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The myogenic basic helix-loop-helix (bHLH) proteins regulate both skeletal muscle specification and dif-
ferentiation: MyoD and Myf5 establish the muscle lineage, whereas myogenin mediates differentiation. Pre-
viously, we demonstrated that MyoD was more efficient than myogenin at initiating the expression of skeletal
muscle genes, and in this study we present the molecular basis for this difference. A conserved amphipathic
alpha-helix in the carboxy terminus of the myogenic bHLH proteins has distinct activities in MyoD and
myogenin: the MyoD helix facilitates the initiation of endogenous gene expression, whereas the myogenin helix
functions as a general transcriptional activation domain. Thus, the alternate use of a similar motif for gene
initiation and activation provides a molecular basis for the distinction between specification and differentiation
within the myogenic bHLH gene family.

Myogenesis is regulated by a family of four transcription
factors (Myf5, MyoD, myogenin, and MRF4) that share a
common dimerization and DNA binding domain (DBD), the
basic helix-loop-helix (bHLH) motif. Genetic studies have
demonstrated that MyoD and Myf5 act to establish the skeletal
muscle lineage in mice, since disruption of both of these genes
resulted in complete absence of skeletal muscle cells (16). In
contrast, myogenin is required for the normal differentiation of
the myoblasts established by the prior expression of Myf5 or
MyoD (6, 12). In this regard, MyoD and Myf5 can be consid-
ered determination or specification factors and myogenin can
be considered a differentiation factor. MRF4 has been difficult
to study because of its proximity to Myf5, but null mutations of
MRF4 result in increased expression of myogenin with rela-
tively normal muscle cell differentiation (13, 25).

The difference between the specification of the muscle lin-
eage by MyoD and Myf5 and the terminal differentiation me-
diated by myogenin might be due to differences in protein
sequence or the temporal pattern of gene expression, or both.
During embryogenesis, expression of either Myf5 or MyoD is
the earliest marker of myoblast specification in the dorsal or
ventral dermomyotome, respectively, and precedes expression
of myogenin in any given cell (7). Similarly, during the regen-
eration of adult skeletal muscle, the activated satellite cells
initially express Myf5 and MyoD and subsequently express
myogenin and MRF4 (19, 24). It is possible that the require-
ment for MyoD or Myf5 in specifying the muscle lineage re-
flects gene regulatory sequences that appropriately initiate
expression, whereas the proteins encoded by each of the
myogenic bHLH genes might have similar functions. Indeed,
there is considerable evidence that each of the myogenic
bHLH proteins have largely redundant functions. For example,
each can initiate myogenesis when artificially expressed in non-

muscle cells, such as fibroblasts (1, 2, 11, 23). Experiments in
the developing mouse embryo, however, have shown that myo-
genin cannot efficiently promote myogenesis when substituted
for Myf5 (21). This result suggested that the myogenic speci-
fication factors MyoD and Myf5 encode protein functions dis-
tinct from the differentiation protein myogenin.

Since one critical aspect of lineage specification is the initi-
ation of tissue-restricted gene expression, we hypothesized that
the lineage specification factors may possess a greater intrinsic
ability to initiate the expression of silent genes than differen-
tiation factors. Indeed, our previous work demonstrated that
MyoD and Myf5 were more efficient than myogenin at initiat-
ing expression of endogenous muscle genes (5). In the present
study, we extend this initial observation to identify the molec-
ular attributes of MyoD and myogenin that confer the function
of specification factor and differentiation factor, respectively.
We discovered that a cysteine-rich region amino terminal to
the bHLH domain and previously shown necessary for MyoD-
mediated chromatin remodeling was functionally conserved in
myogenin and was not sufficient to account for their different
activities. The major difference between the activities of MyoD
and myogenin was encoded in a carboxy-terminal amphipathic
alpha-helix conserved during the evolution of the myogenic
bHLH proteins. This alpha-helix appears to have evolved dis-
tinct functions in MyoD and myogenin, functioning as a spec-
ification domain in MyoD, i.e., a domain critical for the effi-
cient initiation of skeletal muscle gene expression, and as a
general transcription activation domain in myogenin.

