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The formation of striated muscle in both vertebrates and invertebrates involves the activity of the MyoD family of
basic-helix-loop-helix (bHLH) transcription factors. The high degree of evolutionary conservation of MyoD-related proteins,
both in the sequence of their bHLH domains and in their general developmental expression patterns, suggests that these
factors are also conserved at the level of function. We have addressed this directly using MyoD and E protein factors from
vertebrates, Drosophila, and Caenorhabditis elegans. Various MyoD and E factor combinations were tested for their ability
to interact in vitro and to function in vivo in the myogenic conversion of 10T3 mouse fibroblasts. We found that the ability
of different homo- and heterodimers to bind DNA in vitro was an accurate measure of biological activity in vivo. A second
assessment of conserved function comes from the ability of these factors to rescue a C. elegans hlh-1 (CeMyoD) null
mutation. We found that both Drosophila and chicken MyoD-related factors were able to rescue a C. elegans CeMyoD
loss-of-function mutation. These results demonstrate a remarkable degree of functional conservation of these myogenic

factors despite differences in E-protein interactions.
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INTRODUCTION

The MyoD family of basic-helix-loop-helix (b HLH) tran-
scription factors has been shown to play an important role
in striated muscle formation in both vertebrates and inver-
tebrates. In the vertebrates, four family members have been
identified: MyoD, Myf-5, myogenin, and MRF-4. The forced
expression of any one of these myogenic factors in a variety
of nonmuscle cells results in myogenic conversion, as
measured by the expression of skeletal muscle myosin.
These experiments helped to establish the concept that the
MyoD family members play a pivotal role in myogenesis
(reviewed in Buckingham, 1992; Emerson, 1990; Olson and
Klein, 1994; Weintraub, 1993; Weintraub et al., 1991). The
differential expression pattern of each of these proteins
during embryonic development initially suggested nonover-
lapping roles for each factor in the process of muscle for-
mation (Buckingham, 1992). Subsequent analysis of
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single and double knockout mutations in the mouse con-
firmed this idea and has clearly demonstrated that the
MyoD family members play a critical role in both the
determination and the differentiation of striated muscle
cells during development (reviewed in Olson and Klein,
1994).

In the vertebrates, there is substantial evidence that
MyoD family members function predominately as het-
erodimers with a set of ubiquitous bHLH proteins known as
the E proteins (Lassar et al., 1991). There are at present
three known E-protein-encoding genes in vertebrates: E2A
(differential splicing yields two isoforms, E12 and E47)
(Murre et al., 1989), E2-2 (Henthorn et al., 1990), and HEB
(Hu et al., 1992). These gene products function in conjunc-
tion with cell type-specific factors, such as MyoD, in
various developmental programs. In addition to these het-
erodimer functions, recent studies have also implicated
E-protein homodimers in B-cell development (Choi et al.,
1996; Zhuang et al., 1996, 1994).

MyoD and E-protein homologues have also been identi-
fied in invertebrates in which they are encoded by single-
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copy genes (Caudy et al., 1988a, b; Cronmiller et al., 1988;
I. Araki et al., 1994; Krause et al., 1990,1997; Michelson et
al., 1990; Paterson et al., 1991; Venuti et al., 1991). The
most extensively studied invertebrate MyoD and E-protein
homologues are those from Drosophila and Caenorhabditis
elegans. In Drosophila the MyoD homologue, nautilus
(nau), and the E-protein homologue, daughterless (da), are
thought to heterodimerize to form a transcriptional activa-
tor, although no direct experimental evidence has con-
firmed this notion. Mutations in da are lethal and result in
muscle defects (Abmayr et al., 1995; Caudy et al., 1988a).

The precise role of nautilus in Drosophila muscle devel-
opment is currently under investigation: Deficiencies that
cover nau do not block the specification or differentiation
of the majority of somatic muscles; instead, only a subset of
muscles fail to differentiate (Keller et al., 1998).

Another approach using antisense and RNA interference
studies in Drosophila indicates that nautilus is required for
muscle formation in the embryo (Misquitta and Paterson,
1998).

