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MRF4 is a member of the basic helix-loop-helix muscle regulatory factor family that also includes MyoD,
myogenin, and Myf-5. Overexpression of MRF4 or the other muscle regulatory factors in fibroblasts converts
the cells to differentiated muscle fibers and transcriptionally activates expression of endogenous and
cotransfected muscle genes. Although these factors induce a similar phenotype, they also exhibit some distinct
biological activities. For example, MyoD trans activates a-actin and troponin I reporter genes to very high
levels, whereas MRF4 efficiently activates only a-actin expression. Since these proteins have a common basic
helix-loop-helix domain, it is likely that portions of the proteins outside of this region impart some specificity
to the activity of each muscle regulatory factor. As an initial step in determining the mechanism by which
MRF4 and MyoD activate gene transcription, the transcriptional activation domain of MRF4 has been
characterized. Experiments utilizing chimeric proteins containing the yeast GAL4 DNA-binding domain and
portions of the MRF4 protein indicate that the MRF4 activation domain is located within amino acids 10 to 30.
This amino terminus is both necessary and sufficient to elicit a transcriptional response in transfected cells. The
MRF4 activation domain and the related amino-terminal MyoD activation domain are capable of substituting
for one another in converting fibroblasts to a myogenic phenotype and in activating expression of an a-actin
reporter gene, although the MRF4 and MyoD activation domains on these chimeric proteins also dictate the
specificity of transcriptional activation. The different primary amino acid sequences of these regions leave open
the possibility that different coregulator proteins interact with the muscle regulatory factors to elicit their
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correct transcriptional activity during skeletal muscle development.

Skeletal myogenesis provides an excellent model system
in which to study the regulatory mechanisms which coordi-
nate the transcriptional activation of sets of unrelated genes
during development. Skeletal myoblasts can be maintained
in vitro in a proliferative, undifferentiated state by providing
the cells with growth medium containing high levels of serum
or containing one of several peptide growth factors such as
basic fibroblast growth factor or transforming growth fac-
tor-B (reviewed in reference 38). Switching cells to a serum-
free medium, however, leads to rapid withdrawal of the cells
from the cell cycle followed by the formation of multinucle-
ate myofibers and the transcriptional activation of ~40
muscle-specific genes, many of which encode proteins that
assemble to form a functional sarcomere.

Recent advances in isolating genes that control this termi-
nal differentiation process have led to the identification of
four related mammalian genes referred to as MyoD (14),
myogenin, (16, 55), Myf-5 (5), and MRF4 (43) (also known as
herculin [31] and Myf-6 [4]). These proteins share a central
basic helix-loop-helix (b HLH) domain that is involved in
DNA binding and protein-protein interactions (reviewed in
references 17, 37, and 50). This shared ~60-amino-acid
region likely accounts for several of the common properties
that characterize this protein family. These include the
abilities of MyoD, myogenin, Myf-5, and MRF4 to form
heterodimers with the widely expressed bHLH factor E12
3, 9, 18, 27, 29, 35), to bind as heterodimers to an E-box
DNA consensus sequence (CANNTG) (8, 13, 26, 34), to
trans activate expression of cotransfected contractile-pro-
tein reporter genes (7, 13, 19, 30, 57), and to efficiently
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convert nonmuscle cells to a myogenic lineage (5, 14, 16, 43,
55).

Although there exist many similarities between the four
bHLH muscle regulatory factors, these factors also exhibit
several unique properties. During embryonic development,
the genes encoding the muscle regulatory factors are not
expressed simultaneously. Myf-5 is detected in rostral
somites as early as 8.0 days post coitum, whereas myogenin
is detected at 8.5 days, MRF4 is detected at 9.0 days, and
MyoD is not detected until 10.5 days (24, 39, 47). Addition-
ally, these factors exhibit slightly altered binding affinities
for different contractile-protein gene enhancers (10, 44) and
different trans-activation potentials for contractile-protein
reporter genes (10, 57). Several laboratories have shown, for
instance, that MyoD and myogenin efficiently zrans activate
expression of cotransfected reporter genes containing the
regulatory elements associated with the muscle creatine
kinase (MCK) (10, 13), myosin light chain 1/3 (44, 54),
troponin I (Tnl) (30, 57), and acetylcholine receptor a-sub-
unit and a-actin (19, 40, 41, 46, 57) genes, whereas MRF4
efficiently trans activates only the acetylcholine and a-actin
gene constructs (41, 57). This difference in frans activation
occurs despite the ability of MRF4-E12 heterodimers to
efficiently bind to the enhancer elements associated with the
MCK, myosin light chain 1/3, and Tnl genes (29, 30). Since
MyoD, myogenin, Myf-5, and MRF4 are unrelated in their
amino- and carboxyl-terminal ends (43), it is likely that these
regions play important roles in dictating the unique specific-
ities that are associated with each muscle regulatory factor.

Although the muscle regulatory factors bind to the E-box
elements associated with most contractile-protein gene en-
hancers, how they transcriptionally activate expression of
muscle-specific genes is unclear. Several studies have sug-
gested that MyoD, for example, binds cooperatively to
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adjacent E-box sequences prior to eliciting a transcriptional
response (21, 40, 52, 54). However, many contractile-protein
gene enhancer elements contain only a single E-box site and
yet are efficiently frans activated in MyoD cotransfections
(19, 30, 46). Additionally, although muscle regulatory factor-
E12 heterodimers are essential in activating contractile-
protein gene expression, the heterodimers by themselves are
not sufficient to produce a full transcriptional response.
Mutations within protein-binding sites that are adjacent to
the E-box elements in the Tnl, MCK, and a-actin regulatory
regions lead to large decreases in the ability of MyoD or
myogenin to frans activate expression of these reporter
genes, even though the muscle regulatory factors efficiently
bind to the respective E-box element (23, 30, 46). Therefore,
the muscle regulatory factors must interact with additional
transcription factors which are associated with the enhancer
elements during terminal differentiation. The nature of these
protein-protein interactions remains unknown.