MATERIALS AND METHODS

Plasmids. Expression vectors for MyoD, Myf5, myogenin, and reporter plas-
mids were described by Gerber et al. (5). MyoD deletion mutants were generated
using a PCR-based approach: primers flanking the desired deletion and primers
external to the MyoD coding sequence were used to generate PCR products
which encoded the desired deletion following ligation. Each mutant was se-
quence verified. MyoD helix III mutants were constructed with the use of a
shuttle vector in which amino acids 245 to 258 were replaced with an NheI site.
Oligonucleotides encoding helix III with the desired mutation(s) were ligated
into the NheI-digested shuttle vector. MyoD cysteine-rich motif mutants were
created using the Stratagene QuikChange site-directed mutagenesis protocol for
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single amino acid substitutions. Super myogenin constructs were created using a
PCR-based approach as described above for the deletion mutants. Primers were
designed which flanked the myogenin histidine-rich motif and the myogenin helix
III; the 59 ends of these primers encoded the amino acid substitutions necessary
to create super myogenin. Galactosidase (Gal) fusion proteins were generated by
PCR amplifying cDNA encoding MyoD amino acids 170 to 318 and myogenin
amino acids 136 to 224 and ligating the PCR products into pSG424 (17). The
4X14DGal-Luc plasmid was a gift of Bob Eisenman (Fred Hutchinson Cancer
Research Center, Seattle, Wash.).

Cell culture. NIH 3T3 cells were obtained from the American Type Culture
Collection. Cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% bovine calf serum (Hyclone), penicillin, and
streptomycin. Differentiation medium was DMEM supplemented with 10 mg of
insulin and transferrin per ml.

Transfections. Transfections were performed using Superfect transfection re-
agent (Qiagen). Cells were seeded in 6-cm-diameter tissue culture dishes (Corn-
ing) at a density of 105 cells/ml on the day prior to transfection. For S1 nuclease
protection assays, each plate of cells was transfected with 5 mg of myogenic factor
expression vector, 2 mg of 4R-TK-Luc, and 2 mg of p1.7Desmin-CAT. Superfect-
DNA complexes were washed from the cells with phosphate-buffered saline after
2 h, and the cells were allowed to grow in DMEM with 10% bovine calf serum
for 12 h. Cells were then transferred into differentiation medium for 24 h. RNA
was harvested using the RNeasy Mini protocol (Qiagen) and analyzed by S1
nuclease protection assay as described below. For luciferase assays, 2 mg of Gal
fusion plasmid, 1 mg of 4X14DGal-Luc, and 1 mg of CS2-bGal were used to
transfect 35-mm-diameter tissue culture plates (Corning) using the Superfect
protocol. Cell lysates were analyzed for luciferase and beta-galactosidase activity
using previously described methods.

S1 nuclease protection assay. Probe fragments were generated by PCR am-
plification using a biotinylated T3 primer to prime the sense strand and a
gene-specific primer to prime the antisense strand. PCR products were end
labeled with 32P using T4 polynucleotide kinase (New England Biolabs). The
labeled fragments were immobilized on streptavidin-coated magnetic beads (Dy-
nal), and the radiolabeled antisense DNA probe was eluted by denaturation in
weak base. Each probe included 200 to 400 nucleotides of sequence complemen-
tary to the gene of interest and 50 to 60 nucleotides of noncomplementary vector
sequence. For S1 analysis, 50,000 counts of each probe and total RNA from a
transfected 6-cm-diameter plate were ethanol precipitated, dried for 30 min at
room temperature, and resuspended in 20 ml of 80% formamide, 400 mM NaCl,
40 mM piperazine-N,N9-bis(2-ethanesulfonic acid) (pH 7.0), and 1 mM EDTA
(pH 8.0). The resuspended RNA was denatured at 65°C for 10 min and hybrid-
ized for 12 h at 44°C. S1 digestion was performed by adding 200 ml of S1
digestion buffer consisting of 300 mM NaCl, 30 mM Na acetate (pH 5.5), 2 mM
ZnSO4, 2 mg of single-stranded DNA, and 400 U of S1 nuclease (Roche) and
incubating for 1 h at 37°C. Digested probe was ethanol precipitated, dried,
resuspended in 8 ml of formamide loading dye, denatured at 100°C for 3 min, and
resolved on a 6% denaturing acrylamide sequencing gel run at 45 W for 5 h.

RESULTS

Conserved motifs in MyoD are necessary to efficiently initi-
ate expression of endogenous skeletal muscle genes. In our
previous studies, we demonstrated that the region between
amino acids 63 and 99 was necessary for chromatin remodeling
by MyoD, based on nuclease access studies. This region was
also necessary for the efficient initiation of endogenous skeletal
muscle gene expression, but not for the activation of trans-
fected reporter plasmids driven by skeletal muscle promoters
or multimerized MyoD binding sites. A carboxy-terminal re-
gion encoded by amino acids 218 to 269 was also shown to be
required for efficient endogenous skeletal muscle gene activa-
tion (5). Sequence alignment (Fig. 1A) shows that these two
regions contain motifs conserved between MyoD and Myf5
and partially conserved with myogenin and MRF4. We there-
fore sought to determine whether sequence divergence of
these conserved motifs could account for the different efficien-
cies with which MyoD and myogenin initiate the expression of
endogenous skeletal muscle genes.

