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Establishment of skeletal muscle lineages is controlled by the MyoD family of basic helix-loop-helix (hHLH)
transcription factors. The ability of these factors to initiate myogenesis is dependent on two conserved amino
acid residues, alanine and threonine, in the basic domains of these factors. It has been postulated that these
two residues may be responsible for the initiation of myogenesis via interaction with an essential myogenic
cofactor. The myogenic bHLH proteins cooperatively activate transcription and myogenesis through protein-
protein interactions with members of the myocyte enhancer factor 2 (MEF2) family of MADS domain tran-
scription factors. MyoD-E12 heterodimers interact with MEF2 proteins to synergistically activate myogenesis,
while homodimers of E12, which lack the conserved alanine and threonine residues in the basic domain, do not
interact with MEF2. We have examined whether the myogenic alanine and threonine in the MyoD basic region
are required for interaction with MEF2. Here, we show that substitution of the MyoD basic domain with that
of E12 does not prevent interaction with MEF2. Instead, the inability of alanine-threonine mutants of MyoD
to initiate myogenesis is due to a failure to transmit transcriptional activation signals provided either from the
MyoD or the MEF2 activation domain. This defect in transcriptional transmission can be overcome by
substitution of the MyoD or the MEF2 activation domain with the VP16 activation domain. These results
demonstrate that myogenic bPHLH-MEF?2 interaction can be uncoupled from transcriptional activation and
support the idea that the myogenic residues in myogenic bHLH proteins are essential for transmission of a

transcriptional activation signal.

During skeletal muscle development and differentiation, nu-
merous muscle-specific genes are expressed. Members of the
myocyte enhancer factor 2 (MEF2) family of transcription
factors play an important role in the activation of muscle-
specific genes. There are four members of the MEF2 family in
vertebrates which are the products of separate genes, mef2a,
mef2b, mef2c, and mef2d (6, 9, 18, 26-28, 31, 37, 47). MEF2
factors belong to the MADS (MCM1-Agamous-Deficiens-se-
rum response factor) box family of transcription factors (41).
The MADS domain and the adjacent MEF2 domain are highly
conserved and comprise the first 86 amino acids of each MEF2
protein. These two domains mediate DNA binding and dimer-
ization and together define the MEF2 subclass of MADS do-
main proteins (36). MEF2 proteins bind as homo- and het-
erodimers to an A/T-rich DNA consensus sequence present in
the control regions of nearly all muscle-specific genes (10, 14).

Targeted disruption of the mef2c gene in the mouse results
in embryonic lethality due to severe cardiac defects (21). Be-
cause of this early lethality and because of the genetic redun-
dancy resulting from four mef2 genes in the mouse, the re-
quirement for mef2 gene products in skeletal myogenesis in
vivo has been difficult to assess. However, Drosophila melano-
gaster contains only a single mef2 gene product (19, 34). P-
element-mediated disruption of this mef2 gene results in the
loss of differentiated muscle cells from all muscle lineages in
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the fly, demonstrating the requirement for MEF2 protein in
the differentiation of skeletal muscle (5, 20, 38).

The MyoD family of myogenic basic helix-loop-helix
(bHLH) transcription factors is also essential for the control of
the myogenic program. There are four myogenic bHLH pro-
teins, which are all capable of conversion of nonmuscle cells
into terminally differentiated myotubes when transfected into
nonmuscle cells in culture (35). The myogenic bHLH factors
function as heterodimers with a second class of ubiquitously
expressed bHLH proteins known as E proteins (such as E12).
These factors heterodimerize through their helix-loop-helix
(HLH) domains, and their basic domains mediate binding to a
consensus DNA sequence, CANNTG, known as an E box (8,
17, 33).