To begin characterizing the mechanisms by which MRF4
activates transcription in cells maintained in low serum
concentrations and exhibits different zrans-activation abili-
ties when compared with MyoD, myogenin, and Myf-5, we
set out to identify and characterize the transcriptional acti-
vation domain of the MRF4 protein. In addition, a series of
MRF4 deletions and MRF4-MyoD chimeric proteins were
generated in order to determine whether the parallel protein
regions from MRF4 and MyoD have functions in common.
Our results demonstrate that the MRF4 activation domain is
located within the amino terminus of the protein, since
amino acids 10 to 30 are sufficient to generate a transcrip-
tional response when ligated in frame to the yeast GALA4
DNA-binding domain. Deletion of this region reduces the
ability of the MRF4 protein to convert fibroblasts to a
myogenic lineage and to trans activate expression of chlor-
amphenicol acetyltransferase (CAT) reporter genes. Re-
placement of the MRF4 activation domain with the corre-
sponding MyoD activation domain restores the full
myogenic capacity of the truncated MRF4 protein but alters
the specificities by which MRF4 and MyoD activate different
target reporter genes. These results suggest that the MRF4
and MyoD activation domains, although functionally equiv-
alent in GALA transcription assays, dictate several unique
specificities that characterize the respective muscle regula-
tory factors.

MATERIALS AND METHODS

Cell culture and DNA transfections. C3H10T1/2, NIH 3T3,
and COS cells were obtained from the American Type
Culture Collection. C3H10T1/2 and COS cells were main-
tained in growth medium containing Basal Medium Eagle
(GIBCO) supplemented with 10% fetal bovine serum plus
penicillin (100 U/ml) and streptomycin (100 pg/ml), while
NIH 3T3 cells were maintained in growth medium supple-
mented with 10% calf serum. Transient DNA transfections
of C3H10T1/2, NIH 3T3, and COS cells were performed as
described by Yutzey et al. (57). For GAL4 assays, DNA
precipitates consisted of 5 pg of the reporter plasmid
(GALA);-E1IbTATA-CAT (28), 5 pg of GALA(1-147) (28), or
GALA(1-147) containing portions of the MRF4 cDNA cloned
in frame to the GAL4 DNA-binding domain, and 5 pg of the
control B-galactosidase expression vector RSVLacZ (25).
Precipitates were added to 10° C3H10T1/2 or NIH 3T3 cells
per 100-mm dish. Four hours after the addition of DNA, the
cultures were subjected to a 2-min osmotic shock in serum-
free medium containing 20% glycerol and then fed growth
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medium. Two days after transfection, cell extracts were
prepared and B-galactosidase activity was determined as
described previously (36, 56). The amount of extract used for
each CAT assay was normalized to the specific activity of
B-galactosidase in each protein sample. CAT assays were
carried out as described by Gorman et al. (22), and the
percentage of acetylated chloramphenicol was determined
by liquid scintillation counting. A minimum of three inde-
pendent transfections was performed for each experimental
gene construct.

trans-Activation assays were performed as described
above with the following exceptions. For each dish of
C3H10T1/2 cells, 1 pg of the control pEMSVscribea2
expression vector (14) or 1 pg of the expression vector
containing an MRF4, MyoD, or MRF4-MyoD chimeric
cDNA were mixed with 5 pg of the cardiac a-actin reporter
LK359CAT (33) or with 5 pg of the Tnl reporter TnICAT1
(56) gene. Four hours after the addition of DNA, the cultures
were subjected to an osmotic shock as described above for
the GALA4 experiments and fed growth medium containing
basal medium Eagle and 15% fetal bovine serum. Twenty-
four hours after transfection, cultures were induced to
differentiate by the addition of the serum-free medium ITS
(30, 56). After 2 days in differentiation medium, protein
extracts were prepared and analyzed as described above
with the exception that 10 pg of protein was used in each
assay.

Immunocytochemistry. Transfected cell cultures were
rinsed twice in cold phosphate-buffered saline (PBS) and
fixed for antibody staining. Cells to be stained with the
antimyosin mouse monoclonal antibody MF-20 (2) were
fixed in a 20:2:1 solution of 70% ethanol-formalin-acetic acid
for 1 min at 4°C. Cells to be stained with rabbit antibodies
directed against glutathione-S-transferase fusion proteins
containing the complete MRF4 or MyoD coding sequence
(42) were fixed in freshly prepared 2% formaldehyde in PBS
for 10 min, permeabilized by incubation in Triton X-100 for
20 min, and incubated overnight at 4°C with a 1:500 dilution
of the MRF4 or MyoD rabbit serum. After incubation with
primary antibodies, cells were rinsed in PBS and treated
with the appropriate biotinylated immunoglobulin secondary
antibody. Immunoreactivity was visualized by using a
Vectastain ABC reagent (Vector Laboratories, Inc.).

Experimental gene constructions. (i) GAL4-MRF4 chimeric
genes. GALAMRF4(1-242) was generated by cloning the
MRF4 EcoRI insert from pEM-cRS4-1 (43) in frame to the
GALA(1-147) expression vector (28). The MRF4 cDNA
inserts for GALAMRF4(1-85), GAL4AMRF4(1-30), GAL4
MRF4(10-30), GALAMRF4(10-40), GAL4AMRF4(1-49), GAL
4MRF4(10-49), GAL4MRF4(20-49), GAL4MRF4(30-49),
and GALAMRF4(50-85) were generated by polymerase chain
reaction (PCR) amplification of the respective fragments
using DNA primers that were complementary to the MRF4
cDNA template (43). Each 5’ primer contained the leading
sequence 5'-GGAATTC-3' (EcoRlI site), while the 3’ primers
contained the sequence 5'-GTCTAGA-3' (Xbal site). The
amplified fragments then were digested with EcoRI and Xbal
and cloned in frame into the EcoRI-Xbal sites of GALA4(1-
147). GALAMRF4(148-242) similarly was generated by PCR
amplification using the appropriate 5’ primer with an EcoRI
recognition sequence and a 3' primer complementary to the
flanking plasmid sequence in GAL4AMRF4(1-242). GALA4
MRF4(1-180) was produced by digestion of the MRF4 clone
pEM-cRS4-1 with Fspl, ligation of an Xbal linker (NEB
1062), and subsequent digestion with EcoRI and Xbal to
produce an MRF4 cDNA containing amino acids 1 to 180.
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GALA4MRF4(180-242) was produced as described above for
GALAMRF4(1-180) except that an EcoRI linker (NEB 1078)
was added to the Fspl end to generate MRF4 amino acids
180 to 242. Construction of GALAMRF4(1-60) involved
digesting the pPEM-cRS4-1 MRF4 cDNA with XmnI and then
ligating Xbal linkers. Subsequent digestion with EcoRI and
Xbal yielded an MRF4 fragment containing amino acids 1 to
60. The MRF4 amino acid 1 to 180, 180 to 242, and 1 to 60
inserts then were cloned into a GALA(1-147) vector previ-
ously digested with EcoRI and Xbal. A similar PCR-based
cloning strategy was employed to construct GAL4MyoD(1-
66) by using pEMClls (14) as the DNA template. All
constructs were sequenced to verify that the correct reading
frame and amplified products were produced.