In the current study, we used a quantitative S1 nuclease

protection assay to measure the ability of wild-type or mutant
myogenic bHLH proteins to activate a set of endogenous tar-
get genes. To control for variance in transfection efficiency,
protein expression, and possible effects that the mutations
might have on general transcriptional activity, we compared
the level of activation of the endogenous genes to the level of
activation of cotransfected MyoD responsive reporter con-
structs. Mammalian expression vectors for wild-type and mu-
tant MyoD proteins were transiently transfected into murine
NIH 3T3 fibroblasts along with a chloramphenicol acetyltrans-
ferase (CAT) reporter gene driven by 1.7 kb of the desmin
promoter region (p1.7Des-CAT) and/or a luciferase reporter
driven by multimerized MyoD binding sites and a minimal
thymidine kinase promoter (p4RTK-LUC). Cells were cul-
tured for 24 h in differentiation medium, and total RNA was
used for S1 nuclease assays with probes for myosin heavy
chain, myogenin, desmin, p21WAF1/CIP1, luciferase, and CAT.

In the absence of transfected MyoD (Fig. 1B, lane 1), there
was a basal amount of p21WAF1/CIP1 mRNA but very low or
undetectable amounts of mRNA for the endogenous muscle
genes or the transfected reporter genes. Transfection of MyoD
(Fig. 1B, lane 2) increased the abundance of p21 mRNA and
initiated expression of the endogenous muscle genes (desmin,
myogenin, and myosin heavy chain) and the MyoD responsive
reporters. Deletion of the MyoD acidic activation domain
(MyoDD3-56; Fig. 1B, lane 3, and C) (22) reduced the activity
on all target genes. In contrast to deletion of the general
activation domain and consistent with our prior study, the
deletion mutants MyoDD63-99 and MyoDD218-269 (Fig. 1B,
lanes 4 and 11, and C) showed relatively preserved activity on
the transfected reporter genes and substantially reduced activ-
ity on myosin heavy chain, desmin, and myogenin. Smaller de-
letions limited to the conserved motifs (a histidine-rich region,
MyoDD78-91 [lane 5]; a cysteine-rich region, MyoDD92-99
[lane 7]; and a carboxy-terminal region, MyoDD245-258 [lane
12]) were similar to the larger deletions, indicating that all
three conserved motifs were necessary to initiate expression of
the skeletal muscle genes. In additional experiments (data not
shown), transfection of MyoD with an inactivating mutation of
the DNA binding region failed to upregulate p21 or other
MyoD target genes, indicating that the regulation of these
target genes by MyoD was dependent on DNA binding.

Functional distinction between MyoD and myogenin in a
carboxy-terminal domain. Because the comparable regions of
myogenin show partial sequence similarity to the MyoD motifs
essential for endogenous gene initiation, we tested the func-
tional activity of the myogenin motifs by substituting them for
the MyoD motifs in a chimeric MyoD protein. The region of
myogenin comparable to the MyoD histidine-rich region (myo-
genin amino acids 51 to 63) could partially substitute for the
function of this MyoD motif (MyoDD78-911Mgn51-63; Fig.
1B, lane 6), suggesting that the sequence divergence between
MyoD and myogenin in this motif was not the primary deter-
minant of the different activities of the two proteins. The myo-
genin region corresponding to the MyoD cysteine-rich region
(myogenin amino acids 64 to 71) differs from MyoD at only
two residues and was also functionally similar to the MyoD
motif (MyoDD92-991Mgn64-71; Fig. 1B, lane 8). In contrast,
substituting the comparable myogenin sequence for the MyoD
carboxy-terminal motif (MyoDD245-2581Mgn195-208; Fig. 1B,
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FIG. 1. The functional differences between MyoD and myogenin map to a C-terminal domain. (A) Schematic diagram of MyoD domains and
partial sequence alignment of the murine myogenic bHLH proteins, corresponding to MyoD amino acids 63 to 104 and 218 to 269. MyoD amino
acid numbers are indicated along the top, and myogenin amino acid numbers are along the bottom of each alignment. (B) S1 nuclease protection
of RNA from NIH 3T3 cells transiently transfected with expression vectors for MyoD or MyoD mutants, as indicated. Protected messages are
identified between the two gel images. When normalized to p1.7Des-Cat, MyoDD63-99 (lane 4) was 3% as efficient as MyoD at initiating expression
of the endogenous myogenin gene, 24% as efficient on the endogenous desmin gene, and 20% as efficient on the endogenous myosin heavy chain
gene; it was nearly equal to MyoD at increasing expression from the preinitiated p21 gene (81% relative to MyoD). Each mutant was analyzed
multiple times, and the figure represents a typical experiment. (C) Ratio of the signal in select mutants relative to wild-type MyoD. Deletion of
the activation domain (MyoDD3-56) results in a relatively equal decrease in the expression level of all of the target genes. In comparison, the
MyoDD63-99 and MyoDD218-269 deletions show relatively preserved activity on the p1.7Des-CAT reporter and the endogenous p21 gene
compared to their activity on the endogenous MyoHC, myogenin, and desmin genes.
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lane 13) had a gene activation profile similar to the deletion of
the MyoD sequence. Therefore, this region of myogenin could
not functionally substitute for the conserved carboxy-terminal
motif in MyoD, and the sequence divergence between MyoD
and myogenin in this region could account for their different
activities and developmental roles.

