
 



 

 The Rockefeller University Press, 0021-9525/98/11/1201/13 $2.00
The Journal of Cell Biology, Volume 143, Number 5, November 30, 1998 1201–1213
http://www.jcb.org 1201

 

Ca

 

2

 

1

 

-dependent Muscle Dysfunction Caused by Mutation of
the 

 

Caenorhabditis elegans 

 

Troponin T-1 Gene

 

Kristen McArdle,*

 

‡

 

 Taylor StC. Allen,*

 

§

 

 and Elizabeth A. Bucher*

 

*University of Pennsylvania, Department of Cell and Developmental Biology, Pennsylvania Muscle Institute, School of 

 

Medicine, Philadelphia, Pennsylvania 19104-6058; 

 

‡

 

University of Washington, Department of Microbiology, Seattle, Washington 
98195-7740; 

 

§

 

Oberlin College, Department of Biology, Oberlin, Ohio 44074-1082

 

Abstract. 

 

We have investigated the functions of tropo-
nin T (CeTnT-1) in 

 

Caenorhabditis elegans

 

 embryonic 
body wall muscle. TnT tethers troponin I (TnI) and 
troponin C (TnC) to the thin filament via tropomyosin 
(Tm), and TnT/Tm regulates the activation and inhibi-
tion of myosin-actin interaction in response to changes 

 

in intracellular [Ca

 

2

 

1

 

]. Loss of CeTnT-1 function causes 
aberrant muscle trembling and tearing of muscle cells 
from their exoskeletal attachment sites (Myers, C.D., 
P.-Y. Goh, T. StC. Allen, E.A. Bucher, and T. Bogaert. 
1996. 

 

J

 

.

 

 Cell Biol

 

.

 

 

 

132:1061–1077). We hypothesized 
that muscle tearing is a consequence of excessive force 
generation resulting from defective tethering of Tn 
complex proteins. Biochemical studies suggest that 
such defective tethering would result in either (

 

a

 

) Ca

 

2

 

1

 

-

independent activation, due to lack of Tn complex 
binding and consequent lack of inhibition, or (

 

b

 

) de-
layed reestablishment of TnI/TnC binding to the thin 
filament after Ca

 

2

 

1

 

 activation and consequent abnor-
mal duration of force. Analyses of animals doubly
mutant for CeTnT-1 and for genes required for Ca

 

2

 

1

 

 
signaling support that CeTnT-1 phenotypes are depen-
dent on Ca

 

2

 

1

 

 signaling, thus supporting the second 
model and providing new in vivo evidence that full
inhibition of thin filaments in low [Ca

 

2

 

1

 

] does not re-
quire TnT.

Key words: troponin T • 

 

Caenorhabditis elegans 

 

• 
troponin C/troponin I interactions • human heart dis-
ease • Ca

 

2

 

1

 

-regulation

 

C

 

ontraction

 

 of striated muscle is regulated by a
Ca

 

2

 

1

 

-sensitive switch that is located on actin fila-
ments and composed of four proteins: tropomyo-

sin (Tm)

 

1

 

, troponin C (TnC), troponin I (TnI), and tropo-
nin T (TnT). At submicromolar concentrations of free
Ca

 

2

 

1

 

, the regulatory switch, simply referred to as the
Tn–Tm complex, is thought to block attachment of myosin
to actin, resulting in a relaxed muscle (22, 31, 38). At mi-
cromolar and higher concentrations, Ca

 

2

 

1

 

 binds to TnC,
thereby inducing a shift in position of the Tn–Tm complex
that permits actin–myosin interaction and force produc-
tion (22, 31, 38, 48). Knowledge of the functions of each of

the four regulatory proteins, as well as of the interactions
among them, is still rudimentary and derived primarily
from biochemical studies of binary complex formation (for
review see 36, 63, 78). These biochemical studies have led
to a model in which TnT tethers TnC and TnI to Tm and
hence to the thin filament (see Fig. 1). Biochemical and
physiological studies (54, 62, 64) indicate that TnT modu-
lates the Ca

 

2

 

1

 

-sensitivity of force production, and genetic
studies show that mutations of TnT can impair muscle as-
sembly and compromise muscle function, as well as lead to
lethality in nematodes (46) and humans (39, 61, 72, 73).
Recent studies of human cardiomyopathies caused by TnT
mutation also have revealed unexpected affects of TnT
mutation on regulation of myosin–actin interaction, un-
derscoring our limited understanding of TnT in vivo

 

 

 

func-
tions (39).

Here, we investigate further specific hypotheses regard-
ing the in vivo

 

 

 

defects in the regulation of muscle contrac-
tion caused by mutation of the TnT-1 gene by investigat-
ing the consequences of placing a TnT-1 mutation in
combination with other mutations affecting the Ca

 

2

 

1

 

-sig-
nal in the body wall muscles of the nematode 

 

Caenorhab-
ditis elegans

 

. Numerous discrete phenotypes affecting the
striated body wall muscle in 

 

C

 

.

 

 elegans

 

 are caused by mu-
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Abbreviations used in this paper: 

 

ECM, extracellular matrix; Mup, mus-
cle position defective; Pat, paralyzed and arrested elongation at twofold;
Tm, tropomyosin; TnC, troponin C; TnI, troponin I; WT, wild-type.
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tations of genes encoding muscle proteins, including the
Tm–Tn complex. The striated body wall muscle of the
nematode is responsible for locomotion of the worm, and
body wall muscle development and ultrastructure have
been described in detail (for review see 42, 68). Body wall
muscle differentiation occurs during the period of organis-
mal morphogenesis, during which the embryo elongates
from a ball of cells into its final tube shape (30, 51, 59).
Based on gross morphology, the stages of elongation are
descriptively referred to as bean, 1.5-fold (referring to em-
bryo length in comparison with the length of the egg),
twofold, and threefold (see Fig. 2). In the bean stage, be-
fore the onset of elongation, body wall muscle cells have
already migrated to specific positions that define the fu-
ture dorsal left and right, as well as ventral left and right,
quadrants of the worm. At this stage, some muscle-specific
protein expression can be detected. By the 1.5-fold stage,
organization of myosin into A bands can be detected. By
the 1.75-fold stage, A bands and the actin-containing I
bands are well organized, and muscle is obviously generat-
ing force, since the embryo visibly moves within the egg
shell. During the twofold stage, the movement becomes
coordinated, and embryos begin to roll within the egg
shell. Vigorous rolling continues during the threefold stage.
At this stage there are 81 body wall muscle cells, which
have two sarcomeres each and are aligned from the nose
to tail in 4 quadrants. During larval stages, the number of
body wall muscle cells increases to 95, and the number of
sarcomeres within each of these cells increases to 

 

z

 

10.
Biochemical studies support the view that striated muscle

in 

 

C

 

.

 

 elegans

 

, like that in many other invertebrates (37), re-
quires both thick and thin filament activation (dual regula-
tion) to achieve contraction (21).

Many mutations that affect the body wall muscle cause
viable uncoordinated phenotypes such as slowed move-
ment, paralysis, hypercontraction and uncontrolled twitch-
ing (8, 68, 71). Other muscle mutations cause embryonic
paralysis and lethality that result in embryonic arrest at
the twofold stage (3, 66, 69, 75), known as the Pat (para-
lyzed and arrested elongation at twofold) phenotype (see
Fig. 2 and Tables I and II). This phenotype has revealed
that muscle contraction is required for normal elongation
of the embryo, and it has enabled the identification of a set

Figure 1. Schematic diagram showing the relationships among
the thin filament proteins. In the absence of Ca21, the Tn–Tm
complex sterically blocks actin-myosin interaction. In the pres-
ence of Ca21, this steric hindrance is relieved (adapted from 13).

Figure 2. Schematic representation of embryonic development in
WT and mutant (Mup and Pat) worms. Highlights of WT muscle
development are indicated in a. Pat mutants fail to show muscle
movement at the 1.75 stage and arrest development at the two-
fold stage of development. Animals bearing the mup-2(ts) muta-
tion exhibit two temperature sensitive periods (tsp). The tsp rele-
vant to this study is during the threefold stage of embryogenesis:
embryos shifted to the restrictive temperature (258C) exhibit the
Mup phenotype (see Introduction). Embryos raised at the per-
missive temperature (158C) are viable and appear WT at hatch-
ing. The mup-2(ts) animals, regardless of the temperature at
which raised, and mup-2(up1) mutants usually exhibit the trem-
bling phenotype (46).