In C. elegans, the MyoD homologue is CeMyoD, encoded
by the hlh-1 gene, and the E-protein homologue is CeE/DA,
encoded by the hlh-2 gene (Krause et al., 1990,1997). A null
allele of hlh-1, cc450, has been identified and results in
lethality associated with defects in myogenesis, although
striated muscle cells are still formed (Chen et al., 1994). No
null mutations have been identified in hlh-2. Surprisingly,
the embryonic expression pattern of hlh-2 does not include
differentiating striated muscle cells or their immediate
precursors (Krause et al., 1997).

We have explored the functional conservation and dimer-
ization specificity of these myogenic factors using both in
vivo and in vitro assays. DNA binding of homo- and
heterodimer combinations of the MyoD and E proteins was
assayed in vitro. Two in vivo assays were used: myogenic
conversion of mouse 10T# fibroblasts and rescue of the C.
elegans hlh-1(cc450) null allele mutant. Using these ap-
proaches to directly compare factors from multiple species
we demonstrate that different members of the MyoD and
E-protein families can function in heterologous systems.

MATERIALS AND METHODS

Plasmids and Transfections

The isolation and sources for cONAs were as follows: chicken
MyoD (Lin et al., 1989), chicken myogenin (Shirakata et al., 1993),
Drosophila Nautilus (Paterson et al., 1991), Drosophila Daughter-
less (Caudy et al., 1988a; Cronmiller et al., 1988), C. elegans
CeMyoD (Krause et al., 1990), Id-1 (Benezra et al., 1990), and C.
elegans CeE/DA (Krause et al., 1997).

Expression constructs for expression in 10T3 cells utilized the
SV40 promoter, the RSV promoter, or the EMSV promoter (Lin et
al., 1989). 10T3 cells were grown in 60-mm dishes in DMEM with
10% fetal calf serum plus gentamycin and were transfected with
1-5 pg of plasmid using either the calcium phosphate method (Lin
et al., 1989) or Lipofectamine as described by the manufacturer
(Life Technologies). Cells were assayed for myosin expression using
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the monoclonal antibody MF20 (Lin et al., 1989); Nautilus was
detected using the rabbit polyclonal antibody previously described
(Paterson et al., 1991).

Protein Expression and Analysis

Protein expression in Escherichia coli used the pRSET vectors
(Invitrogen) in BL21(LysS) cells. Complete cDNAs for the various
protein were cloned in frame into convenient sites of the pRSET
multiple cloning site. Induction and protein isolation were as
previously described (Shirakata et al., 1993). Protein stocks were
adjusted to 1 mg/ml with His-tag elution buffer for immediate use
or dialyzed against 6 M urea, 20 mM Tris, pH 7.5, 150 mM NacCl
followed by twofold dilutions with buffer containing no urea, to a
final urea concentration of 0.75 M. Proteins stable under these
conditions were dialyzed against 20 mM Tris, pH 7.5, 150 mM
NaCl, 10% glycerol and frozen at —80°C in small aliquots.

For baculovirus expression, (1) the cDNAs were cloned into the
Pharmingen Vector 1392 modified with a six-His-tag oligo, and
virus was plaque purified as described by the manufacturer, or (2)
the Bac-to-Bac system (Life Technologies) was used as recom-
mended by the manufacturer. Dephosphorylation of proteins was
achieved by treatment with calf intestinal phosphatase as described
(Mitsui et al., 1993).

Myogenic Conversion Analysis

Four independent cultures were scored for myosin-positive cells
and the average is presented in Table 1. Transfection efficiencies
were very comparable (+10%) per plate as scored by GFP fluores-
cence (Clontech; pEGFPC1) in companion cultures. Conversion
rates were normalized to wild-type MyoD (CMD1), which was set
to 100%.

RESULTS

Homo- and Heterodimer Requirements for
Myogenic Conversion of Mouse 10T3 Fibroblasts

Expression of any of the vertebrate MyoD family mem-
bers under the appropriate culture conditions has been
shown to convert mouse 10T3 fibroblasts into myoblasts
that can differentiate into myosin-positive, multinucleated
cells (Emerson, 1990; Olson and Klein, 1994; Weintraub,
1993). Previous studies demonstrated that CeMyoD was
also active in this assay, with a conversion frequency that
was about 30-fold less than that obtained with mouse
MyoD (Krause et al., 1992), whereas nautilus was unable to
convert this cell line (Shirakata and Paterson, 1995). It was
proposed that the inability of nautilus to initiate myogenic
conversion was due to inefficient dimerization with the
endogenous vertebrate E factors due to key differences in
the nonconserved residues in the bHLH domain of nautilus
compared with vertebrate MyoDs (Shirakata et al., 1993).