Conservation of function of MyoD C-terminal motif. Based
on the above results, we hypothesized that the MyoD amino
acid 245 to 258 domain encodes an important function that
distinguishes MyoD as a specification factor. Therefore, we
sought to determine whether the function of this domaı̈n was
conserved in MyoD from diverse species. Sequence alignment
demonstrated that the C-terminal motif of MyoD was highly
conserved in a variety of vertebrate species, and it was partially
conserved in invertebrate MyoD (Fig. 2A). This motif is part of
a region that others have named region III (15), domain II (3),
or domain III (10). To test for functional conservation, we
replaced the murine MyoD C-terminal motif with the compa-
rable regions from three invertebrate MyoD proteins, as well
as with the comparable C-terminal motif from murine MRF4.
In contrast to the murine myogenin sequence that did not
functionally replace the murine MyoD sequence in our assays
(Fig. 1A, lane 13; see also Fig. 4, lane 4), the C-terminal motifs
from murine MRF4, Strongylocentrotus purpuratus (sea urchin)
MyoD, Drosophila melanogaster MyoD and Caenorhabditis el-
egans MyoD were all capable of functionally substituting for
the murine MyoD sequence in this assay (Fig. 2B, lanes 4
through 7) and were more efficient than the murine myogenin
sequence. As in previous assays, all of the constructs increased
expression of p21WAF1/CIP1 message.

Carboxy-terminal motif of myogenic bHLH proteins can
adopt an amphipathic alpha-helical structure. Since the func-
tion of the MyoD carboxy-terminal domain is conserved in
invertebrate species but not murine myogenin, we performed
experiments to determine whether structural features of this
domain could account for its functional characteristics. The C
terminus of MyoD was not included in the solved crystal struc-
ture (8); however, several secondary structure prediction algo-
rithms suggested the potential for this region to form an am-
phipathic alpha-helix in all of the myogenic bHLH proteins. A
helical wheel model (Fig. 3A) revealed a highly conserved
hydrophobic face in all of the myogenic bHLH proteins and a
hydrophilic face with greater variability. To determine whether
the potential to form an alpha-helix was necessary for function,
we introduced a helix-disrupting proline residue at MyoD po-
sition 253. This residue was chosen as a central residue on the
hydrophilic surface that was demonstrated to functionally tol-
erate multiple different substitutions, including alanine, gluta-
mate, asparagine, leucine, and arginine (Fig. 2B, lanes 5 to 7;
see also Fig. 5, lanes 6 and 7). In contrast to these other
substitutions, the MyoD-S253P mutant showed activity identi-
cal to the deletion mutant MyoDD245-258 (Fig. 3B, lane 4),
consistent with the conclusion that an alpha-helical structure is
critical for the function of this region. Therefore, all of the
MyoD family members (MyoD, MRF4, Myf5, and myogenin)
have a carboxy-terminal region capable of forming an amphi-
pathic alpha-helix and, at least for MyoD, a helix-destabilizing
mutation is sufficient to disrupt function of this region. Since
the myogenic bHLH proteins have two amphipathic alpha-

helices forming the HLH region, we will refer to this region as
helix III.