(ii) MRF4-MyoD deletions and chimeric genes. The follow-
ing gene constructs were produced by generating the correct
MRF4-MyoD fragments and inserting them into an EcoRI-
digested pEMscribea2 expression vector. Briefly, MRF4A3’
was produced by digesting the MRF4 cDNA with Fspl at
amino acid position 181. After ligation of EcoRI linkers
(NEB 1078), the truncated MRF4 insert was cloned into
pEMscribea2. MRF4A3'MyoD was generated by digesting
the MyoD cDNA with Narl and treating the 5’ and 3’
overhangs with S1 nuclease. The blunt-ended cDNA then
was digested with EcoRI, and the fragments containing
MyoD amino acids 174 to 318 were ligated to the MRF4A3’
fragment as described above. MRF4A5’ was produced by
digestion of pBS-MRF4 with Avall followed by treatment
with Klenow polymerase and the addition of HindIII linkers
(NEB 1022). Digestion with EcoRI released an EcoRI-blunt-
end fragment that contained the MRF4 5’ untranslated
region plus amino acids 1 to 4. This fragment was used in a
three-part ligation with an Xmnl-digested pBS-MRF4 frag-
ment (yielding amino acids 61 to 242). To generate MyoD-
MRF4AS’, the Xmnl fragment of MRF4 (amino acids 61 to
242) was ligated to a PCR-generated MyoD fragment that
contained MyoD amino acids 1 to 66. MyoDA3' was pro-
duced by digesting the MyoD cDNA with Narl, treating the
fragment with Klenow polymerase, ligating it with EcoRI
linkers (NEB 1078), and subsequently digesting it with
EcoRI. MyoDA3'MRF4 was generated by using the
MyoDA3’ EcoRI-Narl insert and an MRF4 Fspl-EcoRI
fragment containing amino acids 182 to 242. To produce
MyoDAS5’, an EcoRI-Alul fragment containing the 5’ un-
translated region and amino acids 1 and 2 of MyoD was
ligated to a BssHII (S1-treated)-EcoRI fragment of MyoD
containing amino acids 84 to 318. MRF4MyoDAS' was
generated by PCR amplification of MRF4 amino acids 1 to
50, leaving an ApaLl site at the 3’ end. This fragment
subsequently was ligated to a MyoD fragment generated by
ApalLl and EcoRI that contained amino acids 69 to 318. All
cloning orientations and correct ligation junctions were
confirmed by DNA sequencing.

In vitro transcription and translation. m’GpppG-capped
RNAs were synthesized in vitro from linearized DNA tem-
plates (5 ng) by using T3 or T7 RNA polymerase and a
MAXIscript in vitro transcription kit (Ambion). Reaction
mixtures were incubated at 37°C for 30 min, after which
DNase I was added for an additional 10 min. Newly synthe-
sized RNA was extracted with phenol-chloroform, ethanol
precipitated, and suspended in 25 pl of TE (10 mM Tris [pH
7.8], 1 mM EDTA). Linear DNA templates were generated
from mouse MyoD (14), rat MRF4 (43), and MRF4-MyoD
chimerae cloned into the pPEMSVscribea2 vector or from the
GALA4 gene constructs cloned. into the pBluescript KS*
vector (Stratagene).

MoL. CELL. BioL.

For in vitro translations, 2 pl (~2 ng) of RNA transcribed
in vitro was added to a 48-pl reaction mixture containing a
rabbit reticulocyte lysate (Promega) and incubated at 30°C
for 1 h. Aliquots of the translation products were stored at
—80°C. Parallel radioactive translation products were gener-
ated by supplementing the amino acid mixtures with
L-[**S]methionine (>800 Ci/mmol; Amersham). Synthesis of
the 3°S-labeled protein products was monitored by electro-
phoresis through a 12% discontinuous sodium dodecyl sul-
fate-polyacrylamide gel. The gel was fixed and stained in
50% methanol-10% acetic acid-0.2% Coomassie blue for 2
min in a microwave oven and then destained for 5 min in 30%
methanol-7% acetic acid followed by 10% methanol-7%
acetic acid. Fixed gels were treated with En*Hance (New
England Nuclear) for 1 h, vacuum dried, and exposed to
Kodak XAR film.

Gel mobility shift assays. The DNA probes used in this
study were generated by standard procedures (1). Briefly,
the Tnl enhancer (56) and GALA4 fragments containing one
or five GAL4 binding sites (28) were treated with alkaline
phosphatase (Boehringer Mannheim) and labeled with T4
polynucleotide kinase (New England BioLabs) and [y->?P]
ATP (New England Nuclear). Oligonucleotide probes con-
taining the Tnl E-box site (30) were generated by labeling
one DNA strand with T4 golynucleotidc kinase and [y->?P]
ATP. Unincorporated [y->?P]JATP was removed from all
probes by passing the reactions through G-50 (Pharmacia)
spun columns. The single-stranded labeled DNA was mixed
with a 10-fold molar excess of the unlabeled complementary
oligonucleotide strand, heated to 100°C for 5 min, and
allowed to anneal at room temperature to generate double-
stranded oligonucleotides.

Gel mobility shift assays were conducted by incubating
end-labeled probes (2 to 13 fmol; ~5,000 cpm) with 0.5 pg of
poly(dI-dC) (Sigma) and 3 to 8 pl of in vitro-translated
products in a total volume of 20 pl. Binding reaction mix-
tures also contained 25 mM HEPES (N-2-hydroxyethylpi-
perazine-N'-2-ethanesulfonic acid; pH 7.9), 50 mM KCl, 0.5
mM dithiothreitol, 5 mM MgCl,, and 10% glycerol and were
incubated at room temperature for 20 min. The binding
reaction mixtures then were loaded onto a 5% polyacryl-
amide gel (40:1 acrylamide-bisacrylamide) containing 2.5%
glycerol and electrophoresed at room temperature at 8 V/cm
for 3 to 3.5 h in 12.5 mM Tris (pH 8.5)-95 mM glycine-0.5
mM EDTA. After electrophoresis, the gels were fixed in 10%
methanol-10% acetic acid, vacuum dried, and exposed to
Kodak XAR film.