We have extended these earlier studies in order to deter-
mine the relative conversion frequency of vertebrate, Dro-
sophila, and C. elegans myogenic factors and to investigate
dimerization partner specificity. We have used the chicken
MyoD factor (CMD1) as a representative vertebrate myo-
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TABLE 1
Myogenic Conversion of 10T3 Cells

No. of
myosin-positive Relative
cells per dish conversion
(n=4) rate (%)
CMD1 459 100
CMD1 + Id-1 65 14
Nautilus 0 0
Nautilus + E12 4 0.9
Nautilus + Daughterless 43 9.4
Nautilus + Daughterless + 1d-1 40 8.7
Nautilus + CeD/DA 78 17
CeMyoD 32 7
CeMyoD + 1d-1 28 6.1
CeMyoD + E12 24 5.2
CeMyoD + Daughterless 5 11
CeMyoD + CeD/DA 36 7.8
Id-1 0 0
E12 0 0
Daughterless 0 0
CeE/DA 0 0
Vector (RSV or EMSV) 0 0

genic factor; both avian and mouse MyoD have similar
conversion frequencies under our culture conditions (there
is an overall 80% concordance between the amino acid
sequences of MyoD and CMD1). Conversion is measured as
the number of myosin-positive cells per 60-mm culture
dish. The frequency of conversion of CMD1 is arbitrarily
given a value of 100% (Table 1).

Transfection of 10T3 cells with Drosophila nautilus expres-
sion constructs resulted in no detectable myogenic conver-
sion, as previously reported (Shirakata and Paterson, 1995),
even though the protein was produced at high levels in the cell
nuclei (data not shown). To test the hypothesis that nautilus
requires daughterless as a dimerization partner, expression
constructs for nau and da were transfected together into
10T3 cells. Although neither protein alone resulted in myo-
genic conversion, the two together resulted in almost 10%
of the number of myosin-positive cells in vertebrate CMD1
(Table 1).

Other E proteins were also tested for their ability to
augment nau conversion of 10T3 fibroblasts, including
chicken E12 and C. elegans CeE/DA. When nau was co-
transfected with a chicken E12 expression construct the
frequency of conversion was about 1% compared to no
conversion with nau alone (Table 1). This slight enhance-
ment by E12 may reflect an ability of nautilus to weakly
heterodimerize with chicken E12, when tested in vitro (see
below). When nau was cotransfected with an expression
construct for CeE/DA, the conversion frequency rose to
17%. As shown in Table 1, this was the most effective
combination of invertebrate factors in the 10T3 myogenic
conversion assay.
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Although CeMyoD alone was able to convert 10T3 cells
to muscle, it was possible that, like nautilus, conversion
might be augmented by CeE/DA. Cotransfection of
CeE/DA and CeMyoD expression constructs together had
essentially no effect on the efficiency of 10T myogenic
conversion (Table 1). Similarly, chicken E12 or Drosophila
daughterless had no positive effect on the CeMyoD conver-
sion frequency and the latter actually decreased conversion
from (7% for CeMyoD alone to 1.1% for the combination of
CeMyoD with daughterless.) Therefore, the ability of Ce-
MyoD to convert 10T3 cells is not augmented by any
E-protein family member tested, vertebrate or invertebrate.