These data indicate that the MyoD helix III confers a spe-
cific activity necessary to initiate expression of a set of endog-
enous genes. To determine whether mutation of helix III re-
sulted in a qualitative change in MyoD activity, as opposed to
a quantitative decrease in transcription factor potency that
revealed different relative sensitivities of the target genes, we
transfected cells with increasing amounts of either wild-type
MyoD or MyoD-S253P (Fig. 3C, lanes 1 to 7). With increasing
concentrations of expression plasmid, MyoD-S253P preferen-
tially activated the transfected reporter and only marginally
activated the silent endogenous skeletal muscle genes. In con-

FIG. 2. Conservation of the function of the MyoD C-terminal mo-
tif. (A) Multiple sequence alignment of MyoD proteins from several
vertebrate and invertebrate species and from murine MRF4 and myo-
genin in the region corresponding to the murine MyoD C-terminal
domain. The shaded box at the top of the alignment represents the
critical motif encoded by amino acids 245 to 258. (B) S1 protection of
RNA following transfection of NIH 3T3 cells with MyoD wild-type
(MyoD) or chimeric proteins as indicated, showing functional conser-
vation of the MyoD C-terminal domain. For substitution mutants, the
sequence aligning with murine MyoD 245 to 258 in panel A was
substituted for the murine MyoD sequence to generate chimeric pro-
teins, as follows: MyoD/MRF4, murine MRF4 sequence; MyoD/Sp-
MyoD, S. purpuratus MyoD sequence; MyoD/Dm-MyoD, D. mela-
nogaster MyoD sequence; and MyoD/Ce-MyoD, C. elegans MyoD
sequence. Chimeric proteins were generated by ligating oligonucleo-
tides encoding the desired C-terminal domain into a murine MyoD
shuttle vector, from which the wild-type C-terminal domain was re-
moved and replaced with an NheI site.
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trast, wild-type MyoD preferentially activated the endogenous
skeletal muscle genes. Therefore, the MyoD helix III was re-
quired for the efficient initiation of endogenous skeletal muscle
gene expression, whereas MyoD helix III was not necessary for
the upregulation of a MyoD target gene that was already being
transcribed (p21) or for a transiently transfected reporter
driven by a skeletal muscle promoter (p1.7Desmin-CAT). Ini-
tiation of tissue-specific gene expression is a critical feature of
lineage specification, and divergence of the helix III sequence
between MyoD and myogenin could therefore be the major
distinction between these two proteins, with regard to the
ability to specify the skeletal muscle lineage.

Residues on hydrophilic surface of helix III account for
different activities of MyoD and myogenin C-terminal motifs.
Since the hydrophobic face of helix III is maintained in all
myogenic bHLH proteins, we investigated whether variability
on the hydrophilic face might account for the different activi-
ties of MyoD and myogenin. To identify the amino acids nec-
essary for the function of the wild-type MyoD helix III motif,
we initiated back mutations in the MyoDD245-258–myogenin
195-208 chimera (Fig. 4). Back-mutating the first five amino

acids of the myogenin C-terminal domain sequence (AHNLH,
myogenin amino acids 195 to 199) to the comparable MyoD
sequence (VSSLD, amino acids 245 to 249) resulted in nearly
full recovery of function (Fig. 4, lane 5), indicating that the
other differences between MyoD and myogenin in this region
were not functionally significant in the context of our assay.
Similar to the VSSLD back mutation, the ASSLD chimera was
also comparable to wild-type MyoD (Fig. 4, lane 6), whereas
the VSSLH chimera had activity similar to the myogenin se-
quence or the deletion of MyoD 245-258 (Fig. 4, lane 7),
indicating that the positively charged histidine did not func-
tionally substitute for the negatively charged aspartate. Since
the aspartate could be replaced by a nonpolar, uncharged
alanine residue without loss of function in the MyoD-D249A
mutant (data not shown), it appeared that the introduction of
the positively charged histidine at this position disrupted the
function of the MyoD helix III. In addition to the histidine at
position 5 in the myogenin sequence, the histidine and aspar-
agine at positions two and three also decreased the function of
the MyoD chimera (Fig. 4, lanes 8 and 9).

FIG. 3. The function of the carboxy-terminal domain of the myo-
genic bHLH proteins requires the ability to adopt an amphipathic alpha-
helical conformation. (A) Helical wheel representation of the C-terminal
motif aligning murine MyoD, Myf5, MRF4, C. elegans MyoD, and murine
myogenin, demonstrating the high degree of conservation of the hydro-
phobic face of the helix and the more variable hydrophilic face. (B) S1
nuclease protection of RNA from NIH 3T3 fibroblasts transfected with
wild-type MyoD (MyoD), MyoDD245-58, and MyoD-S253P as indi-
cated. Serine-253 (indicated by p in panel A) falls in the middle of the
predicted helix on the hydrophilic face. (C) Titration of the MyoD-
S253P mutant compared to wild-type MyoD. The indicated amounts of
expression plasmid were transfected. Empty expression vector was used to
adjust the total quantity of transfected plasmid.

