-
vation, or cooperative myosin S-1 binding to the thin filament.

On the other hand, one defect in function was found (Fig.
7) and this effect may provide a pathophysiological explana-
tion for HCM in the individuals with this mutation. It is nota-
ble that the HCM patients having TnT mutations exhibit less
cardiac hypertrophy than most other patients with HCM (2).
Enhanced motility, as opposed to the inhibited motility gener-
ally seen with myosin heavy chain gene mutations (5, 6, 8)
could cause a hypercontractile state directly, instead of causing
it indirectly via compensatory hypertrophy. It remains to be
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Figure 8. Mapping of human and Drosophila TnT mutations to func-
tional regions in rabbit fast skeletal muscle TnT. Arrows indicate the
positions in rabbit fast skeletal muscle TnT (76) that correspond to
human cardiac TnT (57) mutations linked to familial hypertrophic
cardiomyopathy (2, 3). The longer arrow is the mutation studied in
this report. The filled triangles (V) indicate the positions of D. mela-
nogaster point mutations that cause flight muscle degeneration upon
onset of contraction (73, 77). Deleted residues or sequences are indi-
cated by the open triangles (A). The tertiary structure of troponin is
unknown, so the proposed regions for interaction of TnT with other
proteins are approximate (reviewed in reference 11). Also, tropomy-
osin binds to many regions of TnT; only the tightest-binding region is
indicated. Human cardiac TnT and rabbit fast skeletal muscle TnT
are significantly homologous throughout their sequences, except in
the indicated region that is hypervariable among TnTs in general.

established, however, whether the other HCM-causing TnT
mutations produce accelerated in vitro motility, and mechani-
cal studies of hearts containing TnT mutations are not yet re-
ported.

Despite the great efforts that have been devoted to under-
standing thin filament-based regulation (see reviews 9-11, 52,
53), the increased sliding speed seen in Fig. 7 cannot easily be
related to previous work. The in vitro motility speed is analo-
gous to the unloaded shortening velocity of a muscle fiber (56),
although this analogy is imperfect (25). Faster movement in
the presence of saturating Ca?* suggests an increase in either
the distance per cross-bridge stroke (unlikely for a TnT point
mutation), or the cross-bridge release rate at the end of the
power stroke. It would be unexpected but important if TnT
modulates this kinetic step, because it would provide the possi-
bility for physiological regulation of the unloaded shortening
velocity. In this regard, the mutation site is very close to the
hypervariable region of TnT that is developmentally regulated
by alternative splicing mechanisms (27, 57-59). Indeed, subtle
changes in actin-myosin interactions (18, 42) and the Ca&** sen-
sitivity of muscle tension (44, 46, 47) are produced by amino
acid sequence variations in this region, and possibly also by
phosphorylation (60).

It is notable that the altered speed produced by the TnT
mutation studied in this report has no correlation with any of
the other biochemical experiments performed. This precludes
detailed mechanistic conclusions about the enhanced motility,
but is not contradictory because the rate-limiting step for the
actin-myosin MgATPase reaction is not the same as the kinetic
step limiting the unloaded shortening velocity (61). In fact,
there is ample precedent for discrepancy between effects on in
vitro motility and effects on actin-activated MgATPase rates.
For example, increasing the charge of the amino-terminal re-
gion of yeast actin had little effect on motility, but a very large
effect on the actin-activated MgATPase rate (62). Similar ef-
fects were found for phosphorylation of smooth muscle myo-
sin light chain 2 on threonine 18 (63). Conversely, large effects
on motility and small effects on actin-activated MgATPase



rate were found for several other alterations of myosin: trunca-
tion of the motor domain (64), removal of light chains (65),
myosin isoform comparisons (66), and phosphorylation of
monomeric Acanthamoeba myosin II (67). Also, ionic strength
variation has a greater effect on motility than would be ex-
pected from its effect on actin-activated MgATPase rates (25).
Finally, the unloaded shortening velocity of different muscle
fibers does not scale to the actin-activated MgATPase rate,
which is much too slow, but rather to the rate of ADP release
from actomyosin (68). Similarly, the in vitro motility speed is
limited by a kinetic step that is very fast (4,000 nm/s motility
speed/10-nm crossbridge stroke translocation distance =
250 s™1), much faster than the actin-activated MgATPase rate.

The TnT mutation in the present study has no effect on the
interactions of troponin with tropomyosin and actin, nor on
the interactions of rigor crossbridges with the thin filament,
nor on the apparent Ca’" affinity of TnC. This suggests the
mutation has little effect on the overall quaternary structure of
the thin filament, and raises the interesting possibility that the
enhanced motility is due to a local effect on actin-myosin ki-
netics. In other words, the accelerated in vitro motility could
be caused by a local acceleration affecting one or two of the
seven actins in a regulatory unit, rather than alteration of ac-
tin-myosin kinetics for the entire thin filament. To evaluate
this hypothesis, however, further study is needed.

Three of the mutations in man and two mutations in
Drosophila melanogaster (filled diamonds in Fig. 8) are found
in a region crucial for TnT function, spanning amino acids 70—
150 in the rabbit isoform. This is the region of troponin that
binds most tightly to tropomyosin (14, 24, 30, 31, 69, 70) and
that is most important for promoting tropomyosin-actin bind-
ing (12-14), although the COOH-terminal region of TnT also
binds to tropomyosin (14, 30-32, 69-71). Homozygous mis-
sense mutations in this region of D. melanogaster TnT (Fig. 8)
lead to rapid muscle degeneration upon onset of flight muscle
contraction. The more COOH-terminal TnT mutations found in
HCM are either within the TnT region most clearly shown to in-
teract with the other troponin subunits (residues 176-230, as re-
viewed in (11), or else alter the adjacent sequence (residues 230
259), in which isoforms are known to affect Ca?* affinity (72).

In D. melanogaster, flight muscle ultrastructure and func-
tion are profoundly impaired when one copy of the actin, myo-
sin, tropomyosin, or TnT genes is disrupted (73-75), implying
that expression levels for each of these proteins is critical.
These data are consistent with the absence of known TnT or
tropomyosin knock-out mutations in HCM kindreds, which
would be fatal in heterozygotes if the insect results are predic-
tive of the effects in man. Rather, HCM appears to result from
more moderate defects in protein function, such as found in
the current study.

Finally, the relatively subtle effects of the TnT I91N muta-
tion require restatement of the evidence for a causative con-
nection between TnT mutations and hypertrophic cardiomy-
opathy. The crucial point is that genetic linkage has been
established between the disease and several different TnT mu-
tations in several different kindreds (2). The genetic linkage
studies for any single TnT mutation might not reflect causa-
tion, but merely proximity to the true disease-causing locus.
However, the combined results in the different kindreds pro-
vide a convincing connection between HCM and mutations in
the cardiac TnT gene. Our finding that one of these mutations
results in faster in vitro motility is further proof of disease cau-

sation. Furthermore, the data suggest that HCM can be caused
not only by slowed actin-myosin kinetics, as shown previously
for myosin mutations, but alternatively by a kinetic enhance-
ment of actin-myosin cycling, producing accelerated motion
and altered cardiac contraction.
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