These results support the interpretation that CeMyoD
functions as a homodimer in 10T3 cell conversion, consis-
tent with the absence of CeE/DA in myogenic cells in C.
elegans (Krause et al., 1997). To further test this idea we
coexpressed Id-1, a known inhibitor of E-protein function in
MyoD/E protein heterodimer formation (Benezra et al.,
1990), along with vertebrate CMD1, nautilus plus daugh-
terless, or CeMyoD in the 10T3 conversion assay. Although
Id-1 expression inhibited myogenic conversion by CMD1
by more than 80%, there was no affect on conversion by
CeMyoD or nautilus plus daughterless (Table 1), support-
ing the interpretation that CeMyoD acts as a homodimer to
activate myogenic conversion in 10T3 cells. Unexpectedly,
based upon the daughterless requirement for nautilus myo-
genic conversion of 10T3 cells, Id-1 did not interfere with
daughterless function in this assay. Preliminary studies
indicate E12/E47 proteins have a higher affinity for Id-1
than for da (unpublished observations).

Interspecific Rescue of a C. elegans Mutant
Lacking CeMyoD Activity

A mutation in the C. elegans hlh-1 gene encoding
CeMyoD was previously identified and shown to be due to
a nonsense codon in the first exon (Chen et al., 1994). There
is no maternal contribution to CeMyoD function during
embryogenesis (Chen et al., 1994). Hence, this mutation
(cc450) is a null allele by genetic and molecular criteria.
Homozygous animals arrest and die after hatching at vari-
able larval stages, most frequently as L1 larvae. These
mutant animals display various morphogenic and elonga-
tion defects with short, fat bodies (a Dumpy phenotype)
with random lumps and constrictions (Fig. 1A). In addition,
muscle function is not normal, resulting in animals with
severe movement defects. The few animals that do survive
to adulthood are essentially immobile and have very small
brood sizes. The hlh-1(cc450) homozygous animals can be
fully rescued by a construct containing the genomic wild-
type hlh-1 gene or by cDNA expression directed by hlh-1
promoter sequences (Chen et al., 1994).

Because the hlh-1 (cc450) mutant phenotypes are easily
scored, the rescue of this mutant provides a sensitive assay
for MyoD function. The four avian myogenic factors
(MyoD, myogenin, Myf-5, and Mrf4) and Drosophila nauti-
lus were cloned as cDNAs under the control of the hlh-1
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FIG. 1. Rescue of C. elegans hlh-1(cc450) null mutants with nautilus and chicken myogenin. (A) Homozygous hlh-1(cc450) mutant animal
arrested after hatching as a short, fat, and partially paralyzed animal. (B) Wild-type L1 animal for comparison. (C) Transgenic animal expressing
Drosophila nautilus under the control of the hlh-1 promoter. Young larvae are often indistinguishable from wild-type animals. (D) Transgenic
animals expressing chicken myogenin under the control of the hlh-1 promoter. Although rescue of early larvae can be quite good, later stage
larvae (shown) progressively show visible phenotypes with slight Dumpy-ness (short and fat) with poor movement and fertility.

promoter and tested for their ability to rescue the hlh-1
(cc450) homozygous mutants. Coexpression of a construct
encoding chicken E12 was also tested with each myogenic
factor to see if it could enhance rescue. Two of the five
tested myogenic factors, chicken myogenin and Drosophila
nautilus, were able to rescue the lethality, movement, and
fertility phenotypes of hlh-1(cc450) mutants (Table 2); the
presence of chicken E12 had little to no effect for all
myogenic factors.

Rescue with chicken myogenin was the weaker of the
two factors, with movement and morphology defects par-
tially restored, primarily in young larval animals. A few
animals with the myogenin transgene survived to adult-
hood and fertility was increased compared with the mutant,
but these adult animals still had pronounced movement,
morphology, and fertility defects (Fig. 1D). The rescue with
Drosophila nautilus was significantly better than with
chicken myogenin. The early larval stages of nautilus-
rescued animals were particularly well rescued and were
often indistinguishable from wild-type controls (Fig. 1B
versus 1C). At later stages, however, partial defects in
movement, morphology, and fertility were apparent for the
nautilus-rescued mutant (data not shown). We have not

further investigated the failure of the remaining chicken
myogenic factors to rescue the hlh-1(cc450) mutation. It is
possible that this failure to rescue reflects an inability of
each of these factors to function in C. elegans myogenesis.
Alternatively, this could reflect failure in transcription,
translation, folding, posttranslational modification, or sta-
bility of the corresponding transgene products.