FIG. 4. Residues on the hydrophilic face of helix III differentiate
MyoD and myogenin function. (A) The MyoDD245-258–myogenin
195-208 chimera was subjected to back mutagenesis, represented in
this schematic. MyoD residues are underlined. Back mutants are iden-
tified by the sequence of the first five amino acids of helix III, i.e.,
VSSLD represents substitution of MyoD amino acids 245 to 249 into
the chimeric protein. (B) S1 nuclease protection analysis of back mu-
tations in the chimeric MyoDD245-258–myogenin 195-208 protein. p,
partially digested probe.

2408 BERGSTROM AND TAPSCOTT MOL. CELL. BIOL.



Helix III serine mutations do not provide evidence of regu-
latory phosphorylation site. Since the charge of the amino acid
at the fifth position is a major determinant of the differential
functions of the MyoD and myogenin helix III domains, we
sought to identify whether potential regulatory modifications
such as phosphorylation could modulate helix III activity by
altering the charge of other helix III residues. The mouse
MyoD helix III sequence contains potential casein kinase II
phosphorylation sites at S246 and S253. MyoD-S246A and
MyoD-S246E mutants demonstrated equivalent activities in
our S1 assays, both of which were slightly less efficient than the
MyoD (Fig. 5, lanes 2, 4, and 5). MyoD-S253A and MyoD-
S253E also demonstrated equivalent activities, although in this
case both had activities slightly greater than wild-type MyoD
(Fig. 5, lanes 2, 6, and 7). In addition to S246 and S253, the
serine at MyoD position 247 is highly conserved in MyoD from
several species (Fig. 2A), but it is not part of a known phos-
phorylation motif. To assess the requirement for a serine at
this site, we tested MyoD-S247A and MyoD-S247E, and both
mutants had activities similar to MyoD (data not shown). Al-
though the serine mutations we have studied do not prove that
these serines are not phosphorylation sites in some biological
contexts, the lack of significant alteration of activity with the
different mutations and the lack of evolutionary conservation
of S246 and S253 (Fig. 2A) together suggest that phosphory-
lation of these sites does not constitute a necessary regulatory
function.

MyoD helix III increases ability of myogenin to efficiently
initiate transcription of endogenous genes. The above exper-

iments demonstrated that the MyoD helix III was necessary for
the efficient initiation of endogenous gene transcription,
whereas the myogenin helix III sequence was less efficient in
the context of the MyoD protein, despite conservation of the
hydrophobic surface of a potential amphipathic alpha-helix. If
a major difference in the activities of MyoD and myogenin was
due to the residues on the hydrophilic surface of helix III, then
substituting these residues into myogenin should increase the
ability of myogenin to initiate transcription of endogenous
target genes. Therefore, we generated a series of chimeric
myogenin proteins that introduced the MyoD helix III region,
alone or together with the MyoD histidine-rich region, in the
context of the myogenin protein (shown schematically in Fig.
6B).

Wild-type myogenin (Fig. 6A, lane 2) activated the reporter
construct and increased expression of the p21 gene, but its
activity was substantially reduced compared to that of MyoD
on the endogenous skeletal muscle genes. As anticipated, the
myogenin chimera that contained only the histidine-rich motif
from MyoD (Fig. 6A, lane 3) was essentially the same as
wild-type myogenin. Introduction of the MyoD helix III into

FIG. 5. Role of putative phosphorylation sites in helix III regula-
tion. Serine residues at MyoD positions 246 and 253 were replaced
with alanine or glutamate residues. The ability of the mutants to
initiate expression of endogenous skeletal muscle genes was assayed
using an S1 nuclease protection assay. p, partially digested probe.

FIG. 6. MyoD helix III (HIII) increases the ability of myogenin to
efficiently initiate expression of skeletal muscle genes. (A) MyoD helix
III increases the ability of myogenin to efficiently initiate expression of
skeletal muscle genes. S1 nuclease assay of RNA from NIH 3T3 cells
transfected with wild-type MyoD (lane 1), wild-type myogenin (lane 2),
myogenin-MyoD chimeras (lanes 3 to 6), and Myf5 (lane 7). (B)
Alignment of MyoD, myogenin, and the chimeric proteins: mgn1His
was constructed by substituting 10 amino acids from MyoD into the
corresponding myogenin region; mgn1HIII required 7 amino acid
substitutions.
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myogenin resulted in an increase in the ability of the myogenin
chimera to initiate expression of the endogenous skeletal mus-
cle genes (Fig. 6A, lane 4), and when both the MyoD histidine-
rich motif and the MyoD helix III were introduced into myo-
genin (Fig. 6A, lane 5), the activity of the chimera was nearly
equivalent to that of Myf5 and MyoD (compare lanes 1, 5, and
6). Together, these experiments demonstrated that the MyoD
helix III is an important component of the ability of the myo-
genic bHLH proteins to initiate expression of skeletal muscle
genes and that divergent sequence of the helix III in myogenin
primarily accounted for its relative inefficiency at activating
endogenous genes. Furthermore, the histidine-rich motif can
enhance the activity of the MyoD helix III in the context of the
myogenin protein.