RESULTS

Identification of the MRF4 activation domain. The ability of
MRF4 to bind to E-box regulatory sequences and yet differ-
entially zrans activate expression of cotransfected contrac-
tile-protein genes suggests that MRF4 utilizes a specific
transcriptional activation domain that is distinct from the
activation domains characterized for MyoD (53), myogenin
(49), and Myf-5 (6). As an initial step in identifying potential
activation domains in the MRF4 protein, we utilized the
GALA4 DNA-binding system derived from Saccharomyces
cerevisiae in which a CAT reporter gene containing five
GALA binding sites [(GALA4)s-E1IbTATA-CAT] was intro-
duced into C3H10T1/2 or NIH 3T3 cells with expression
gene constructs containing portions of the MRF4 cDNA
cloned in frame to the GAL4 DNA-binding domain.

Cells transfected with the CAT reporter gene and a
construct expressing only the GAL4 DNA-binding domain
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Gene Construct Transcriptional
Enhancement
GALA(1-147) AN 1
121 223
GALAEla RGO 177
413 490
GALAVP16 AN NN 177
1 66
GALAMyoD(1-66) AR 256
b HLH
| —— |
1 85 148 242
GALAMRF4(1-242) TR ] 3
1 180
GALAMREFA4(1-180) AR | 3
1 49
GALAMRFA4(1-49) AN 142
1 60
GALAMRFA4(1-60) NN 60
1 85
GALAMRF4(1-85) AN — 129
180 242
camresozy SN M 2
148 242
GALAMRF4(148-242) m\/_: 1
50 85
GALAMRF4(50-85) _s ] 1

FIG. 1. The MRF4 activation domain maps to the amino terminus of MRF4. C3H10T1/2 or NIH 3T3 cells were cotransfected with the
(GALA)s-E1bTATA-CAT reporter gene and each of the indicated GAL4 chimeric genes in which the GAL4(1-147) DNA-binding domain was
ligated in frame with the indicated MRF4 fragments (see Materials and Methods for details). The hatched boxes represent the GALA4(1-147)
portions of the protein, whereas the numbers above each construct indicate the amino acids derived from the MRF4 protein. The bHLH
region of MRF4 also is indicated. Transcriptional enhancement refers to the fold increase in acetylated chloramphenicol compared with the
basal level detected with GALA4(1-147), which typically was less than 0.5% conversion. All values are the average of 4 to 11 independent DNA

transfections.

[GALA(1-147)] expressed CAT at very low levels (Fig. 1).
Conversely, when the activation domain of the adenovirus
Ela protein (amino acids 121 to 223) or the herpes simplex
virus VP16 transcription factor (amino acids 413 to 490) was
ligated in frame to the GAL4 DNA-binding region, a strong
transcriptional response was detected. Similar high levels of
transcriptional activation were obtained when we tested a
GALA gene construct containing the first 66 amino acids of
the muscle regulatory factor MyoD, which contains the
functional MyoD activation domain (53). Surprisingly, when
GALA chimeric genes containing the complete MRF4 pro-
tein (amino acids 1 to 242) were tested in this system, only
low levels of CAT expression were detected, even though

the MRF4 protein functions as a tissue-specific transcrip-
tional activator (43, 57). Low levels of expression also were
observed with GALAMRF4(1-180), which lacks the carboxyl
region but retains the bHLH domain of MRF4. Further
carboxyl deletions of the MRF4 protein, however, revealed
a strong activation domain in GAL4AMRF4(1-85), GAL4
MRF4(1-60), and GAL4MRF4(1-49) that supported a level of
CAT activity similar to the levels obtained with the control
GAILAEla and GAL4VP16 chimeric proteins (Fig. 1). Again,
no transcriptional activation was detected when regions
flanking the bHLH domain of MRF4 were tested in this
system. Two carboxyl gene constructs containing MRF4
amino acids 148 to 242 and 180 to 242 as well as GALA4
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Gene Construct Transcriptional
Enhancement
GALA(1-147) T 1
b HLH
1
1 85 148 242
GALAMRF4(1-242) AN | ] ] 3
1 49
GALAMRF4(1-49) A 142
1 30
GALAMRFA4(1-30) A - 97
10 49
GALAMRF4(10-49) s 133
20 49
GALAMRF4(20-49) 1
30 49
GALAMRF4(30-49) 1
10 40
GALAMRF4(10-40) S 118
10 30
GALAMRF4(10-30) s 80

FIG. 2. The major MRF4 activation domain is located within amino acids 10 to 30. C3H10T1/2 or NIH 3T3 cells were cotransfected with
the (GALA);-E1bTATA-CAT reporter gene and the indicated gene constructs as described in the legend to Fig. 1. All values are the average

of four or five independent transfections.

MRF4(50-85) containing the 36 amino acids which precede
the bHLH domain produced levels of CAT activity compa-
rable to control background levels. These results demon-
strate that the amino terminus of MRF4 is sufficient to elicit
a transcriptional response.

To further delineate the MRF4 activation domain, addi-
tional GAL4 gene constructs were generated in order to
identify the minimum MRF4 region that functions as a
transcriptional activator. As shown in Fig. 2, chimeric gene
constructs in which the last 19 or first 9 amino acids of the
MRF4 activation domain were deleted still retained signifi-
cant transcriptional activity. GAL4MRF4(1-30) and GALA4
MRF4(10-49) exhibited the same high transcriptional activi-
ties as GALAMRF4(1-49). Further deletions of amino acids
10 to 19 [GALAMRF4(20-49)] and 10 to 29 [GAL4MRF4
(30-49)], however, completely abolished the transcriptional
activity of the amino MRF4 peptide, whereas GAL4MRF4
(10-40) and GALAMRF4(10-30) continued to function as
strong transcriptional activators in these assays. Thus, the
major transcriptional activation domain of MRF4 is con-
tained within a 21-amino-acid region located within residues
10 to 30.