Dimerization Specificity and the Effects of
Phosphorylation on MyoD and E-Family
Member Interactions

We assessed dimerization specificity and DNA binding in
vitro by measuring the ability of the various protein com-
binations produced in E. coli to shift an oligo containing the
muscle creatine kinase enhancer right E-box (Lassar et al.,
1991). CMD1 and nautilus each bound DNA poorly as
homodimers; both readily formed DNA-binding het-
erodimers when provided an equal molar amount of the
corresponding E protein (Fig. 2). Somewhat surprisingly, the
species of origin of the E-protein partner for CMD1 and
nautilus made no difference in binding efficiency by this
assay; chicken E12, Drosophila daughterless, and C. el-
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TABLE 2

Rescue of the C. elegans hlh-1(cc450) Mutant with Heterologous
Myogenic Factors

Rescue alone Rescue with chicken

E12

C. elegans hlh-1 +++++ 4+
Drosophila nautilus +++ +1
Chicken myogenin +++ +/—

Chicken MyoD - -
Chicken Myf-5 - -
Chicken Mrf-4 - -
Mouse MyoD - -

Note. The degree of suppression is scored using the following
scale: (+++++) complete rescue of lethality with wild-type ap-
pearance; (++++) rescue with slight movement and body mor-
phology defects; (+++) partial rescue with severe movement, body
morphology, and fertility defects; (++) poor rescue with severe
movement, body morphology, and fertility defects; (+/—) marginal
rescue of lethality; (—) no rescue of lethality with animals indis-
tinguishable from the original mutant phenotype. These are quali-
tative measurements scoring a combination of several phenotypes
assayed over the course of development; a difference in score
corresponding to one + is not considered significant.

egans CeE/DA each interacted equally well with the
chicken or Drosophila myogenic factors, with the excep-
tion of nautilus with E12 (Fig. 2, lane 5).

In contrast to chicken MyoD and Drosophila nautilus,
CeMyoD bound DNA avidly as a homodimer (Fig. 2, lane 9;
also see Krause et al., 1997). Complete conversion to
heterodimers with an E partner could be achieved only
when the ratio or E protein to CeMyoD was greater than
25:1; the CeE/DA:CeMyoD heterodimer shown used a ratio
of 50:1 (Fig. 2, lane 12).

Phosphorylation of specific residues can affect dimeriza-
tion properties of bHLH factors. CMD1 produced in Sf9
insect cells using the baculovirus system is phosphorylated
on serines, qualitatively similar to the endogenous pattern;
this phosphorylation allows the formation of efficient
CMD1:E12 heterodimers while minimizing the formation
of the CMD1 homodimer (Mitsui et al., 1993). We have
assayed dimerization preferences of phosphorylated and
dephosphorylated forms of the myogenic factors that are
the focus of this study. Extracts containing 10-fold more
phosphorylated CMD1 than is shown in Fig. 2 (lane 1) for
the bacterial protein do not promote homodimer formation
yet allow heterodimerization with E protein to occur (Fig.
3A, lanes 1 and 3). Dephosphorylation of CMD1 by calf
intestinal phosphatase results in the formation of a strong
CMD1 homodimer band as well as an increase in het-
erodimer formation (Fig. 3A, lanes 2 and 4). nautilus pro-
duced in Sf9 cells behaves similarly to CMD1 and does not
form homodimers efficiently in vitro unless it is dephos-
phorylated (Fig. 3B, lanes 1 and 3). Although the precise
serines of CMD1 that mediate this effect have not been
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identified, the phosphorylated domain responsible for this
regulation is outside the conserved bHLH region (J.-M.Z.
and B.M.P., in preparation), where there is only minimal
amino acid sequence conservation between CMD1 and
nautilus.

Like CMD1 and nautilus, CeMyoD homodimer forma-
tion is enhanced by dephosphorylation (Fig. 3C, lanes 1 and
2). However, the phosphorylated forms of CeMyoD pro-
duced in Sf9 cells do not interact with CeE/DA any differ-
ently from dephosphorylated or bacterially produced pro-
tein (Fig. 3C, lanes 3 and 4). That is, regardless of its
phosphorylation status, CeMyoD preferentially forms ho-
modimers and fails to heterodimerize efficiently with
CeE/DA in vitro.