While E12-MyoD heterodimers are capable of converting
nonmuscle cells to differentiated myotubes, E12 homodimers
are incapable of this effect. Numerous studies have been con-
ducted to determine the protein sequences responsible for the
myogenic activity of the myogenic bHLH factors. Substitution
of the basic domain of MyoD with that of E12, in a mutant
known as MyoD-E12basic, renders MyoD nonmyogenic (11,
12, 44). Similar results have also been obtained with myogenin
and myf-5 (7, 46). This myogenic activity has been mapped to
two amino acid residues in the core of the MyoD basic domain
and one amino acid residue in the junction region of the first
helix of MyoD (12). Substitution of the myogenic alanine and
threonine in the basic domains of the myogenic bHLH factors
with the corresponding two asparagines of E12 renders the
myogenic bHLH factors inactive (7, 12, 46). The myogenic
activity of these two amino acid residues is also clearly dem-
onstrated by the mutation of the asparagine residues in the
MyoD-E12basic mutant back to the alanine and threonine
residues normally found in MyoD. This revertant mutant,
known as MyoD-E12basic(AT), has full myogenic activity re-
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stored (12). Since the MyoD-E12basic mutant binds DNA, it
has been postulated that its inability to activate myogenesis is
due to a failure of this mutant to interact with an essential
myogenic cofactor (11, 12, 40, 44). According to this model, the
alanine and threonine would be required for the myogenic
bHLH proteins to adopt a conformation compatible with the
recruitment of an essential myogenic cofactor.

Recent evidence has suggested that MEF2 proteins may be
the cofactors required for myogenic activation by MyoD. This
hypothesis stems from the observations that MEF2 proteins
serve as transcriptional cofactors for members of the myogenic
and neurogenic bHLH families (1, 15, 25, 29, 31). MEF2 and
MyoD family members associate through direct physical inter-
action to synergistically activate transcription and myogenesis
(15, 29, 31). This interaction occurs via association of these two
heterologous classes of transcription factors through their
DNA-binding and dimerization motifs (15, 29). Synergistic ac-
tivation of transcription by these two factors requires only one
factor to be bound to DNA. The bound factor is then capable
of recruiting the other factor through protein-protein interac-
tions (29). While MEF2 proteins can potently synergize with
myogenic bHLH-E12 heterodimers, these proteins cannot ac-
tivate transcription in collaboration with E12 homodimers (1,
29).

In this study, we investigated the role of the MyoD basic
region in mediating interaction with MEF2 and in transcrip-
tional activation. We show that the myogenic residues, alanine
and threonine, in the basic domain are required for MyoD to
synergistically activate transcription with MEF2, but they are
not required for interaction with MEF2. These findings suggest
a two-step model for transcriptional synergy. In step 1 of this
model, MyoD and MEF2 must form a complex which then
acquires transcriptional competence through a mechanism de-
pendent on the MyoD basic region. The requirement of the
MyoD basic region for step 2, transmission of the transcrip-
tional activation signal, can be bypassed through substitution
of the MyoD or the MEF2 activation domain with the consti-
tutive activation domain of herpesvirus viral protein 16
(VP16). These results demonstrate that the myogenic amino
acid residues in the basic region of the myogenic bHLH factors
are essential for transmission of a transcriptional activation
signal and support the notion that cofactor binding alone can-
not mediate myogenesis in the absence of transmission of the
transcriptional activation signal. Furthermore, these results
support a model of transcriptional activation in which a cofac-
tor activates transcription through protein-protein interactions
by relaying its activation signal through its DNA-bound partner.