 

Table I. Mutations Used in This Study That Cause the Pat Phenotype

 

pat

 

 alleles Protein encoded Cellular phenotype Reference

 

unc-52

 

(

 

st549

 

) Perlecan No muscle cell polarization, no thick or thin filaments (53, 75)

 

deb-1

 

(

 

st555

 

) Vinculin No thin filaments (3, 75)

 

myo-3

 

(

 

st386

 

) Myosin heavy chain A (mhcA) No thick filaments (69, 75)

 

egl-19

 

(

 

st556

 

) 

 

pka pat-5

 

*

 

a

 

1 subunit of muscle voltage-gated Thick and thin filaments present (75)
Ca

 

2

 

1

 

 channel (muscle)

 

pat-10

 

(

 

st568

 

) Troponin C (TnC-1) Thick and thin filaments present (35, 75)

 

*Previously known as 

 

pat-5

 

(

 

st556

 

), subsequently found to be an allele of 

 

egl-19

 

.
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of muscle-specific proteins that is required for proper as-
sembly and/or function of muscle. For example, mutants
for 

 

b

 

-integrin and perlecan are defective in cell polariza-
tion and assembly of thick and thin filaments (75); mutants
for vinculin lack thin filaments (3, 75); and mutants for
myosin heavy chain A lack thick filaments (69, 75). Other
mutations appear to affect not assembly, but rather the
ability of muscle to contract (75). Among this last group
are mutations in genes encoding TnC, Tm, and a voltage-
sensitive Ca

 

2

 

1

 

 channel (2, 34, 35, 75). In all of these mu-
tants, abnormalities in muscle cell position arise, but they
occur after arrest and likely reflect a secondary break-
down of muscle attachments to the extracellular matrix
(ECM)/hypodermis (75). For simplicity, we will refer to
these, collectively, as 

 

pat

 

 mutants, although in many cases
the gene name is not 

 

pat

 

.
We and others have observed a second muscle-related

embryonic phenotype, known as Mup, since mutations in

 

mup

 

 genes cause defects in muscle positions (16, 17, 23,
46). The 

 

mup-2

 

 gene in 

 

C

 

.

 

 elegans

 

 encodes the major em-
bryonic isoform of TnT, which we have designated as
CeTnT-1 (46). Two mutations in 

 

mup-2

 

 have been isolated
in genetic screens: one terminates translation near the
NH

 

2

 

 terminus and is believed to be a null allele, while the
other, a heat-sensitive allele, eliminates 64 residues from
the COOH terminus. All animals mutant for 

 

mup-2

 

 ex-
hibit as a terminal phenotype detached body wall muscles
at the dorsal mid-anterior and dorsal mid-posterior re-
gions, corresponding to the points at which the embryo
bends during the threefold stage to accommodate the
constraints of the egg shell. This terminal phenotype pre-
sumably reflects loss of previously formed connections
between muscle cells and the extracellular matrix and hy-
podermis. The mutant embryos that manage to hatch be-
fore dying show a characteristic croissant-shape due to the
muscle displacements. Before the muscle cells detach, the
embryos do not show the vigorous rolling within the shell
typical of WT embryos, but rather exhibit uncoordinated,
slow twitching (46).

We reasoned that the tearing of attached muscle cells
from the dorsal surfaces of the embryo is caused by aber-
rant muscular activity and that mutations of CeTnT-1 di-
rectly affect the regulation of muscle contraction, either by
permanently disinhibiting the thin filament regardless of
the concentration of free Ca

 

2

 

1

 

 or by hindering relaxation
(resulting in prolonged force) once Ca

 

2

 

1

 

-dependent mus-
cular activity has occurred (46). If the former hypothesis
were true, we would predict that the binding of Ca

 

2

 

1

 

 to the
thin filament should not be required for the development

of the Mup phenotype (Fig. 3, 

 

Model A

 

). If the latter hy-
pothesis were true, then development of the Mup pheno-
type should require Ca

 

2

 

1

 

-dependent disinhibition of the
thin filament in order to elicit muscular activity (Fig. 3,

 

Model B

 

). Biochemical research is equivocal regarding
these predictions (also see Discussion): studies of ATPase
activities of reconstituted actomyosin systems would pre-
dict that the first hypothesis would be true (for review see
27), whereas biochemical studies of protein interactions
would largely

 

 

 

predict that the latter hypothesis would be
true (see 36).

 

 

 

We have undertaken to distinguish these two
possibilities, and test in vivo the biochemical predictions,
by analyzing for epistasis in doubly mutant strains: a TnT-1
mutation was placed in combination with mutations in se-
lected members of the 

 

pat 

 

class, including those affecting
Ca

 

2

 

1

 

-signaling in 

 

C

 

.

 

 elegans 

 

embryonic body wall muscle.
Epistasis occurs when the phenotype of a mutation in one
gene is masked by a mutation in another gene. By this
analysis we can determine whether the Mup phenotype is

 

Table II. Strains Used in This Study

 

Strain Genotype

 

RW6010

 

unc-52

 

(

 

st549

 

)/

 

unc-52

 

(

 

st549

 

) 

 

II

 

; 

 

mnDp34

 

(

 

II;f

 

)
RW3538

 

myo-3

 

(

 

st386

 

) 

 

1

 

/

 

1

 

 

 

sqt-3

 

(

 

e24

 

) 

 

V

 

RW3562

 

1

 

 

 

unc-44

 

(

 

e362

 

) 

 

deb-1

 

(

 

st555

 

) 

 

1

 

/

 

unc-82(e1223) 11

unc-24(e138) IV
RW3563 1 egl-19(st556) 1/unc-82(st1323) 1 unc-24(e138) IV
RW3691 pat-10(st568) 1/1 dpy-5(e61) I
EE67 him-8(e2489)/him-8(e2489) IV; mup-2(e2346ts)/

mup-2(e2346ts) X

Figure 3. Model for associations of muscle proteins. This figure
presents a simplified view of how the thin filament proteins func-
tion based on biochemical studies (adapted from 36). TnI is pro-
posed to be capable of interacting with TnC independent of TnT.
The relationship of these interactions in vivo is uncertain al-
though there are two simple hypotheses. The first hypothesis,
consistent with biochemical studies of reconstituted thin fila-
ments, would be that TnI in vivo cannot associate with the thin
filament in the absence of TnT (Model A). The second hypothe-
sis, consistent with biochemical studies of troponin subunit inter-
actions, would be that TnI and TnC, in vivo, can interact with ac-
tin and inhibit contraction under conditions of low Ca21 in the
absence of the TnT tethering function, albeit less efficiently, i.e.,
it would take longer (..t) to reestablish the inhibited state
(Model B, delayed relaxation). If the first hypothesis were true,
one would predict that the Mup phenotype should be Ca21-inde-
pendent, since TnI and TnC would never associate with the thin
filament, and hence the filament would be constantly activated.
Our data are consistent with Model B.
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Ca21-independent and, hence, epistatic to mutations that
prevent the binding of Ca21 to the thin filament and ren-
der the muscle flaccidly paralyzed.

Here we report the results of these genetic experiments
which demonstrate that worms that are homozygously mu-
tant both for TnT-1 and for TnC functions are paralyzed
and arrest at twofold, which is the phenotype of TnC mu-
tants, rather than the hypercontracted Mup phenotype of
TnT-1 mutants. In addition, we find that the TnC mutation
enhances the defects caused by mutation of TnT-1. These
findings: (a) do not support the hypothesis that mutations
of CeTnT-1 permanently activate the thin filament regard-
less of the concentration of free Ca21 (Model A); (b) pro-
vide support for the hypothesis that, in the absence of TnT
tethering functions, TnI and TnC confer Ca21-dependent,
although aberrant, regulation of muscular activity, consis-
tent with the biochemical studies of protein interactions
(Model B); and (c) are compatible with a model in which
the Mup phenotype arises due to delayed relaxation of
muscle contraction and in which prolonged force produc-
tion causes detachment of muscles from dorsal surfaces in
mup-2 mutants. These studies offer for the first time in
vivo support for the biochemical predictions that full inhi-
bition of the thin filament, as well as Ca21-dependent dis-
inhibition, can occur in the absence of TnT tethering func-
tions. The findings are discussed in the context of previous
biochemical studies of thin filament protein interactions
and are related to in vivo dysfunctions caused by TnT mu-
tations, including those that cause human cardiomyopathy.