We have also investigated the effects of phosphorylation
status on the dimerization specificity of chicken myogenin
because it was able to partially rescue the C. elegans hlh-1
(cc450) mutant. Unlike other avian myogenic factors,
chicken myogenin is able to form homodimers regardless of
its phosphorylation status or presence of an E protein (Fig.
3D). In this respect, chicken myogenin resembles CeMyoD.
Unlike CeMyoD, however, chicken myogenin preferen-
tially forms heterodimers with E12 when present in an
equal molar concentration.

DISCUSSION

The ability to initiate myogenic conversion of the mouse
fibroblast cell line 10T% is a hallmark feature of the MyoD
family of bHLH transcription factors. Using this conversion
assay we have compared directly the function of vertebrate
(avian), Drosophila, and C. elegans myogenic factors either
alone or in combination with E-protein family members.
We find that C. elegans CeMyoD alone, or Drosophila
nautilus and daughterless together, can mediate myogenic
conversion of this mouse cell line, with conversion frequen-
cies of 7 and 10%, respectively, compared with vertebrate
myogenic factors. The inability of C. elegans CeE/DA or
any other E protein to augment the activity of CeMyoD is
consistent with the notion that CeMyoD functions as a
homodimer rather than a heterodimer (Krause et al., 1997).
This conclusion is reinforced by the observation that the
E-protein inhibitor Id-1 does not affect myogenic conver-
sion by CeMyoD, whereas the function of vertebrate MyoD
is inhibited by more than 80% in this assay. Suprisingly,
the daughterless-dependent conversion of 10T: cells by
nautilus is not affected by Id-1, likely reflecting the weak
interaction of Id-1 with daughterless compared to the
vertebrate E proteins (unpublished observations). It has
been shown previously that nautilus lacks particular non-
conserved hydrophilic residues in the bHLH domain that
are critical in the vertebrate myogenic factors for dimeriza-
tion specificity with vertebrate E12 (Shirakata and Pater-
son, 1995; see below). Our results demonstrate that upon
provision of an appropriate dimerization partner, in this
case daughterless or C. elegans CeE/DA, Drosophila nau-
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FIG. 2. DNA binding activity of the various myogenic factors with and without the designated E-protein partner. Factor combinations
present in each lane are identified above each lane. Approximately 20 ng of each protein was used per binding reaction with the following
exceptions: lane 1, 50 ng CMD1; lane 5, 200 ng nautilus; lane 10, 500 ng E12; lane 11, 500 ng daughterless; lane 12, 1 ug CeE/DA. Note
that efficient heterodimerization between CeE/DA and CeMyoD requires a ratio of 50:1 (lane 12). Increased levels of the single proteins
were used to emphasize the lack of homodimer formation compared to concentrations used to form heterodimers. E12 has an inhibitory
domain that minimizes homodimer formation and is also found in daughterless but is absent in CeE/DA (Shirakata and Paterson, 1995).

tilus is capable of efficient myogenic conversion of this
mouse cell line.

As an additional test of function in vivo, we have assayed
these myogenic factors for their ability to rescue a C.
elegans mutant homozygous for a null allele of hlh-1
encoding CeMyoD. Both Drosophila nautilus and chicken
myogenin are able to partially rescue all of the mutant
phenotypes. Rescue was noticeably better in younger lar-
vae, which were often indistinguishable from wild-type
animals. A limitation of this assay is that conclusions can
be drawn only from positive results. The failure of the
remaining three vertebrate myogenic factors (CMD1,
Myf-5, and MRF-4), either alone or in combination with
E-protein transgenes, to rescue the C. elegans mutant may
simply reflect lower levels of expression from the trans-
genic arrays formed in C. elegans. We have not attempted to
determine the expression level of the various heterologous

factors in transgenic animals because it would be difficult
to interpret the results. For example, we are unsure if the
heterologous factors, when expressed in C. elegans, are
subject to proper posttranslational modifications necessary
for function (e.g., phosphorylation). Therefore, detection of
a particular factor does not ensure that it is present in a
functional form. Furthermore, we are aware of C. elegans
mutants in which CeMyoD protein is reduced to levels
undetectable by our specific antibody yet is still sufficient
for function and normal development (Harfe, Fire, and
Krause, unpublished observation). Therefore the ability to
detect, or not detect, a particular factor cannot necessarily
be correlated with its ability to rescue. The results do,
however, clearly demonstrate that both invertebrate and
vertebrate myogenic factors are capable of functioning
during C. elegans myogenesis.