The inability of GAL4AMRF4(1-242) and GAL4MRF4(1-

180) to activate expression of the (GALA4);-E1IbTATA-CAT
reporter gene was unexpected, since each contains the
MRF4 activation domain (amino acids 10 to 30). These
constructs, however, also contain the MRF4 bHLH domain,
which is involved in DNA binding as well as in the formation
of protein heterodimers (29). Since the muscle regulatory
factors exhibit relatively short half-lives (15, 51), it is con-
ceivable that the low levels of transcriptional activation
obtained from these chimeric proteins are due to protein
instability or to an inability of specific chimeric proteins to
efficiently enter the nucleus. To examine these possibilities,
COS cells were transfected with various GALAMRF4 chi-
meric gene constructs, and the relative abundance and
cellular location of each chimeric protein were determined
by using polyclonal antibodies directed against MRF4 (29,
42). As shown in Fig. 3, cells transfected with the GALA(1-
147) control plasmid did not react with anti-MRF4 antibod-
ies. However, cells transfected with expression constructs
containing the entire MRF4 cDNA [GAL4MRF4(1-242)] or
portions of the MRF4 cDNA such as GALAMRF4(1-180) and
GALAMRF4(1-85) exhibited intense nuclear staining. Iden-
tical results also were obtained when C3H10T1/2 or NIH 3T3
cells were used as recipients for these chimeric gene con-
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FIG. 3. GAL4AMRF4 proteins efficiently translocate to the nucleus. COS cells we
GALA4AMRF4(1-242) (B), GALAMRF4(1-180) (C), and GALAMRF4(1-85) (D) expression vectors. After transfection, the cells were stained with
anti-MRF4 rabbit sera as described in Materials and Methods. Nuclear staining is detected with all GALAMRF4 proteins, regardless of
whether the proteins are transcriptionally active (see text for details).

structs (data not shown). Thus, the inability of GAL4AMRF4
(1-242) and GAL4AMRF4(1-180) to activate expression of the
CAT reporter gene is not a result of in vivo protein instability
or of an inappropriate cellular location.

Since GAL4MRF4(1-242) and GAL4MRF4(1-180) contain
the MRF4 DNA-binding domain in addition to the GAL4
DNA-binding domain, we next examined by electrophoretic
mobility shift assays whether each chimeric protein effi-
ciently interacts with the GAL4 DNA-binding site. For these
studies, equivalent amounts of in vitro-synthesized GAL4
MRF4 chimeric proteins were incubated with a 3?P-labeled
DNA probe containing one or five GALA binding sites (see
Materials and Methods for details) and then subjected to
electrophoretic mobility shift assay. As expected, GAL4
(1-147) and also GAL4AMRF4(1-49), GAL4AMRF4(10-49), and
GALAMRF4(148-242) proteins efficiently bound to the 32P-
labeled DNA probe regardless of whether these chimeric
proteins elicited transcriptional activation responses when
expressed in vivo (Fig. 4). Conversely, the GAL4AMRF4(1-
180) and GALAMRF4(1-242) chimeric proteins, which ex-
hibit no significant transcriptional activation in the GALA4
CAT assays (Fig. 1), interacted very weakly with the GAL4
site compared with all other proteins in this DNA-binding
assay (Fig. 4). Although the reason for this weak binding is
unknown, it is likely that the bHLH domains contained
within GAL4AMRF4(1-180) and GALAMRF4(1-242) interfere
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re transiently transfected with GALA4(1-147) (A),

.

with the GAL4 DNA-binding domain associated with these
chimeric proteins. The bHLH domain found within the
GALAMRF4(1-242) and GALAMRF4(1-180) proteins, how-
ever, is nonfunctional, since overexpression of these chi-
meric proteins in C3H10T1/2 fibroblasts did not generate
detectable myosin-expressing cells (data not shown). There-
fore, the inability of GALAMRF4(1-180) and GAL4MRF4
(1-242) to efficiently bind to the GALA4 target gene likely
accounts for the lack of CAT expression obtained from these
chimeric proteins, even though they both contain the major
MRF4 transcriptional activation domain located within
amino acids 10 to 30.

MRF4 activation domain is required to efficiently convert
fibroblasts to a myogenic lineage. Overexpression of MRF4 or
MyoD in C3H10T1/2 fibroblasts leads to their conversion to
myogenic cells which, when maintained in a serum-free
medium, rapidly differentiate by expressing the contractile-
protein gene set. In order to examine the role of the MRF4
and MyoD activation domains in this conversion process,
we constructed several MRF4 and MyoD deletion mutants
as well as MRF4-MyoD chimeric proteins to determine
whether the MRF4 and MyoD activation domains are essen-
tial to producing a fully differentiated muscle phenotype. All
constructs were tested for their abilities to bind to muscle-
specific E-box sequences, translocate to the nucleus, trans
activate expression of cotransfected a-actin and Tnl CAT
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FIG. 4. GALAMRF4(1-242) and GAL4AMRF4(1-180) proteins in-
efficiently interact with the GAL4 binding site. Gel mobility shift
assays were performed by incubating a 3°P-labeled GALA binding
site with in vitro-translated GALA4(1-147) (GALA) or GALAMRF4
proteins. Equivalent amounts of each protein, as measured by
parallel **S reactions, were used for each assay (see Materials and
Methods for details). Weak but detectable binding of the GAL4
MRF4(1-180) protein was evident with a longer exposure of the film.
Unbound 32P-labeled GALA4 binding sites are denoted by F.

reporter genes, and induce expression of the endogenous
contractile-protein genes. Initially, N-truncated and C-trun-
cated MRF4 proteins were generated to examine the roles of
the carboxyl and amino portions of the MRF4 protein in
regulating skeletal myogenesis. Additionally, two gene con-
structs in which the amino- and carboxyl-terminal ends of
MRF4 were replaced with the corresponding portions of the
MyoD protein were generated (Fig. SA). These constructs,
however, retained the MRF4 bHLH domain. Similarly,
N-truncated and C-truncated MyoD proteins were produced
along with gene constructs in which the amino- and car-
boxyl-terminal ends of MyoD were replaced with the corre-
sponding regions of MRF4. In this instance, each chimeric
protein retained the MyoD bHLH domain (Fig. 5B).