Materials and Methods

Strains
Strains were maintained and standard crosses performed according to
Brenner (1974). The WT strain used was N2 Bristol. Strains bearing the
mup-2(e2346ts) allele were maintained at 158C. Other strains were main-
tained at either 15 or 208C. The specific temperatures used for experi-
ments are indicated in the text.

Genes, mutations, and chromosomal rearrangements used in this work
were the following: LG I: pat-10(st568) (75), dpy-5(e61) (8), unc-54(e1213)
(70), LG II: unc-52(st549) (75), mnDp34(II;f) (25); LG III: unc-36(e251)
(8), unc-32(e189) (8); LG IV: unc-82(e1223 and st1323) (71), unc-44(e362)
(8), deb-1(st555) (3, 75), egl-19(st556) (previously known as pat-5(st556)
(75), unc-24(e138) (8), him-8(e1489) (28), unc-22(ct37) (5); LG V: myo-3
(st386) (69, 75), sqt-3(e24) (8), LG X: mup-2(e2346ts and up1) (46), unc-6
(e78) (8), stDf1 (6). Tables I and II describe the pat genes and strains used.

Analysis of the Mup and Pat Phenotypes
Generation and analysis of mup-2 strains for the data in Table III were as
previously described (46). Strains were analyzed by transferring single
hermaphrodites daily and scoring the progeny z48 h later. For the data
reported in Tables III and V, individuals were not picked, but the Mup
and Pat phenotypes were assessed only for those embryos which had been
released, without manipulation, from the egg shell (Table III): progeny
exhibiting an obvious Mup or Pat phenotype were counted, and un-
hatched progeny that could be either Mup or Pat were simply scored as
unhatched eggs.

Generation of Strains Homozygous for mup-2(e2346ts) 
and Heterozygous for the Different pat Alleles
The pat-bearing mutant strains (Table II) were mated to him-8(e2489);
mup-2(e2346ts) males at 208C. (For ease of description, the remainder of
the strategy is written for pat-10.) The construction of double mutants was
feasible due to the availability of the conditional mup-2(e2346ts) allele
(abbreviated as mup-2(ts) from hereon) and the ability of mup-2(ts) males

to mate efficiently at either permissive or restrictive temperatures. Ap-
proximately 12 individual WT hermaphrodite cross progeny were picked
singly to plates and allowed to lay eggs at 158C. In the case of the pat-10
construction, which began with the strain pat-101/1 dpy-5, WT hermaph-
rodite cross-progeny would be of the genotype either (a) pat-10/1; mup-
2(ts)/1 or (b) dpy-5/1; mup-2(ts)/1. Hermaphrodites that segregated Pats
(pat-10 phenotype) but not Dpys (dpy-5 phenotype) were identified. Via-
ble segregants on this plate were expected to have one of the following
genotypes: (a) pat-10/1; mup-2(ts)/1, (b) pat-10/1; mup-2(ts)/mup-2(ts),
(c) pat-10/1; 1/1, (d) 1/1; mup-2(ts)/1, (e) 1/1; mup-2(ts)/mup-2(ts),
(f) 1/1; 1/1. Approximately 25 individual WT hermaphrodites from
these plates were picked singly to plates and allowed to lay eggs. The her-
maphrodites were transferred singly to new plates and the original plate
shifted to 258C to identify parent hermaphrodites that were mup-2(ts)/
mup-2(ts) homozygotes based on segregating 100% Mup progeny. For
lines that were confirmed to be mup-2(ts)/mup-2(ts) homozygotes, the sib-
ling plate at 158C was inspected for the Pat phenotype to identify animals
whose parent must have been pat-10/1; mup-2(ts)/mup-2(ts). The strain
was maintained by picking single hermaphrodites to plates at 158C and in-
specting for Pat segregants at each generation. Generation of all but one
of the other strains homozygous for mup-2(ts) and heterozygous for the
different pat gene alleles was carried out essentially as indicated above
with the specific strains indicated in Table II, using markers that were fol-
lowed in a manner similar to that described for dpy-5. Construction of
unc-52(st549); mup-2(ts) was initiated by mating him-8(e2489);mup-
2(e2346ts) males to unc-52(st549); mnDp34(III;f) hermaphrodites. In this
last case, all cross progeny were heterozygotes, unlike the cross progeny
that arose in the corresponding step in the other constructions described
above.

Analysis of pat-x; mup-2(ts) Double Mutants
Epistasis was determined by undertaking temperature shift experiments
of strains, as described in Table IV, and then examining the shifted strains
in two ways. First, the terminal phenotype at 258C was established by de-
termining with the dissecting microscope (total magnification: 5003)
whether mutants arrested at either the twofold or threefold stage. The
phenotypes were scored at 48 h after the temperature shift because many
Mups and Pats do not hatch at all, while others emerge from the shell only
several days after the normal hatching time. To facilitate more quantita-
tive assessment of the epistatic phenotype, we moved progeny to the edge
of the plate. This manipulation of the embryos stimulated release of many
unhatched Mup and Pat mutants from the egg shell. For the controls, in
contrast, individuals were not picked, but the Mup and Pat phenotypes
were scored only for those embryos which had been spontaneously re-
leased from the egg shell (see above, and Table III). The WT category in-

Table III. Quantitation of Phenotypes in Control Strains

Parental genotype % WT % Mup % Pat % E Broods

Control phenotypes at 258C
1 mup-2(up1)/lon-2 1 79 5 0 16 6
1 mup-2(ts)/lon-2 1 74 21 0 5 9
unc-52/unc-52; mnDp34 67 0 3 30 5
myo-3 1/1 sqt-3 66 0 7 26 4
1 unc-44 deb-1 1/unc-82 11 unc-24 81 0 3 16 6
1 egl-19 1/unc-82 1 unc-24 87 0 1 12 6
pat-10 1/1 dpy-5 88 0 2 10 7

Control phenotypes at 158C
mup-2(ts)/mup-2(ts) 95 .08 0 3 5
unc-52/unc-52; mnDp34 71 0 1.5 27 5
myo-3 1/1 sqt-3 8 0 6 10 8
1 unc-44 deb-1 1/unc-82 11 unc-24 85 0 4 11 5
1 egl-19 1/unc-82 1 unc-24 82 0 1 17 5
pat-10 1/1 dpy-5 79 0 2 19 5

WT refers to any animal that was not Mup, Pat or unhatched (E) regardless of geno-
type. Mups and Pats were scored as those animals that had hatched, without manipu-
lation, from the egg shell. The specific alleles used are designated in Tables I and II.
The skewed percentage of WT (.75% expected, relative to number of embryos) and
Pats scored (25% expected) is likely due to disintegration of arrested mutants several
days after egg laying.
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cludes any viable animal that was not Mup, Pat, or an unhatched egg, re-
gardless of the genotype.

The second way of analyzing epistasis entailed videomicroscopy of se-
lected temperature-shifted embryos. Videomicroscopy was done as previ-
ously described (46). Since the pat alleles used in the experiments are
characterized by severe paralysis and absence of muscular activity, the de-
tection of any muscular activity by videomicroscopy would demonstrate
epistasis. Epistasis detected in this manner would not require embryonic
development to the threefold stage, as is needed in the first method.

Phalloidin Staining of Worms
Individual worms were picked into S-buffer (0.1 M NaCl, 0.05 M potas-
sium phosphate [pH 6], 1 ml/liter cholesterol [5 mg/ml in EtOH]) on mi-
croscope slides. The worms were rinsed with S-buffer, and the S-buffer
was removed using a drawn out pasteur pipette, leaving only a few micro-
liters of buffer behind. Embryos were then immediately fixed with cold
(2208C) acetone. Fixed worms were stored at room temperature and then
stained with phalloidin as previously described (46). Stained worms were
visualized by epifluorescence with a Reichert Jung Polyvar II microscope.