MATERIALS AND METHODS

Plasmids. The expression plasmids for E12 (29), myogenin (3), MyoD (3),
MEF2C (3), MyoD-El12basic (29), MyoD-E12basic(AT) [also called MyoD-
E12(AT)] (29), mutant MEF2C KR23,24ID (30), and MEF2C-VP16 (also called
1-117/VP16) (1) are described elsewhere. Plasmids pCITE.E12 and pCITE.myo-
genin were used for in vitro translation of the E12 and myogenin cDNAs and
contain the full-length open reading frames of each of the cDNAs cloned as
fusion proteins into the translational enhancement vector pCITE-2A (Novagen).
The reporter plasmid 4RtkCAT contains four tandem copies of the right E box
from the muscle creatine kinase (MCK) enhancer (43). The GAL4-MEF2C bait
plasmid, GAL(DBD)-MEF2C, used in trihybrid analyses encodes amino acids 1
to 143 of MEF2C fused at the amino terminus to amino acids 1 through 147 of
yeast GAL4 (30). The GAL4-E12 bait plasmid, GAL(DBD)-E12, and the
GALA4-dependent reporter plasmid, pGSE1bCAT, which contains five tandem
copies of the GAL4 binding site, have been described elsewhere (29). Plasmid
E12-VP16 was a gift from Richard Baer and contains the E12 cDNA sequence
from the E2-5 gene fused to the VP16 activation domain. The MyoD-VP16,
MyoD-E12basic-VP16, and MyoD-E12basic(AT)-VP16 fusion plasmids encode
the initiating methionine and bHLH domains of MyoD or the MyoD mutants
fused to the activation domain of VP16. The MyoD bHLH fragments were
generated by PCR from the full-length expression constructs encoding each of
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the ¢cDNAs, using the PCR primers 5'-GCGCGAATTCAAGCTTATGGAGA
AGCGCAAGACCACCAAC-3" and 5'-GCGCGCGAATTCGGGCGCGGCG
TCCTGGTC-3'. PCRs were conducted with the TaKaRa (Takara Shuzo Co.,
Ltd.) high-fidelity polymerase to reduce the potential for PCR-generated errors.
The PCR primers used contained HindIII and EcoRI restriction enzyme clamps
to facilitate subsequent cloning steps into the expression plasmid pCDNAI/amp
(Invitrogen). Each of the constructs was sequenced on both strands, using an
ABI 373 automated DNA sequencer, to confirm that the intended fusion con-
structs were correctly generated and that no unintentional mutations were in-
troduced by the PCR.

DNA binding and i precipitation assays. The ability of myogenin-E12
and MEF2C to associate with each other while both factors were bound to DNA
was examined by a coprecipitation assay. For this assay, the MCK right E box
(5'-CCCAACACCTGCTGCCTGAG-3') or the MCK MEF2 site (5'-CTCTAA
AAATAACCCT-3") was labeled with biotin. Oligonucleotides were labeled with
biotin by incubating the following together at 37°C for 1 h in a 30-pl reaction
volume: 500 pmol of sense-strand oligonucleotide, 8 pl of biotin-16-dUTP, 2 pl
of terminal deoxythymidine transferase (25 U/ul), and 6 pl of 5X tailing buffer.
Likewise, the MCK right E-box and MCK MEF?2 sites were labeled with 32P by
incubating the following together at 37°C for 30 min in a 30-pl reaction volume:
60 pmol of sense-strand oligonucleotide, 3 wl of 10X polynucleotide kinase
buffer, 1 pl of polynucleotide kinase (10 U/pl), and 12 pl of [y-**PJrATP. After
labeling, oligonucleotides were purified by using a Qiagen tip-5 column and were
annealed to unlabeled antisense oligonucleotides to make double-stranded DNA
probes. Unlabeled MEF2C and myogenin-E12 ¢cDNAs were transcribed and
translated in vitro by using a TNT kit (Promega) for 2 h at 30°C according to the
manufacturer’s recommendations. Briefly, plasmids pCITE.E12 and pCITE-
.myogenin (400 ng of each) were cotranscribed and translated in a 12.5-ul
reaction volume, while 300 ng of MEF2C or mutant MEF2C c¢cDNA in plasmid
pCDNAI/amp (Invitrogen) was transcribed and translated in a 12.5-ul reaction
volume. Transcription reactions were conducted with the bacteriophage T7 RNA
polymerase. Binding reactions were conducted by mixing 1 .l of biotin-labeled E
box (16 pmol) and 2 pl of 3?P-labeled MEF2 site (4 pmol; 10° cpm) (or vice
versa) with 5 ul of TNT lysate containing the appropriate proteins or unpro-
grammed lysate and electrophoretic mobility shift assay buffer in a 30-pl reaction
mixture and incubating the mixture at 25°C for 30 min (the buffer and binding
conditions have been described elsewhere [32]). Following binding, the reaction
mixtures were immunoprecipitated in a 200-pl reaction mixture by using strepta-
vidin-conjugated agarose for 1 h at 4°C. Immunoprecipitates were washed three
times with immunoprecipitation buffer (29), and pellets were analyzed for total
radioactivity in a scintillation counter.