In order to examine the DNA-binding properties of the
truncated and chimeric muscle regulatory factors, gel mobil-
ity shift assays were performed. Incubation of the related
bHLH protein E12 with the full-length MRF4 and MyoD
proteins as well as with the amino- and carboxyl-truncated
MRF4 and MyoD proteins revealed that all formed het-
erodimers and bound to the E-box regulatory sequence
found within the Tnl muscle-specific enhancer (Fig. 6).
Identical binding also was observed with the MRF4A3’
MyoD and MyoDMRF4A5' chimeric proteins and with the
MRF4MyoDAS’ chimeric protein, confirming that the bHLH
domains present in each truncated or chimeric protein
mediate these specific protein-DNA interactions.

Transfection of C3H10T1/2 fibroblasts with expression
vectors containing the wild-type MRF4 or MyoD clones and
their corresponding mutants coupled with immunocyto-
chemistry using anti-MRF4 and anti-MyoD antibodies (42)
revealed that all deleted and chimeric proteins were ex-
pressed stably and were transported efficiently to the nu-
cleus (Fig. 5). In addition, all constructs activated expres-
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sion of the endogenous myosin genes and trans activated
cotransfected a-actin reporter genes. The efficiency by
which each protein activated the myogenic program, how-
ever, differed significantly. For example, removal of the
carboxyl portion of MRF4 (MRF4A3’) led to a modest
decrease in the ability of this protein to activate expression
of a cotransfected a-actin gene. At the same time, however,
84% fewer cells expressed the endogenous myogenic pro-
gram compared with the levels obtained with the full-length
MRF4 cDNA (Fig. 5A). Addition of MyoD amino acids 174
to 318 to this C-truncated MRF4 protein (MRF4A3'MyoD)
produced a slight increase in a-actin and myosin expression,
although the degree of myogenic conversion by this chimeric
protein did not approach the levels obtained with MRF4.
These results indicate that the carboxyl-terminal 182 to 242
amino acids of MRF4 are more crucial to the MRF4 protein
in fully activating the endogenous myogenic program than in
transcriptionally regulating expression of cotransfected re-
porter genes. Addition of the corresponding region from the
MyoD protein did not significantly rescue this myogenesis-
deficient phenotype, suggesting that the carboxyl portions of
MRF4 and MyoD serve distinct functions for their respec-
tive proteins.

When the activation domain of MRF4 was deleted
(MRF4AS5'), the activity of the cotransfected a-actin reporter
gene and the number of cells expressing the endogenous
contractile-protein genes decreased 62 to 73% (Fig. 5A).
This decrease occurred despite the ability of the truncated
protein to bind to targeted E-box sequences (Fig. 6) and to
be transported to the nucleus, suggesting that the activation
domain of MRF4, as defined by GAL4 CAT assays, plays a
crucial role in maintaining the transcriptional activity of this
regulatory protein. Interestingly, full transcriptional activity,
plus the ability to activate the endogenous myogenic pro-
gram, was restored to the MRF4 N-truncated protein when
the activation domain of MRF4 was replaced with the
activation domain of MyoD (MyoDMRF4A5’). Thus, the
MRF4 activation domain is required to elicit a full myogenic
conversion response. In addition, the MRF4 and MyoD
activation domains are interchangeable with respect to trans
activating cotransfected a-actin reporter genes or to activat-
ing the endogenous contractile-protein genes and myogenic
program.

In an effort to establish the importance of the MyoD
activation domain in myogenic conversion, we also tested
the corresponding truncated MyoD and chimeric proteins for
their abilities to activate cotransfected a-actin reporter genes
and skeletal myogenesis. As shown in Fig. 5B, truncation of
the carboxyl-terminal region of MyoD (MyoDA3') did not
affect the zrans activation of cotransfected a-actin reporter
genes or the activation of the endogenous myogenic pro-
gram. Interestingly, substitution of the MyoD carboxyl
domain with the corresponding region from MRF4 (amino
acids 182 to 242) generated a chimeric muscle regulatory
factor (MyoDA3'MRF4) which produced a twofold-higher
level of a-actin expression as well as a twofold increase in
the number of converted myogenic cells compared with the
levels obtained with the wild-type MyoD protein. These
results further suggest that the carboxyl domain of MRF4
plays an important role in establishing the myogenic pro-
gram.

As expected, deletion of the MyoD activation domain
(MyoDAS5') led to an approximately 70% reduction in a-actin
expression, although the number of differentiated muscle
cells that were produced decreased only 25% compared with
the number produced with the full-length MyoD protein (Fig.
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FIG. 5. The amino-terminal regions of MRF4 and MyoD can substitute for each other to confer a complete myogenic response. MRF4 and
MyoD deletions plus MRF4-MyoD chimeric protein expression vectors were introduced into C3H10T1/2 fibroblasts with an a-actin CAT
reporter gene. After differentiation, parallel dishes were processed for CAT activity, endogenous myosin expression, and muscle regulatory
factor nuclear localization as described in Materials and Methods. All values were normalized to those obtained in parallel experiments with
the wild-type MRF4 protein (A) or the wild-type MyoD protein (B) as controls. Each value is the average of three to seven independent
transfections with the exception of the myosin staining values obtained with the MyoD chimeric proteins (B), which were derived from a

single experiment. n.d., not determined.

5B). Addition of the MRF4 activation domain to an N-trun-
cated MyoD protein that lacked an activation domain, how-
ever, restored full activity with respect to both a-actin and
myosin expression, again suggesting that the activation
domains of MyoD and MRF4 are necessary for the proteins
to fully activate myogenesis. Thus, in the context of these

assays, the MRF4 and MyoD activation domains can be
substituted for each other to yield functional muscle regula-
tory factors.

MRF4 and MyoD activation domains partially dictate dif-
ferential frans-activation responses. Previous studies have
shown that MRF4 and MyoD differentially activate expres-
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FIG. 6. MRF4 and MyoD deletions and MRF4-MyoD chimeric
groteins bind to the Tnl E-box sequence in the presence of E12. A
2P-labeled Tnl E-box oligonucleotide (A) or the entire Tnl enhancer
(B) was incubated with in vitro-synthesized E12 proteins plus the
indicated in vitro-synthesized MRF4 and MyoD proteins. The
relatively weak binding of the MyoDA3' protein is due to the low
concentration of the protein used in this reaction and does not reflect
a difference in binding affinity. Unbound 3?P-labeled GAL4 binding
sites are denoted by F.

sion of cotransfected reporter genes despite a relatively
equal myogenic conversion frequency (10, 57). MyoD acti-
vates expression of the a-actin, Tnl, and MCK genes,
whereas MRF4 efficiently activates only the a-actin gene,
even though the MRF4 protein binds to the enhancer ele-
ments driving expression of the Tnl and MCK genes (29).
The reason for the different activation potentials of these two
muscle regulatory factors remains unknown. One possibility
that we explored was that their respective activation do-
mains, which are unrelated at the primary amino acid
sequence (43), may dictate how each protein transcription-
ally activates expression of muscle-specific genes. In order
to examine this possibility further, we compared the ability
of each truncated and chimeric MRF4 and MyoD protein to
activate expression of cotransfected Tnl and a-actin genes.