Distinct functions of myogenin and MyoD helix III motifs.
These data indicate that the myogenin helix III is not compe-
tent to initiate the expression of endogenous skeletal muscle
genes, but two lines of evidence suggest that the myogenin
helix III might assume a role in the myogenin protein distinct
from that observed for MyoD helix III. First, although the
myogenin helix III sequence diverges from that of MyoD, it is
conserved in myogenin from several species. Second, the hy-
drophobic face of helix III is conserved in myogenin, suggest-
ing an evolutionary pressure to maintain this structural motif.
Previous studies have identified a carboxy-terminal activation
domain in the myogenin protein (18), while a similar activity
has not been described for the carboxy terminus of MyoD (22).
In order to assess the activation function of the carboxy-ter-
minal domains of myogenin and MyoD, we constructed fusion
proteins between the MyoD or myogenin carboxy terminus and
the DBD of Gal4 (Gal4 1 to 147) and assayed the ability of the
chimeras to promote transcription of a luciferase reporter
driven by multimerized Gal4 binding sites (Fig. 7). The MyoD
C terminus had very modest activation domain activity, driving
expression of the reporter approximately threefold higher than
that for the Gal4 DBD alone. In contrast, the myogenin C
terminus promoted transcription to a level nearly 15-fold
higher than that for Gal4 DBD, and deletion of the myogenin
helix III reduced transcription of the reporter to a level similar
to that seen with the MyoD C terminus. These results demon-
strate that myogenin has a C-terminal activation domain and
that myogenin helix III is essential for this activity. Although
the myogenin helix III was necessary for the full activation
function of the myogenin C terminus, a chimera that intro-
duced the myogenin helix III into the MyoD C terminus did
not have increased activation function compared to the wild-
type MyoD C terminus (data not shown), indicating that the
myogenin helix III is not sufficient in the context of MyoD to
function as an activation domain but rather needs additional
elements in the myogenin C terminus.

DISCUSSION

Together, these experiments demonstrate that MyoD and
myogenin share a structurally conserved carboxy-terminal al-
pha-helical motif that performs a distinct function in each
protein. In the specification gene, MyoD, helix III is necessary
for the efficient initiation of the expression of at least a subset
of endogenous skeletal muscle genes, but it does not have
significant function as a classical activation domain. In the

differentiation gene, myogenin, helix III has activity as a gen-
eral transcriptional activation domain but cannot facilitate the
initiation of skeletal muscle gene expression. This structural
motif appears to be a major distinguishing feature between the
activities of MyoD and myogenin, since substitution of this
motif into myogenin converts it into a protein with activity
similar to MyoD and Myf5. The fact that an additional substi-
tution of the MyoD histidine-rich region is necessary for the
full activity of the chimeric transcription factor suggests that
the helix III activity might be further facilitated or regulated by
interactions that are dependent on this region. The mechanism
by which the MyoD helix III increases the efficiency of endog-
enous gene initiation remains unknown. This region might be
necessary for the activation of a subset of skeletal muscle
promoters, perhaps overcoming promoter-specific negative
regulators. Since the transiently transfected desmin promoter
does not require these domains for activation, yet these do-
mains are required for the full activation of the endogenous
desmin gene, it seems unlikely that simple cis regulatory se-
quences are sufficient to account for the dependence of the
endogenous skeletal muscle genes on these domains. The his-
tidine- and cysteine-rich region is necessary for MyoD-medi-
ated chromatin remodeling (5), and it is possible that helix III
also contributes to chromatin remodeling at skeletal muscle
gene loci.

A motif similar to helix III exists in the Saccharomyces cer-
evisiae Pho4 protein. The bHLH transcription factor Pho4
initiates the expression of the Pho5 gene and disrupts a nu-
cleosome array at the Pho5 promoter (20). An amphipathic
alpha-helix in the Pho4 protein (amino acids 75 to 99 of Pho4)
has been identified as essential for Pho4-mediated chromatin