Results

The Phenotypes Caused by mup-2 and pat Gene 
Mutations Are Discrete

To examine the epistasis relationships between mup-2 and
specific pat genes, we made strains that were doubly mu-
tant for mup-2(ts) and selected muscle gene mutations
causing the Pat phenotype, which are listed in Table I. As
required for a successful analysis of epistasis, the Mup and
Pat phenotypes are distinct and specific. Like others (75),
we observed no Mup animals segregating from these pat-
bearing strains at either the restrictive (258C, Table III) or
permissive temperatures (158C, Table III) used in these
studies: the segregants arrest elongation at the twofold
stage and failed to show twitching of body wall muscle
cells (Table III, Pat). Likewise, segregants from different
mup-2–bearing strains, including the mup-2(up1) putative
null allele and mup-2(ts)/Df (Table III), achieved at least
the threefold stage of development, which requires body
wall muscle function (75). Additionally, genetic studies
(Table III and see 46) demonstrated that the mup-2
(e2346ts) mutation behaves like the putative null allele at

the restrictive temperature; therefore, Mup is the null phe-
notype.

Analysis of Strains Mutant for pat Mutations
That Affect Body Wall Muscle Assembly and for mup-2

To determine the requirements for development of a Mup
phenotype, we generated doubly mutant strains with the
mup-2(ts) allele of TnT-1 in combination with mutant al-
leles of selected pat genes (Tables I and II): the unc-
52(st549) mutation of perlecan, which blocks assembly of
thick and thin filaments, as well as proper placement of
these filaments in the muscle cell; the deb-1(st555) muta-
tion of vinculin, which disrupts thin filament assembly; and
the myo-3(st386) mutation of myosin heavy chain A,
which blocks thick filament assembly, but permits assem-
bly and proper localization of thin filaments. Table IV
gives an overview of the experimental protocol for analy-
sis of the segregants, as well as a description of expected
genotypes and phenotypes. All doubly mutant strains (in-
cluding mutants described in section below) were exam-
ined at 258C, the restrictive temperature for mup-2(ts). Ta-
ble V lists the percentage of Pat segregants observed at
258C for each of the doubly mutant strains. If mup-2(ts)
were epistatic to any of the tested pat alleles, the percent-
age of Pat segregants should have been either zero or close
to zero. Alternatively, if mup-2(ts) were not epistatic, 25%
of the segregants should be Pat. Since not all Mup and Pat
mutants escape from the egg shell, we could not score the
exact percentage of Pat segregants; however, in all cases
(see description of results below), the observed number of
Pat segregants in double mutants was not significantly dif-
ferent from the expected value (P . 0.10).

We first tested the hypothesis that mutations in genes
that affect muscle assembly are epistatic to mup-2(ts). We
expected this would be the case because these alleles se-
verely disrupt assembly of the sarcomere: sarcomere as-
sembly is necessary for both embryonic development
(elongation past twofold) and the twitching observed with
the Mup phenotype. Indeed, the data shown in Table V
demonstrate that mup-2(ts) is epistatic to the tested alleles
of unc-52, deb-1, and myo-3. These data also provide im-
portant controls for quantitation of Pat mutants at 258C.

Analysis of Strains Mutant for mup-2(ts) and pat 
Mutations That Affect Muscle Contraction

We sought to determine whether the Mup phenotype is
Ca21-independent, as would be suggested by biochemical

Table IV. Temperature Shift Analysis of Double Mutant Strains

Individual pat-x/1; mup-2(ts)/mup-2(ts) hermaphrodite
↓

6-h pulse lay at 158C
Individual hermaphrodites transferred from “pulse lay” plates to fresh plates at 158C. 

The pulse lay plates (eggs) are transferred to 258C and scored 48 h later.
↓

Expected genotypes
1; mup-2(ts)
1; mup-2(ts)

pat-x; mup-2(ts)
1; mup-2(ts)

pat-x; mup-2(ts)
pat-x; mup-2(ts)

Expected phenotypes @ 158C WT WT* Pat
Expected phenotypes @ 258C Mup Mup ? (Mup or Pat)

The strains and strategies used for making the double mutant strains are presented in
the Materials and Methods. mup-2(ts) represents the mup-2(e2346ts) allele. The mup-
2(ts) mutants are viable at the permissive temperature of 158C. Lines that were het-
erozygous for a lethal pat mutation and homozygous for the mup-2(ts) mutation were
identified and maintained (see Materials and Methods). Segregants of a parent having
the genotype pat/1; mup-2(ts)/mup-2(ts) were scored for the double mutant pat/pat;
mup-2(ts)/mup-2(ts) phenotype at the permissive and restrictive temperatures for the
mup-2(ts) mutation in the shift strategy as shown. Expected and observed phenotypes
are indicated. For all genetic double combinations, Pats were observed at the restric-
tive temperature of 258C (Table V).
*We unexpectedly observed a high incidence of Mups at 15°C in the pat-10–bearing
lines.

Table V. Phenotypes Observed at 25°C

Parental genotype % WT % Mup % Pat % E Pulse-lay No.

mup-2(ts)/mup-2(ts) 0 80 0 20 4
unc-52/1; mup-2(ts)/mup-2(ts) 0 61 21 18 9
myo-3/1; mup-2(ts)/mup-2(ts) 0 53 24 23 8
deb-1/1; mup-2(ts)/mup-2(ts) 0 55 24 21 5
egl-19/1; mup-2(ts)/mup-2(ts) 0 67 11 22 25
pat-10/1; mup-2(ts)/mup-2(ts) 0 63 17 20 27

To assist quantitative analysis of the phenotypes, we picked progeny to the edge of
the plate. This manipulation of the embryos stimulated release of many unhatched
Mup and Pat mutants from the egg shell. Unhatched eggs (E) could be either Mup or
Pat mutants.
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studies of ATPase activities of reconstituted, regulated ac-
tomyosin from vertebrate muscle (for review see 27), but
not by analyses of thin filament protein interactions (see
36). The availability of the egl-19 and pat-10 mutations,
which in contrast to unc-52, deb-1, and myo-3 mutations
do not disrupt sarcomeric structures, but rather compro-
mise activation of muscle contraction, allowed us to test
this hypothesis. Thus, we generated doubly mutant strains
with the mup-2(ts) allele of TnT-1 in combination with: (a)
the egl-19(st556) mutation of the a1 subunit of a sarcolem-
mal voltage-gated Ca21 channel, which allows proper as-
sembly of sarcomeric structures, but causes flaccid paraly-
sis, presumably by eliminating the influx of Ca21 during
the muscle action potential; and (b) pat-10(st568), which
causes flaccid paralysis and affects not the actual Ca21 sig-
nal, but rather TnC, the Ca21 receptor.

The data shown in Table V demonstrate that egl-19 and
pat-10 mutations, like unc-52, deb-1, and myo-3, are epi-
static to the mup-2(ts) mutation. Representative mutants
and controls are shown in Fig. 4 (a–d). Analysis of both
mutations was essential since epistasis of the egl-19(st556)
Ca21 channel mutation to mup-2(ts) does not definitively
indicate whether activation (disinhibition) of thin fila-
ments is needed: it is believed that activation of muscle
contraction in dually regulated muscles, such as in the C.
elegans body wall, requires activation (disinhibition) of
both thick and thin filaments (67). Thus, the likely conse-
quences of the egl-19(st556) mutation upon thick filament
activation (disinhibition) would preclude observing any in-
dependence of the Mup phenotype from thin filament ac-
tivation (disinhibition). In contrast, the epistasis test of
pat-10 with mup-2 enables this assessment since the thick
filaments would be activated in this case, and the thin fila-
ment activation can be examined independently.

Time-Lapse Video Analysis of pat-10; mup-2(ts) 
Mutants

It could be argued that epistasis of mup-2(ts) to pat-10 oc-
curred, but not to the extent needed for elongation of the
double mutants to the threefold stage. In other words, the
flaccid paralysis of pat-10(st568) might have been amelio-
rated by the presence of mup-2(ts), but the resulting mus-
cular activity might have been insufficient to drive elon-
gation to the threefold stage (i.e., a lat phenotype: late
paralysis and arrested elongation at twofold; 75). Thus, we
examined by time-lapse videomicroscopy with differential
interference contrast optics whether pat-10; mup-2(ts)
doubly mutant worms evidenced muscular activity in addi-
tion to the arrest at elongation scored in the above experi-
ments. Matching the result obtained with control pat ho-
mozygotes, all 10 segregants recorded that arrested at
twofold (genotype: pat-10/pat-10; mup-2(ts)/mup-2(ts))
also failed to show visible twitching of body wall muscles
(data not shown). Thus, we conclude that the double mu-
tants are indeed paralyzed.