Transfection of C3H10T1/2 fibroblasts with 1 pg of the
MyoD expression vector and 5 pg of the Tnl CAT reporter
gene produced a level of CAT activity approximately 20 fold
higher than that obtained with the MRF4 expression vector
(Fig. 7). Conversely, cotransfection of MyoD or MRF4 with
the a-actin reporter gene produced roughly equivalent levels
of CAT expression. Deletion of the 3’ terminus of MRF4
(MRF4A3’) led to a slight decrease in a-actin expression and
a slight increase in Tnl expression compared with expression
by the full-length MRF4 protein. Addition of the carboxyl
region of MyoD (amino acids 174 to 318) did not significantly
alter the ability of the MRF4A3' protein to frans activate
expression of the a-actin and Tnl reporter genes. As re-
ported above, deletion of the 5’ terminus of MRF4
(MRF4AS5’) reduced the amount of a-actin expression by
approximately 70% but had no effect on the low level of Tnl
expression obtained with the full-length MRF4 protein, again
indicating that the amino terminus of MRF4 is required to
elicit a full transcriptional response when tested with the
a-actin reporter. Substitution of the MyoD activation do-
main onto this MRF4 deletion mutant, however, not only
restored a-actin expression but also produced a chimeric
protein (MyoDMRF4A5’) that exhibited an appropriate five-
fold-higher level of Tnl expression than was obtained with
the wild-type MRF4 protein (Fig. 7). Thus, the MyoD
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activation domain is capable of conferring partial transcrip-
tional specificity on the MRF4 protein when tested with the
Tnl reporter gene.

Similar tests of the MyoD deletions and chimeric proteins
produced results which were consistent with the hypothesis
that the amino-terminal domains of MRF4 and MyoD are
involved in controlling the specificity of their respective
proteins. Again, the full-length and carboxyl-truncated
MyoD proteins exhibited high and relatively equal levels of
trans activation for both the a-actin and Tnl reporter genes
(Fig. 7). Substitution of the carboxyl domain of MRF4 onto
the MyoDA3' protein produced a twofold-higher level of
a-actin expression but did not result in a similar increase in
Tnl activation compared with the C-truncated or wild-type
MyoD proteins, suggesting that the carboxyl domain of
MRF4 also imparts some specificity to the transcriptional
activity of the MRF4 protein.

As expected, deletion of MyoD amino acids 3 to 83
resulted in an approximately 70% reduction in a-actin and
Tnl expression in these assays (Fig. 7). Interestingly, sub-
stitution of the MRF4 activation domain onto an N-truncated
MyoD protein restored full ¢rans-activation functions when
the a-actin reporter gene was tested, whereas only a twofold
increase in Tnl expression was detected compared with
expression with MyoDAS’. Thus, although the MRF4 and
MyoD activation domains are interchangeable with respect
to their abilities to activate the a-actin reporter gene, these
activation domains exhibit different specificities in their
abilities to activate the Tnl reporter gene. The different
primary amino acid sequences associated with these two
domains suggest the possibility that the domains interact
with different protein partners to assemble an active tran-
scription complex on muscle-specific enhancer elements.

DISCUSSION

MRF4, MyoD, myogenin, and Myf-5 are muscle-specific
transcription factors that contain a common structural motif
referred to as the bHLH domain. Although these proteins
exhibit over 85% similarity within this region, their respec-
tive amino and carboxyl termini are divergent (reviewed in
reference 37). In an effort to examine how the amino and
carboxyl portions of the MRF4 protein regulate myogenic
activity, we examined these regions for the presence of a
functional transcriptional activation domain. Utilizing a het-
erologous GALA assay system, we established that MRF4
amino acids 10 to 30 are sufficient to confer a strong
activation response when ligated in frame to the GALA4
DNA-binding domain. Similarly, deletion of the MRF4
amino terminus produced a truncated protein that is im-
paired in its abilities to activate expression of cotransfected
a-actin genes and to activate the endogenous myogenic
program. Thus, the amino terminus of MRF4 contains a
functional activation domain that is required and sufficient to
elicit a transcriptional response.

The 21-amino-acid MRF4 activation domain has an overall
net negative charge due to the presence of 4 acidic residues,
which is a common feature in activation domains (reviewed
in reference 32). Several studies have shown that the pres-
ence of acidic amino acids often is a critical component of
activation domain structures (20). An additional feature of
the MRF4 activation domain is that the acidic residues are
positioned on the hydrophilic face of the peptide when tested
in a helical-wheel model (48). Interestingly, the MyoD,
myogenin, and Myf-5 activation domains also share this
characteristic (30a). Thus, the MRF4 activation domain
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FIG. 7. MRF4, MyoD, and MRF4-MyoD chimeric proteins differentially trans activate cotransfected Tnl and a-actin CAT reporter genes.
Each indicated muscle regulatory factor expression vector was cotransfected with Tnl or a-actin CAT reporter genes into C3H10T1/2
fibroblasts and assayed for CAT activity as described in the legend to Fig. 5. All values are normalized to the CAT expression levels obtained
with the wild-type MyoD protein, which was set to 100%. Each value is the average of three to seven independent transfections.

contains both a net negative charge and a specific arrange-
ment of hydrophobic residues which characterize several
known activation domains, including those found within the
VP16, SP1, GALA4, and GCN4 transcription factors (12, 45).
Understanding the significance of these ionic and structural
motifs to the function of the MRF4 activation domain will
require a detailed in vitro mutagenesis approach to establish

the importance of each residue within this 21-amino-acid
region.