Previous work on the vertebrate myogenic factors, and
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FIG. 3. The effects of phosphorylation on the homo- and heterodimerization of vertebrate. Drosophila, and C. elegans myogenic factors.
The myogenic factors were produced in Sf9 insect cells, in which they are phosphorylated in a manner similar to that of proteins isolated
from vertebrate muscle cells (Mitsui et al., 1993). These proteins were tested for DNA binding before and after calf intestinal phosphatase
(CIP) treatment, either alone or in combination with the relevant E protein produced in E. coli, as indicated above each blot. (A) Chicken
MyoD (CMD1) and chicken E12: MyoD (CMD1) homodimers (arrow 1) formed efficiently only after CIP treatment. Note the enhanced
formation of the heterodimer (arrow 2) after dephosphorylation of the MyoD (CMD1). (B) Drosophila nautilus and daughterless: similar to
chicken MyoD, nautilus homodimer formation (arrow 1) is greatly enhanced upon dephosphorylation and there is a noticeable increase in
heterodimer formation as well (arrow 2). (C) C. elegans CeMyoD and CeE/DA: each lane used a CeE/DA:CeMyoD ratio of 25:1 to force
heterodimerization (arrow 2). Homodimers of CeMyoD (arrow 1) are favored under all conditions tested and are enhanced by
dephosphylation. (D) Chicken myogenin (Cmgn) and E12: Cmgn homodimers (arrow 1) are present at similar levels under all conditions
tested although Cmgn:E heterodimers (arrow 2) are preferred when both factors are present in equimolar amounts.

our results here, strongly suggest that both nautilus and
chicken myogenin function in vivo as obligate het-
erodimers with daughterless and E proteins, respectively. In
contrast, the evidence presented here supports the previous
suggestion that CeMyoD functions as a homodimeric myo-
genic factor (Krause et al., 1997). Given these differences in
E partner requirements it is surprising that chicken myo-
genin and Drosophila nautilus can rescue the C. elegans
hlh-1(cc450) mutant. One possibility is that nautilus and
chicken myogenin can efficiently homodimerize in the C.
elegans environment. nautilus and CeMyoD share se-
quences and charge similarity at several residues in the
bHLH domain that are known to be important for homo-
versus heterodimer formation with E12 (Shirakata et al.,
1993). We demonstrate here that chicken myogenin shows
phosphorylation-independent homodimerization (Fig. 3D).
It may be a propensity for homodimerization by nautilus
and chicken myogenin that allows these heterologous fac-
tors to efficiently substitute for CeMyoD function in C.
elegans. Alternatively, the ability to rescue may be unre-
lated to dimerization status and instead reflect the ability of
these two heterologous factors to best interact with other
factors involved in promoting striated myogenesis in C.
elegans.

Many factors are likely to interact with the myogenic
bHLH proteins in the process of myogenesis, and several
such factors, such as Mef-2 (Molkentin et al., 1995) and

CBP/p300 (Eckner et al., 1996; Puri et al., 1997; Yuan et al.,
1996), have already been identified as important cofactors
required for myogenesis. Given the high degree of evolu-
tionary conservation of the bHLH domain and DNA bind-
ing properties among all myogenic factors, interspecific
function is not unexpected in simple in vivo assays such as
transactivation of a target gene promoter. However, in light
of the many factors that must come together to drive
myogenesis, it is surprising that myogenic factors sharing
little apparent homology outside of the bHLH domain (e.g.,
chicken myogenin, Drosophila nautilus, and C. elegans
CeMyoD) can substitute for one another within the context
of the developing organism. This suggests that either the
necessary interactions among the various transcription fac-
tors and basal machinery that regulate myogenesis are
highly conserved or that the myogenic factors alone, and
specifically the bHLH domains, are the major effectors of
myogenesis.
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