Analysis of Phenotypes for Doubly Mutant Strains at 
158C, the Permissive Temperature for mup-2(ts)

During the course of constructing the double mutant com-
binations of mup-2(ts) with different pat alleles, we ob-
served an increased incidence at 158C of segregants with a
Mup phenotype, i.e., improper muscle positioning and
croissant-shaped body. The mup-2(ts) animals raised at
158C are WT, and only rarely (,1% of progeny) is a Mup
animal observed. Table VI lists the percentages of WT,
twofold arrested, threefold arrested, and unhatched seg-
regants at 158C. Strains in which mup-2(ts) is combined
with unc-52(st549), myo-3(st386), deb-1(st555) or egl-19

Figure 4. Rhodamine-phalloi-
din analysis of Mup and Pat
mutant phenotypes. (a) WT
L1-stage worm. Arrows de-
marcate dorsal and ventral
body wall muscle quadrants.
(b) mup-2(ts) Mup individual.
Arrows demarcate displaced
dorsal body wall muscle. (c)
pat-10 Pat individual. Arrows
demarcate body wall muscle
staining. (d) Pat individual
shifted to 258C before the em-
bryonic tsp for mup-2(ts) of
the genotype pat-10/pat-10;
mup-2(ts)/mup-2(ts). Arrows
demarcate body wall muscle
staining. (e and f) Mup indi-
viduals observed at 158C seg-
regating from a parent of the
genotype pat-10/1; mup-
2(ts)/mup-2(ts) and inferred
to be of the same genotype
(our analysis supports that
50% of the worms of this ge-
notype are Mup at 158C). Ar-
rows demarcate displaced
body wall muscle. Bar, 10 mm.
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(st556) showed a slightly higher percentage of Mups segre-
gating at 158C (2–4% in comparison with ,1%; Table VI,
but this percentage is not statistically significant (P .
0.50). In contrast, a striking percentage of Mup animals
(25%) segregated in the strains bearing pat-10(st568) TnC
mutation, and the percentage of WT was lower than ex-
pected (P , 0.005). As discussed further below, these Mup
animals represent animals of the genotype pat-10/1; mup-
2(ts)/mup-2(ts).

To ascertain whether the Mup-like characteristics of
these segregants at 158C truly resembled those of mup-
2(ts) mutants, we examined the structure and positioning
of muscle cells. Fixed worms were stained with rho-
damine-conjugated phalloidin, which binds filamentous
actin, for immunofluorescent visualization (Fig. 4). The
muscle detachment of mup-2 mutants (b as compared with
WT in a) is distinct from that seen with other members of
the mup gene class, because the detachment occurs only
from the dorsal surfaces at the major bends of the em-
bryos. Similar to the mup-2(ts) mutants raised at the re-
strictive temperature of 258C, the Mups segregating from
strains pat-10/1; mup-2(ts)/mup-2(ts) at the permissive
temperature of 158C (e and f) have defects in muscle at-
tachment comparable to those seen with mup-2(ts) alone.

The appearance of Mup-like animals segregating from
parents of the genotype pat-10/1; mup-2(ts)/mup-2(ts) at
158C could be caused either by incomplete suppression of
a Pat phenotype by mup-2(ts) or by enhancement of the
Mup phenotype by pat-10(st568). In the former case, the
Mup-like progeny would have the genotype pat-10/pat-10;
mup-2(ts)/mup-2(ts); in the latter, the genotype would be
pat-10/1; mup-2(ts)/mup-2(ts). We favor the view that the
Mup animals were heterozygous for the pat mutation for
several reasons. First, because suppression of the Pat phe-
notype by mup-2(ts) failed to occur at 258C, suppression
at 158C would require that the Mup phenotype arose at
158C by a mechanism different from that at 258C. Second,
the increase in percentage of Mups correlated with a dimi-
nution in percentage of WT, not Pat, segregants. Note
that the percentage of embryos failing to hatch at 158C,
presumed to be Pat, was comparable to that found for
pat-10 controls, further suggesting that the increase in
Mups occurred without a decrease in the Pat population
(Table VI).

One possibility for the appearance at 158C of Mup-like
worms is that the truncated TnT-1 intensifies subtle mus-
cle sarcomere assembly defects caused by a single mutant
copy of the pat-10 gene mutation; however, if this were
true, we would have expected an increase the incidence of

Pat-like animals in addition to or instead of Mup-like ones,
since one class of mutation causing the Pat phenotype dis-
rupts sarcomeric assembly (Tables I and II). An explana-
tion, which we favor, is that a single mutant copy of pat-10
might further the detrimental effects of the aberrant mus-
cular activity associated with mup-2(ts)/mup-2(ts) at 158C
(see Discussion). We conclude that the Mup phenotype
caused by the mup-2(ts) TnT-1 mutation is exacerbated by
heterozygosity of pat-10(st568) TnC at what is ordinarily a
permissive temperature for mup-2(ts).

Discussion
A range of biochemical studies has suggested three poten-
tial roles for TnT in the regulation of muscle contraction:
(a) at low concentrations of free Ca21, to strengthen the
inhibition of the thin filament; (b) at high levels of free
Ca21, to tether TnI/TnC1(Ca21) to the thin filament; and
(c) also at high levels of free Ca21, to activate a disinhib-
ited thin filament, leading to greater actin-activated myo-
sin MgATPase in the presence of TnT than in its absence.
Whereas results of biochemical research have been equiv-
ocal about the absolute necessity for TnT in regulation,
the discovery of a lethal heart disease linked to mutations
in human cardiac TnT suggests that the functions of TnT
are indispensable. This view is bolstered by the phenotype
of C. elegans homozygous for severe loss-of-function al-
leles of TnT-1, because the mutants display aberrant mus-
cle contractions and develop lethal muscle displacements.
When first reported, the phenotype of the TnT-1 loss-of-
function mutations was reasoned to be caused by one of
two mechanisms. First, the phenotype could stem from
loss of inhibition of the thin filament at low free Ca21 con-
centration (i.e., loss of role 1, Model A, Fig. 3), leading to
constant application of forces to the muscle-hypodermal-
cuticle connections and ultimately to collapse of the dorsal
muscle quadrants. Alternatively, breakage of the anchor-
ing junctions and collapse of the dorsal quadrants could
stem from abnormally prolonged contractions caused by
tardiness of untethered TnI/TnC to restore inhibition of
the thin filament after cessation of the Ca21 signal (i.e.,
loss of role 2, Fig. 3, Model B).

The availability of a heat-sensitive, loss-of-function al-
lele for TnT-1, as well as a range of mutations in other
muscle proteins, allowed us to determine with C. elegans
the conditions necessary in vivo for development of the
aberrant muscle contractions and lethal muscle displace-
ments linked to loss of TnT function. The in vivo experi-
ments specifically tested whether the mup-2(ts) TnT-1 mu-
tation is epistatic to representatives of the pat class of
mutation, all of which cause flaccid paralysis. If, for exam-
ple, loss of TnT function disinhibits the thin filament in the
absence of Ca21 signals, then the Mup mutation should be
epistatic to those Pat mutations blocking Ca21-dependent
disinhibition. The results demonstrated that mup-2(ts) is
not epistatic to representatives of three classes of pat mu-
tation, including those that block Ca21-dependent disinhi-
bition. Additionally, the results showed enhancement of
the mutant phenotype of mup-2(ts) by heterozygosity for
the TnC pat-10 mutation. As discussed below, these obser-
vations support the view that loss of TnT function in C. ele-

Table VI. Phenotypes Observed at 158C

Parental genotype % WT % Mup % Pat % E Broods

mup-2(ts)/mup-2(ts) 96 0.8 0 3 5
unc-52/1; mup-2(ts)/mup-2(ts) 66 4 1 29 4
myo-3/1; mup-2(ts)/mup-2(ts) 72 3 5 20 5
deb-1/1; mup-2(ts)/mup-2(ts) 73 2 2 21 5
egl-19/1; mup-2(ts)/mup-2(ts) 75 2 2 20 5
pat-10/1; mup-2(ts)/mup-2(ts) 49 27 1 22 5

WT refers to any animal that was not Mup, Pat, or unhatched (E) regardless of geno-
type. Mups and Pats were scored as those animals that had hatched, without manipula-
tion, from the egg shell.
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gans leads to Ca21-dependent contraction of abnormal du-
ration, rather than to loss of inhibition and production of
Ca21-independent force. Moreover, the results suggest
that breakage of the anchoring junctions between muscle
and hypodermis-cuticle relates not to the extent of peak
force achieved during contraction, but rather to perturba-
tions in the duration of contraction.