Cell culture and transfections. 10T1/2 cells were maintained in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% fetal calf serum
(FCS). Transfections were performed by calcium phosphate precipitation as
described elsewhere (3). Briefly, for transient transfections, 60-mm-diameter
dishes were seeded at 25% confluence in DMEM plus 10% FCS and without
antibiotics 16 h prior to transfection. The cells were then transfected for 16 h,
washed once with phosphate-buffered saline, and incubated in DMEM plus 10%
FCS for 24 h before harvesting. In each transfection, 6 pg of plasmid DNA was
transfected by mixing it with 0.167 ml of 0.25 M CaCl, and 0.167 ml of 2X BBS
(50 mM BES, 250 mM NaCl, 1.5 mM Na,HPO, [pH 6.95]) and adding this
mixture to the cells.

CAT assays. Transfected cells were harvested, and cellular extracts were pre-
pared by sonication and heat inactivation as described previously (2). Cell lysates
were then quantitated for total protein (23), and an equivalent amount of cell
Iysate (normalized for total protein) from each transfection was assayed for
chloramphenicol acetyltransferase (CAT) activity as described elsewhere (2).
Reactions were conducted for 5 h at 37°C. Conversion to acetylated forms was
analyzed by thin-layer chromatography and quantitated by PhosphorImager
(Molecular Dynamics) analysis.

RESULTS

Myogenin-E12 associates with MEF2 while both are bound
to DNA. Previous results have shown that myogenin interacts
with MEF2C to synergistically activate transcription and to
augment myogenic conversion (29). Likewise, the neuron-spe-
cific bHLH transcription factor MASHI1 interacts with MEF2
to synergistically activate transcription (1). These previous
studies demonstrated that bHLH heterodimers and MEF2 can
interact when neither factor is bound to DNA or when only
one factor is bound to DNA. When only one factor is bound to
DNA, it can recruit the other factor via protein-protein inter-
actions to synergistically activate transcription (1, 29, 31).

Since the DNA-binding domains of myogenin and MEF2
mediate their interaction with each other, we were interested
in whether the two proteins could physically interact while both
factors were bound to DNA. To test this, we designed a co-
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FIG. 1. Double-DNA binding assay for MEF2C and myogenin. Biotin-labeled E-box probe and 3?P-labeled MEF2 site probe (A) or biotin-labeled MEF?2 site probe
and 3?P-labeled E-box probe (B) were mixed with either wild-type (wt) or mutant MEF2C and myogenin-E12 proteins transcribed and translated in vitro. A dash
indicates the use of unprogrammed reticulocyte in place of MEF2, E12, or myogenin-containing lysate. Complexes were immunoprecipitated with avidin-conjugated
agarose and were washed three times. Radioactive counts from the 3?P-labeled probes were measured in a scintillation counter. 3>P-labeled probe can be precipitated
by the avidin-conjugated agarose only if protein-protein interaction occurs. The data are expressed as the counts per minute precipitated minus the background counts
per minute precipitated in the presence of unprogrammed lysate alone. The background in panel A was 1,174 cpm, and the background in panel B was 385 cpm. The
results shown are from representative experiments. For the experiments shown in both panels, similar results were obtained in three separate immunoprecipitations
using three separate preparations of in vitro-translated proteins and labeled probes. The MEF2C mutant used (KR23,24ID) interacts with myogenin-E12 heterodimers
(4) but is incapable of binding DNA (30). The schematic representations at the right show how the 3?P-labeled probes are coimmunoprecipitated by the avidin-

conjugated agarose in these experiments.