As discussed above, the activation domains of MyoD (53),
myogenin (49), and Myf-5 (6) recently were identified. The
activation domain of MyoD is located within the amino
terminus (amino acids 3 to 53), while the activation domain
of Myf-5 is found within the carboxyl region (amino acids
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135 to 255). In contrast, myogenin contains two equally
active activation domains that are present in both the amino
(amino acids 7 to 77) and carboxyl (amino acids 156 to 224)
regions. In all cases, the conserved bHLH domain present in
each muscle regulatory factor is required for myogenesis but
does not serve as a transcriptional activator. Thus, the
nonconserved N- and C-terminal regions of these related
proteins exhibit abilities to transcriptionally activate expres-
sion of specific reporter genes. Since the activation domains
are unrelated at the primary amino acid sequence, it is
conceivable that these distinct activation domains serve
different roles in controlling gene expression during skeletal
muscle development.

Although the MRF4 and MyoD activation domains are
unrelated, our studies have shown that they can substitute
for one another. Deletion of the MRF4 activation domain,
for example, renders the MRF4 protein ineffective in acti-
vating the endogenous myogenic program and in activating
expression of cotransfected a-actin genes. Addition of the
MyoD activation domain (amino acids 1 to 66), however,
restores full activity. Interestingly, the MRF4 and MyoD
activation domains impart some specificity, since MyoD-
MRF4AS’ activates expression of a cotransfected Tnl re-
porter gene to higher levels than are obtained with MRF4 or
MRF4A5’ cotransfections. Parallel experiments replacing
the MyoD activation domain with the MRF4 activation
domain also support the hypothesis that the two activation
domains have different specificities. Although MRF4MyoD
A5’ efficiently activates expression of a-actin, this chimeric
protein does not activate expression of the Tnl gene to the
levels attained with the wild-type MyoD protein. Nonethe-
less, it is clear that the activation domains of MRF4 and
MyoD are not solely responsible for this differential ¢trans-
activation level. Substitution of the MyoD activation domain
onto the N-truncated MRF4 protein restores only partial Tnl
trans activation compared with the levels obtained with the
complete MyoD protein.

Construction of MRF4-MyoD chimeric proteins some-
times produced muscle regulatory factors that were more
active than the wild-type MRF4 or MyoD proteins. The most
potent chimeric protein in these studies was MyoDA3’
MRF4, which activated a-actin CAT and the endogenous
myogenic program approximately twofold more than did
MRF4 or MyoD. These data correlate with the decrease in
myogenic activity observed by deleting the carboxyl portion
of MRF4, suggesting that MRF4 amino acids 182 to 242,
although not transcriptionally active when tested in GAL4
assays, nonetheless serve an important role in controlling
myogenesis. A similar increase in myogenic activity also has
been observed with myogenin-VP16 chimeric proteins in
which the carboxyl domain of myogenin was replaced with
the VP16 activation domain (49). Studies to establish the
mechanisms by which the MyoDA3'MRF4 protein potenti-
ates myogenesis more efficiently than the normal muscle
regulatory factors currently are under way.

The results from our studies indicate that the domains of
MyoD and MRF4 that lie outside of the bHLH region play an
important role in regulating the activity of these proteins. In
agreement with this finding, Chakraborty and Olson (11)
demonstrated that the MRF4 and myogenin regions flanking
the bHLH domain also have a role in regulating the myo-
genic activity of these proteins. Substitution of the myogenin
amino domain onto a truncated MRF4 protein led to an
approximately threefold increase in CAT activity for the
MCK enhancer, which normally is efficiently activated by
myogenin but not by MRF4 (11, 57). Similarly, substitution
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of the MRF4 amino terminus onto an N-truncated myogenin
protein produced a chimeric transcription factor that no
longer activated MCK expression even though it contained
the bHLH and carboxyl regions of the myogenin protein.
Thus, the activation domains of MRF4, MyoD, and myoge-
nin impart some transcriptional specificity, but the mecha-
nisms of action or the targets that these regions must interact
with remain unknown.

Although it is clear that the activation domains of the
muscle regulatory factors are essential to eliciting a myo-
genic response, these regions must function in concert with
their associated bHLH domains. The muscle regulatory
factors contain two highly conserved residues in their basic
region (alanine 98 and threonine 99 for MRF4) that are
essential for myogenesis (7). Mutation of these residues in
MRF4, myogenin, and MyoD completely blocks the ability
of the proteins to activate muscle-specific genes or to con-
vert C3H10T1/2 fibroblasts to a myogenic lineage (7, 53;
unpublished results). Substitution of the myogenin or MyoD
basic domains with the related basic domain from E12 also
inhibits the protein from activating the myogenic program (7,
53). These and other studies support the notion that the basic
domain of the muscle regulatory factors interacts with addi-
tional nuclear proteins to produce the correct transcriptional
response when the cells are presented with growth factor-
depleted medium. Whether the putative coregulator(s) inter-
acts with a muscle regulatory factor basic domain, activation
domain, or both is open to speculation. However, since the
activation domains of MRF4, MyoD, myogenin, and Myf-5
are unrelated at the amino acid level and often are situated in
different regions of the protein, it is conceivable that a
common coregulator could interact with the basic domain
while other, distinct factors interact with a subset of the
muscle regulatory factors.

Trying to understand how these disparate activation do-
mains function in development will require further mutagen-
esis studies. Although truncated and MRF4-MyoD or
MRF4-myogenin chimeric proteins have shed some light on
the role that the amino and carboxyl regions play in control-
ling the specific transcriptional activities of these proteins,
these experiments must be interpreted with caution. For
example, MRF4A5' and MyoDAS5’' lack their respective
activation domains and yet retain substantial trans-activa-
tion capabilities. Since these truncated proteins dimerize
with E12 and bind to E-box regulatory sequences, the
residual transcriptional activity may be due to the E12
activation domain when E12 is positioned within the context
of these truncated muscle regulatory factors. Additionally, it
is unclear whether the modest differential trans-activation
level obtained with MyoDMRF4AS5’ is due to the MyoD
activation domain not fully supporting trans activation of the
Tnl reporter gene or to an incompatibility of the MyoD
activation domain with the rest of the MRF4 protein. In
either case, it remains possible that the activation domains
associated with each muscle regulatory factor interact with
different transcriptional coregulators to elicit a correct tran-
scriptional response. Identifying these putative coregulator
targets will be essential to fully understanding the molecular
mechanisms by which the muscle regulatory factors control
skeletal myogenesis.
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