The pat-10(st568) TnC Phenotype Is Epistatic to the 
mup-2(ts) TnT Phenotype

To determine the conditions necessary for development
of aberrant muscular activity and improper muscle cell
positioning in mup-2(ts) animals, our experiments tested
whether the mup-2(ts) mutation of CeTnT-1 can mask the
severe, flaccid paralysis of representatives of the following
three classes of pat mutation: (a) those disrupting integrity
of muscle-hypodermal linkages (unc-52 perlecan); (b)
those preventing assembly of thin and thick filaments
(deb-1 vinculin and myo-3 myosin-A); and (c) those impair-
ing binding of Ca21 to thin filaments (egl-19 Ca21 channel
and pat-10 TnC) (Table I). As we expected, the aberrant
muscular activity of mup-2(ts) requires assembly of thin
and thick filaments, as well as their proper anchorage to
the hypodermal cells, and the analysis of these first two
classes provided important controls for examination of
mutations that affect the regulation of muscle contraction.

The mup-2(ts) mutation of CeTnT-1 was likewise un-
able to overcome the flaccid paralysis caused by mutation
of a sarcolemmal Ca21 channel, egl-19. Assembly of sarco-
meric structures in egl-19 animals appears WT (75); hence,
paralysis presumably results from elimination of Ca21 cur-
rents needed for contraction. These currents might be re-
sponsible for inducing release of Ca21 from the sarcoplas-
mic reticulum or for directly triggering regulatory proteins
(e.g., TnC, calmodulin, and myosin light chains). The re-
sults indicate that the trembling and improper muscle cell
positioning of mup-2(ts) require normal Ca21 dynamics
within muscle.

The results with the mutation of the sarcolemmal Ca21

channel egl-19 leave unclear, however, whether mup-2(ts)
can disinhibit the thin filament in the absence of Ca21. It is
believed that the body wall muscles of C. elegans have
both thin and thick filament regulatory systems (21) and
that tension development in dually regulated muscle cells
requires disinhibition/activation of both thin and thick fila-
ment systems (37, 67). In this regard, failure of the mup-
2(ts) mutation to ameliorate the limp paralysis caused by
mutation of TnC pat-10(st568) suggests the inability of the
truncated TnT-1 to disinhibit the thin filament in the ab-
sence of Ca21. In the pat-10; mup-2(ts) double mutants at
258C, Ca21 signals and activation of thick filaments in the
muscle cells should occur without hindrance; only the
binding of Ca21 to TnC and the subsequent disinhibition
of the thin filaments should be impaired by the pat-10 mu-
tation. The results thus lead to the view that the aberrant
contractions observed in mup-2(ts) homozygotes, while
Ca21-dependent, deviate from normal contractions by
having an impaired relaxation after cessation of the Ca21

signal. This is proposed as Model B in Fig. 3 and, as dis-
cussed in detail below, is our favored interpretation of the
genetic data.

Evaluation of pat-10(st568) TnC Epistasis to
mup-2(ts) TnT and Biochemical Models of Thin 
Filament Regulation

Biochemical studies of the interactions in vitro among the
troponin subunits and tropomyosin from rabbit skeletal
muscle (for review see 36, 63) offer a mechanism by which
loss of TnT function could impair relaxation (Fig. 3, Model
B); these studies support a model of regulation first pro-
posed in 1973 (27). At submicromolar concentrations of
free Ca21, the inhibitory subunit of troponin, TnI, shows
numerous interactions with actin, tropomyosin, and TnT;
however, as the free Ca21 concentration rises to micromo-
lar levels, the interactions between TnI and actin/tropomy-
osin diminish greatly or disappear, resulting in only an in-
direct connection mediated by TnT (Fig. 3, Wild-type).
The biochemical model of interactions receives support
from low resolution crystallographic analyses of tropomy-
osin/troponin cocrystals (10, 74), revealing two regions of
contact between the troponin complex and tropomyosin.
One contact involves interaction of Tm with the extended
NH2-terminal half of TnT (Fig. 1), and this contact is be-
lieved on the basis of biochemical work to persist as Ca21

concentration rises. The second contact is believed to be
abolished by the binding of Ca21 to TnC; this contact in-
volves the COOH-terminal half of TnT and TnI/TnC. Be-
cause the aberrant muscular activity in mup-2(ts) mutants
cannot occur without Ca21-dependent thin-filament dis-
inhibition, we suggest that the abnormality stems from an
inability of TnI/TnC, in the absence of TnT function, to
remain tethered to the disinhibited thin filament during
periods of high free [Ca21]. Without tethering, TnI/TnC
would diffuse away from its binding site on the thin fila-
ment, and thus the re-establishment of inhibition and re-
laxed levels of tension after cessation of the Ca21 signal
would be delayed (Fig. 3, Model B).

Model B (Fig. 3) appears well-supported by the studies
of troponin subunit interactions and by the genetic work
presented here; however, the biochemical data considered
in full are equivocal. In contrast to analyses of troponin
subunit interactions, biochemical studies of actomyosin
MgATPase using thin filaments reconstituted from purified
proteins (actin, Tm, TnT, TnI, and TnC) have highlighted
an essential role of TnT in ensuring maximal inhibition of
MgATPase activity at low free Ca21 concentrations (20,
27, 33, 41). The basal, non-Ca21-activated level of ATPase
activity in the absence of TnT significantly exceeds that in
its presence. The loss of inhibition is reflected in an affinity
of TnI/TnC for actin-Tm detectably less than that of whole
troponin (26, 33, 41, 50). The weakened binding and inhibi-
tion exhibited by TnI/TnC have been attributed to a neu-
tralization by TnC of TnI activity in the absence of TnT.
Model A depicts this role of TnT in countering the neutral-
ization action of TnC. The biochemical observations giving
rise to Model A suggest that loss of TnT function in a mus-
cle should cause Ca21-independent actomyosin ATPase
and hence contraction. We thus also considered whether
our data could support this prediction; however, contrary
to this prediction, our results showed that the aberrant
muscular activity in mup-2(ts) worms, in which TnT-1 ac-
tivity is severely reduced or totally abolished, depends
upon Ca21-mediated disinhibition of the thin filament.
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At least three explanations can be considered for the
maintenance in vivo of thin filament inhibition in the ab-
sence of functional TnT in our epistasis experiments, de-
spite the necessity for TnT in biochemical experiments
with thin filaments reconstituted with physiologic concen-
trations of TnI and TnC (Model A). These possibilities are
considered in turn below, with the third being potentially
problematic with respect to ruling out Model A with the
epistasis data alone.

One possible explanation is that the need for TnT in ef-
fecting inhibition may be specific to reconstituted thin fila-
ments. Native and stoichiometrically reconstituted bovine
cardiac thin filaments differ in the extent of cooperativity
manifested in activation of MgATPase, as well as in Ca21

sensitivity (65). Interestingly, filaments reconstituted in
the presence of excess troponin subunit concentrations
achieved the behavior of native thin filaments.

The second explanation is that invertebrate TnT, unlike
vertebrate TnT, may lack a role in ensuring maximal inhi-
bition of the thin filament in relaxed muscles. Invertebrate
TnT is substantially greater in mass than is vertebrate TnT
due to a long COOH-terminal extension, but shares the
same major motifs, including a highly conserved NH2 ter-
minus, a pattern of charged residues in a region predicted
to interact with Tm, and a domain believed to form a
coiled-coil with TnI (46, 57). The extension on the inverte-
brate isoform has no known function, but because it is rich
in acidic and basic residues, the extension might play a role
in protein–protein interactions (9). We conjecture that the
extra residues ensure the integrity of TnT within the
troponin complex, because the mup-2(ts) mutation, which
eliminates about half of the extension of CeTnT-1, be-
haves as a severe loss-of-function allele at elevated tem-
peratures, comparable in strength to a putative null allele.
On the basis of these arguments, we would suggest that the
invertebrate extension of TnT, rather than negating a role
of one of the conserved motifs (e.g., ensuring inhibition by
TnI/TnC at low free Ca21 concentrations), imparts stabil-
ity to the protein in its folding and its association with the
thin filament.