precipitation strategy where a positive signal could be obtained
only if both factors were bound to each other and to DNA at
the same time. To do this, we labeled an E box with biotin and
a MEF?2 site with *?P. The biotinylated E box could then be
efficiently precipitated by using avidin-conjugated agarose.
However, the MEF?2 site labeled with **P could not be precip-
itated with avidin-conjugated agarose since it lacked a biotin
moiety. We reasoned that if myogenin-E12 heterodimers and
MEF2 molecules were added to the reaction mixture contain-
ing both labeled DNA probes, each would bind to its respective
site. If *?P-labeled probe was coprecipitated with the avidin-
conjugated agarose, this would indicate that MEF2 and myo-
genin-E12 were physically associated with each other while
bound to their DNA-binding sites. A schematic representation
of the experiment is shown in Fig. 1A. The results showed that

the *?P-labeled MEF2 site was precipitated only when both
myogenin-E12 and MEF2C were present in the reaction mix-
ture. Essentially no counts above background were precipi-
tated if only myogenin-E12 or only MEF2C was included in the
assay. Likewise, if a MEF2C mutant (KR23,24ID) that is de-
ficient in its ability to bind DNA (30) but still capable of
interaction with myogenin-E12 (4) was included in the reaction
mixture, few counts above background were coprecipitated.
Furthermore, if a mutant MEF?2 site which fails to bind MEF2
was used in this assay, no counts above background were pre-
cipitated (data not shown).

In this assay, the *?P- and biotin-labeled DNA-binding sites
were used in molar excess to the in vitro-translated proteins. In
this regard, the efficiency of the coprecipitation was high since
approximately 5% of the total counts from the **P-labeled sites
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basic region

MyoD . . .CKAC KRKTTNADRR RERRR LSKV. ..
E12 .. .LPPE QKAEREKERRYV. ARERLR VRDT. ..

MyoD-El2basic . . .CKAC QKAEREKERRV. ARERLR LSKV. ..
MyoD-El2basic(AT) . . .CKAC QKAEREKERRV. RERLR LSKV. ..

FIG. 2. Amino acid sequences of the basic regions examined in this study.
The basic domains of MyoD, MyoD-E12basic, MyoD-E12basic(AT), and E12
are indicated at the top. The myogenic residues alanine-114 and threonine-115 of
the MyoD basic region and the corresponding asparagine residues of the E12
basic domain are boxed. The junction sequence of the first helix follows the basic
domain.

included in the assay were specifically precipitated. We esti-
mate this amount of precipitated counts to indicate that be-
tween 50 and 100% of the MEF2 and MyoD-E12 proteins
included in the assay were associated with each other and with
the DNA-binding-site probes.

We also reversed the probes and examined the ability of
avidin-conjugated agarose to coprecipitate a *?P-labeled E box
along with a biotinylated MEF2 site in the presence of myo-
genin-E12 heterodimers and MEF2C protein (Fig. 1B). In this
experiment, a significant number of counts from *?P-labeled
sites were precipitated only in the presence of wild-type
MEF2C and myogenin-E12. Together, these results demon-
strate that MEF2 and myogenin-E12 can physically associate
with each other while both factors are bound to DNA.