FIG. 7. Myogenin possess a helix III-dependent C-terminal activa-
tion domain. The C termini of MyoD and myogenin were assayed for
the ability to function as a general activation domain when fused to the
Gal4 DBD (amino acids 1 to 147). Gal fusion proteins were generated
by PCR amplifying cDNA encoding MyoD amino acids 170 to 318
(DBD-MyoD C) and myogenin amino acids 136 to 224 (DBD-mgn C)
and ligating the PCR products into the pSG424 vector. Similar fusion
proteins with deletions of the helix III motif in MyoD (amino acids 245
to 258; DBD-MyoD C DHIII) and myogenin (amino acids 195 to 208;
DBD-mgn C DHIII) were also made. The Gal4-C terminus chimeras
were cotransfected into NIH 3T3 cells with a Gal4-responsive lucif-
erase reporter plasmid and a constitutively expressed b-galactosidase
reporter to normalize for transfection efficiency. Each transfection was
repeated three times. The graph represents the mean normalized lu-
ciferase activity (relative light units [RLU]/b-galactosidase activity) for
the three experiments. Error bars represent standard deviations.
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remodeling and Pho5 initiation (9). Inserting the Pho4 amphi-
pathic alpha-helix into MyoD, however, does not functionally
substitute for MyoD helix III (D. A. Bergstrom, unpublished
data). Currently, it is not known whether factors interact with
this domain of Pho4 to mediate chromatin remodeling, but it
has been shown that Pho4 chromatin remodeling is indepen-
dent of SWI/SNF and that RNA polymerase II holoenzyme
recruitment is sufficient for chromatin remodeling by a Pho4-
Gal11 fusion protein (4). In contrast to the MyoD helix III,
which was not necessary as an activation domain, the Pho4
domain was necessary for chromatin remodeling and func-
tioned as an activation domain in fusions to a heterologous
DBD (9). It is interesting to speculate that, prior to gene
duplication and divergence, the original helix III might have
subserved both functions and that evolution has separated the
two related functions, gene initiation and gene activation. In
this regard, it will be interesting to see if the helix III of
invertebrates with a single myogenic bHLH gene, e.g., C. el-
egans or D. melanogaster, combines the functions of initiation
and activation.

The observation that helix III of MRF4 can functionally
substitute for helix III of MyoD is consistent with the genetic
evidence that MRF4 has a partly overlapping role with MyoD
in regulating myogenesis (14). MRF4 is expressed transiently
in the murine myotome between embryonic day 9.0 (E9.0) and
E11.5, immediately following the onset of Myf5 expression and
preceding the expression of MyoD. MRF4 expression initiates
again around E16 in the differentiating muscle fibers. The
proximity of Myf5 and MRF4 has complicated the interpreta-
tion of MRF4 disruptions, since most targeting strategies have
also altered the level of Myf5 expression (13, 25). The MRF4
homozygous deletion with the least effect on Myf5 expression
results in some alterations of skeletal muscle gene expression,
most notably increased levels of myogenin mRNA, but skeletal
muscle development is grossly normal. In contrast, the double
mutation of MRF4 and MyoD resulted in a severe skeletal
muscle deficiency, despite normal expression of myogenin, in-
dicating that either MyoD or MRF4 was necessary for myoge-
nin to mediate normal skeletal muscle cell differentiation (14).
Given our current observation that the helix III of both MyoD
and MRF4, but not myogenin, is capable of facilitating efficient
gene initiation, it is possible that the absence of MyoD-MRF4
helix III function results in the decreased skeletal muscle for-
mation in the double mutant background. Ultimately, this
could be tested by introducing the MyoD helix III into myo-
genin in the MyoD-MRF4 mutant background.

In summary, a major difference in the activities of MyoD and
myogenin is encoded by a few residues on the hydrophilic face
of a carboxy-terminal amphipathic alpha-helix, helix III. The
MyoD helix III is necessary for the efficient initiation of en-
dogenous gene expression at the target loci analyzed. In this
regard, it is a domain that imparts the activity of a specification
factor to MyoD, although the mechanism of action remains
unknown. The myogenin helix III is necessary for the function
of its carboxy-terminal activation domain, but it lacks the spec-
ification activity of the MyoD helix III. It should be noted that
MyoD has an amino-terminal activation domain, but there is
evidence that the activity of this domain can be regulated (22).
An intuitive argument can be made for the separate regulation
of the functions of initiation and full activation of transcription

in complex multicellular organisms. One plausible model is
that MyoD targets a broad array of genes for initiation, fully
activating only a subset of its targets. Myogenin subsequently
acts at those genes initiated by MyoD to enhance and maintain
transcription, permitting the full level of gene expression
needed for terminal differentiation. The separation of these
functions might contribute to the spatial and temporal orches-
tration of skeletal muscle gene expression during commitment
and differentiation, and it provides a paradigm for understand-
ing the differential regulation of gene expression during devel-
opment by individual members of highly related transcription
factor families.
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