A third possibility is that pat-10 mutant TnC may fail to
bind to thin filaments. TnI, in the absence of TnT and
TnC, binds well to actin-Tm (26, 49) and exerts a level of
inhibition comparable to that of whole troponin (12, 20,
27). The pat-10 mutant TnC differs from WT TnC in two
ways: Asp64, located in the second of four putative Ca21-
binding motifs, is altered in the mutant TnC to Asn;
Trp153 is changed to a stop codon, leading to severe trun-
cation of the last (helix G) of the predicted helices in the
protein (35). The truncation likely weakens the interaction
between TnI and TnC. Crystallographic analyses (58) of
vertebrate TnC reveal that the homologous helix estab-
lishes a number of hydrophobic interactions thought to
stabilize the structure of the COOH half of TnC, and it is
this half of vertebrate TnC that is thought important in
maintaining association of TnC with the thin filament at
low free Ca21 concentrations (77). Supporting the view of
weakened interactions between the mutant TnC and the
thin filament is an experiment with proteolytic fragments
of rabbit skeletal TnC, which showed the abolition of in-
teraction with TnI for a fragment (residues 101–153) lack-
ing the terminal six residues, but not for a fragment (101–

159) having these residues (19). Thus, if the mutant TnC
were unable to bind to thin filaments, our observation of
flaccid paralysis in embryos homozygous for both pat-
10(st568) and mup-2(ts) would be consistent with assays of
ATPase activity of regulated actomyosin depleted of TnT
and TnC, since TnC neutralization of TnI inhibition would
not occur in our particular double mutant combination
and, consequently, filaments would not appear “activated”
in our genetic assay.

Enhancement of the Mup Phenotype
in pat-10/1; mup-2(ts)/mup-2(ts) Animals at the 
Permissive Temperatures Supports Model B

Given the probable lack of association between pat-10 mu-
tant TnC and the thin filament, the failure of mup-2(ts) to
be epistatic to pat-10(st568) at 258C cannot alone be taken
as evidence that the TnT mutation fails to cause Ca21-
independent contractions in mup-2(ts) homozygotes; how-
ever, the observed enhancement for the Mup phenotype in
pat-10/1; mup-2(ts)/mup-2(ts) animals at the permissive
temperatures provides important evidence for Model B,
rather than Model A. Relevant to this view are our inter-
pretations (a) that the collapse of dorsal muscle quadrants
characteristic of the Mup phenotype (Fig. 4) is a conse-
quence of the abnormal contractions also associated with
the phenotype and (b) that the increase of Mups at the
permissive temperatures of animals having the genotype
pat-10/1; mup-2(ts)/mup-2(ts) is caused by enhancement
of the mup-2(ts) contraction defects by one mutant allele
of pat-10 (as described in Results).

According to the predictions of Model A, if the mup-2(ts)
mutation were indeed able to disinhibit actin-Tm-TnI-
TnC, but not actin-Tm-TnI (due to strong inhibition by
TnI), then a reduction of TnC levels in mup-2(ts) animals
should antagonize the effects of the mup-2(ts) mutation,
promote inhibition of the thin filament, and ameliorate the
Mup phenotype. Observations of mutant strains, however,
showed that heterozygosity for the pat-10 TnC mutation in
mup-2(ts) homozygotes exacerbated the deleterious ef-
fects of the TnT mutation and caused the appearance of
phenotypically Mup animals at 158C, a normally per-
missive temperature. Moreover, since no segregant from
the pat-10/1; mup-2(ts)/mup-2(ts) strain was WT at 258C,
there was no indication of amelioration of the Mup pheno-
type at the restrictive temperature.

Unlike Model A, Model B readily accommodates the
observation of an enhancement of the Mup phenotype by
heterozygosity for pat-10(st568) mutant TnC in mup-2(ts)
animals at 158C. The two sequence alterations that define
the pat-10(st568) allele render mutant muscle flaccidly
paralyzed. In addition to a premature stop codon that
likely affects the interaction of the mutant protein with the
thin filament, pat-10 mutant TnC has an alteration of
Asp64 to Asn (35). The aspartate, which is strictly con-
served in functional Ca21-binding loops, provides one oxy-
gen atom necessary for coordination of Ca21 and a second
needed for stability of the loop, and even the conservative
change to asparagine is predicted to reduce the Ca21-affin-
ity of the loop dramatically (58). If reduction of TnC in
pat-10(st568)/1 (normally a recessive mutation) in the
mup-2(ts) background were to render sections of indi-
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vidual thin filaments in affected muscle Ca21-insensitive,
through incomplete saturation of the thin filament with
functional TnC, then the cooperativity inherent in muscle
regulation should be diminished, leading to contractions of
abnormal duration (prolonged). For example, creation of
Ca21-insensitive regions along thin filaments in rabbit
psoas cells, achieved by partial extraction of TnC, lessens
the steep dependence of active tension upon free Ca21 (7,
45). We envisage that the contractile deficits arising from
haploidy for pat-10(st568), while too subtle to be detected
in a WT genetic background, complement and intensify
the defects caused by mup-2(ts) to the extent that collapse
of dorsal quadrants occurs at even 158C.

There is precedence for genetic interactions among mu-
tations in muscle regulatory proteins (4, 14, 29). Recessive
mutations of the held-up TnI and upheld TnT gene loci in
Drosophila cause defects in flight muscle function and
wing posture in specific double heterozygous mutant allele
combinations (29). These specific interactions were inter-
preted to support strict quantitative, as well as qualitative
relationships, among certain muscle gene products. Al-
though the Drosophila studies do not make possible the
discrimination among possible mechanisms to explain the
genetic interactions, they are consistent with our interpre-
tation that reduction of WT TnC content in combination
with specific TnT mutations may sufficiently disrupt con-
tractile activity to increase the appearance of mutant phe-
notypes.

Based upon the above reasoning, we conclude that en-
hancement of the Mup phenotype in pat-10/1; mup-2(ts)/
mup-2(ts) animals at the permissive temperatures, in
combination with the inability to elicit Ca21-independent
contractions in pat-10/pat-10; mup-2(ts)/mup-2(ts) double
homozygotes at 258C, argues strongly that loss of TnT
function does not disinhibit the thin filament and, more-
over, that the aberrant muscular activity in mup-2(ts)
homozygotes stems from compromised relaxation in Ca21-
activated cells, rather than from Ca21-independent con-
tractions in unexcited cells.

The Cellular Basis for the Mup Phenotype

Animals homozygous for mup-2(ts), when raised at 258C,
display a collapse of dorsal muscle quadrants from the
mid-anterior and mid-posterior cuticle during the late
threefold stage of embryogenesis. Construction of strains
and testing for epistasis exploited the conditional viability
of worms homozygous for the mup-2(ts) allele. Genetic
analyses previously established that mup-2(ts) mutants be-
have as null for TnT-1 function in embryos raised at the
restrictive temperature of 258C: the embryos suffer from
seemingly incessant trembling of the body wall muscles
and develop defects in muscle positioning toward late em-
bryogenesis. The temperature-sensitive period during the
threefold stage of embryogenesis most likely reflects the time
when muscle detaches and thus when damage to the em-
bryo becomes irreparable (46). Embryos raised at 158C
show similar trembling of the body wall muscles, but these
animals develop and maintain proper positioning of their
muscles, as well as remain alive into adulthood. The aber-
rant muscular activity observed in the mutants is viewed
as ultimately weakening the muscle-hypodermal-cuticular

linkages at 258C, and because of the folded shape of the
elongating C. elegans embryo, the dorsal muscle quad-
rants, not the ventral ones, should collapse from the cuti-
cle. It is notable that muscle collapse occurs at the time of
cuticle synthesis, a period during which remodeling of
attachments to the exoskeleton occurs and thus during
which the attachments may be inherently weakened, in
comparison with linkages at other developmental time
points (also see 15, 46). Abnormal contractions could lead
to tearing of the dorsal quadrants away from the cuticle in
at least two ways, namely by excessive peak forces during
individual contractions or through altered duration of nor-
mal or subnormal forces.

If the mup-2(ts) mutation were to promote abnormal
forces, the anchoring junctions linking muscle to cuticle
could conceivably be mechanically broken. That collapse
of the muscle quadrants occurs only at elevated tempera-
tures, while the aberrant muscular activity is visible at both
cold and warm temperatures, could reflect the generation
of higher forces by muscle at the higher temperatures. It is
well known that active tension in vertebrate striated mus-
cle (for review see 76) depends upon temperature. For ex-
ample, the maximal Ca21-activated tension in rabbit psoas
cells rises 30% when the temperature is increased from 15
to 258C (18). Our results, however, with mup-2(ts) animals
heterozygous for the pat-10 TnC mutation are not compat-
ible with the idea of excessive peak forces causing the col-
lapse of muscle quadrants. Diminution of TnC function in
vertebrate and invertebrate striated muscle leads to a clear
reduction in the level of active tension that can be gener-
ated (1, 45, 78). Because haploidy for pat-10 mutant TnC
enhanced, rather than suppressed, the Mup phenotype,
leading to the appearance of Mup animals at 158C, a nor-
mally permissive temperature, the results indicate that
collapse of the muscle quadrants is not triggered by supra-
normal forces. Additionally, the mup-2(ts) mutation, in
causing a severe loss of TnT function, would be predicted
on the basis of biochemical research to promote lower, not
greater, forces. Greaser and Gergely (1971) observed that
the Ca21-regulated MgATPase of regulated, rabbit acto-
myosin in vitro is maximal when TnT is present. Elimina-
tion of TnT from myosin-actin-Tm-troponin reduces the
Ca21-regulated ATPase to a level achieved by myosin-
actin-Tm.

Rather than supranormal forces, an abnormal duration
or frequency of contractile activity might trigger the col-
lapse of muscle quadrants. This idea is consistent with our
earlier discussion of the biochemical data related to Model
B of Fig. 3 and with emerging information on the role of
adhesion complexes as mechanotransducers. In a wide va-
riety of cell types in other organisms, the expression of
genes, especially those coding for cytoskeletal, extracellu-
lar matrix, and cell adhesion molecules, is sensitive to the
extent, duration, and frequency of mechanical stresses (for
review see 47). For example, the expression by chick fibro-
blasts of the gene for the extracellular matrix protein tenas-
cin-C (11) and the expression of genes for actin and myo-
sin in rat skeletal muscle (40) are modulated by stresses
and strains imposed upon the cells. Moreover, mechanical
stresses applied to integrins enhance the localization of
mRNA and ribosomes at focal adhesions of human umbil-
ical endothelial cells (11), as well as increase the phos-
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phorylation of cytoskeletally anchored proteins and mito-
gen-activated protein kinases in an osteosarcoma cell line
(55). It is thus possible that changes in the duration or fre-
quency of force generation by mup-2(ts) muscles are suffi-
cient to compromise the integrity of anchoring junctions
via effects on protein synthesis or signaling cascades. The
heat-sensitivity of the breakage of anchoring junctions
could stem from a greater loss of TnT function at elevated
temperatures. The free energy of stabilization of folded
proteins, which generally amounts to only 30–60 kJ/mol,
typically has an optimum between 108 and 408C (for re-
view see 32, 56). If fewer truncated TnT-1 proteins were
able to fold properly at 258C than at 158C, then the effects
of the mup-2(ts) mutation on duration and frequency of
contractions would be more apparent at the elevated tem-
perature.

In Vivo Studies Supporting That Mutation of TnT Can 
Alter Contractile Activity

Although one of the proposed functions of TnT is to
tether the Tn complex to the thin filament, the extent of
the roles of TnT in contraction is poorly understood. Phys-
iological studies have provided evidence for regulation of
Ca21-responsiveness during contraction, and recent stud-
ies of human cardiomyopathy (HCM) mutations have sug-
gested unexpected functions for TnT in the regulation of
force generation and actin-myosin cross-bridge mechanics,
and thus in the regulation of the contraction/relaxation
cycle (39). The HCM missense mutation I79N of human
cardiac TnT lies within the Tm binding domain, but bio-
chemical studies have failed to reveal any effects of this
mutation on the affinity of TnT for Tm, on the Tn-induced
binding of Tm to actin, on the cooperative binding of myo-
sin subfragment 1 to the thin filament, or on the Ca21-
dependence of the thin filament-myosin subfragment 1
ATPase activity. However, the mutation resulted in 50%
faster thin filament movement over a surface coated with
heavy meromyosin, as detected by in vitro motility assays.
The increased sliding speed suggests an unexpected role
for TnT in myosin-actin kinetics and the contraction/relax-
ation cycle that cannot be easily related to previous bio-
chemical work on TnT. This increased sliding speed would
predict increased shortening velocity in vivo, in compari-
son with WT muscle, and lower overall force generation
since the duration of the power stroke is shorter. Studies
with vertebrate muscle cells expressing mutant I79N TnT
support this hypothesis (60).

Studies of specific missense alleles of the Drosophila
TnT gene, heldup, also have led to the interpretation that
certain defects in muscle structure and development could
be caused by abnormalities in interactions of actin and my-
osin due to mutant TnT: in these missense mutant animals,
myofibrils degenerate as muscle matures, and removal of
myosin heavy chain prevents these structural abnormali-
ties (14). Studies of these TnT mutants indicated that ac-
tin-myosin interactions directly damage myofibrils, possi-
bly due to unstable thin filaments, but the findings did not
distinguish further the possible mechanisms by which the
TnT mutations could be acting.

The observations reported here greatly extend the pre-
vious in vivo analyses of TnT function afforded by the

studies of the Drosophila TnT gene. In contrast to the
Drosophila work, our double-mutant analysis with C. ele-
gans sought to test two mechanistic hypotheses for the de-
velopment of dysfunction in muscle with mutant TnT: (a)
that loss of TnT function would promote abnormal, Ca21-
independent tension development; or (b) that loss of TnT
function would compromise the ability of the cell to regain
inhibition after cessation of the Ca21-signal. We found that
the C. elegans TnT-1 mutant phenotype is Ca21-dependent
and requires disinhibition of the thin filament. These ob-
servations, in combination with the enhancement of the
Mup phenotype at a permissive temperature in mup-2(ts)
TnT homozygotes that are heterozygous for the TnC mu-
tation, support a model in which loss of TnT function pro-
motes an abnormal duration of contraction.

That an abnormal duration of contraction could cause
the aberrant muscular activity observed in mup-2(ts) mu-
tants at permissive and restrictive temperatures is further
supported by genetic and physiological studies of mu-
tations of the C. elegans unc-22 gene, which encodes
Twitchin, a Titin homologue (5). The unc-22 mutations
cause a twitching phenotype similar to that observed in
both the mup-2(e2346ts) and mup-2(up1) TnT-1 mutants.
Genetic suppression studies indicated that Twitchin, which
is associated with the thick filament (43), interacts with
myosin (44), and physiological studies with Aplysia muscle
showed that WT twitchin inhibits the rate of muscle relax-
ation (24, 52). The observation that unc-22 Twitchin and
mup-2 CeTnT-1 mutants have similar twitching pheno-
types, suggests that both mutants alter the time-course
of contraction/relaxation cycles, and specifically the time
course of reestablishing inhibition, in affected muscles.

The availability of a wide range of muscle-affecting mu-
tations in C. elegans, as well as of a conditional loss-of-
function allele for TnT-1, permitted our in vivo test of
whether loss of TnT function in C. elegans causes Ca21-
independent force production, as might be predicted on
the basis of certain biochemical experiments of Tn subunit
interactions and function in vitro. Our results: (a) support
that the C. elegans TnT-1 mutation does not cause disinhi-
bition of the thin filament; (b) provide the first in vivo evi-
dence for the sufficiency of TnI/TnC to establish full inhi-
bition of the thin filament in the absence of TnT function;
and (c) are compatible with a model in which loss of TnT
function increases the duration of the contraction by
permitting untethered TnI/TnC to diffuse away from its
proper binding site on the thin filament during periods of
elevated free Ca21 concentration (Model B). Importantly,
these results are consistent with the detection of aberrant
regulation of contractile activity in in vitro studies with hu-
man cardiac TnT harboring mutations linked to human
cardiomyopathy (60) and further support that altering the
thin-filament associations through mutations of TnT (mis-
sense or null) can alter the quality of force generation.
Thus, our studies provide a basis for using C. elegans as a
model genetic system in the analysis of in vivo functions
and interactions of TnT, as well as allow comparison with
work with TnT dysfunction in human cardiomyopathies.
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