Analysis of MyoD-E12 and MEF?2 interactions in vivo. It has
also been demonstrated previously that myogenin-E12 het-
erodimers can synergistically activate transcription in collabo-
ration with MEF2C. We were interested in whether the MyoD-
E12 interaction with MEF2 and transcriptional synergy in
collaboration with MEF2 could be uncoupled. To investigate
this question, we examined the ability of heterodimers of E12
with myogenin, MyoD, and two mutants of MyoD to associate
with MEF2 and to activate transcription in collaboration with
MEF?2. The sequences of the basic domains of these mutants
are shown in Fig. 2. The first mutant which we examined,
MyoD-E12basic, contains the basic domain of E12 substituted
for the basic domain of MyoD (11, 12, 44). The failure of this
mutant to activate myogenic transcription has been mapped to
two amino acid residues (alanine and threonine) in the core of
the basic domain (7, 12). It has been postulated that the failure
of this mutant to activate myogenic transcription may be due to
its inability to associate with an essential myogenic cofactor
(11, 12, 40, 44). Since we have shown previously that MEF2
serves as a cofactor for myogenic bHLH factors (29), we ex-
amined the ability of the MyoD-E12basic mutant to associate
and collaborate with MEF2. The second mutant which we
examined, MyoD-E12basic(AT), contains the basic domain of
E12 substituted for the MyoD basic domain as in MyoD-
E12basic except that the two asparagine residues in the E12
basic domain have been replaced with the alanine and threo-
nine residues normally found in the MyoD basic domain (12).
This mutant serves as a myogenic revertant since it regains the
ability to activate myogenic transcription (12).

We used an in vivo trihybrid analysis to test the abilities of
myogenin, MyoD, and the MyoD mutants to interact with
MEF2C and to synergistically activate transcription with
MEF2C (Fig. 3A). The results of this analysis are shown in Fig.
3B. Myogenin, MyoD, and MyoD-E12basic(AT) interacted
strongly with MEF2C and MEF2C-VP16 to activate transcrip-
tion, as predicted. Surprisingly, the positive control mutant
MyoD-E12basic also interacted with MEF2C-VP16 (lane 15)
to activate transcription nearly as well as wild-type myogenin,
MyoD, and MyoD-E12basic(AT) (lanes 13, 14, and 16). How-
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ever, the MyoD-E12basic mutant was incapable of activating
transcription in collaboration with wild-type MEF2C (lane 10),
whereas myogenin, MyoD, and MyoD-E12basic(AT) strongly
activated transcription through interaction with MEF2C (lanes
8, 9, and 11). We interpret these results to indicate that
MEF2C interacts with the MyoD-E12basic mutant but fails to
transmit its activation signal through this mutant basic domain.

These results support a model whereby the MEF2 activation
signal must be transmitted through the bound bHLH het-
erodimer and not through direct activation of the transcription
initiation complex. MyoD-E12basic is incapable of transmit-
ting the transcriptional activation signal provided by MEF2
when MEF2 is bound only through protein-protein interac-
tions. This defect in activation can be overcome by the addition
of the acidic activation domain of VP16, which can directly
activate the basal transcriptional machinery when associated
with the GAL(DBD)-E12 bait through the trihybrid interac-
tion (16, 22, 39). The synergy between MyoD-E12basic,
GAL(DBD)-E12, and MEF2C-VP16 observed in lane 15 was
due to protein-protein interactions mediated by the MADS
and MEF2 domains of MEF2C. The observed synergy was not
a result of interaction between E12 and the VP16 sequences in
MEF2C-VP16 since E12-E12 homodimers failed to interact
with MEF2C-VP16 (lane 12) and since VP16 when expressed
alone or when fused to other unrelated proteins failed to
activate transcription in association with E12-MyoD-E12basic
heterodimers (data not shown). The hypothesis that the
MyoD-E12basic mutant is defective in transmission of an ac-
tivation signal is consistent with the results shown in lanes 3
through 6, where myogenin, MyoD, and the MyoD-E12
basic(AT) revertant were capable of activating transcription
when associated with the GAL(DBD)-E12 bait in the absence
of MEF2C or MEF2C-VP16 whereas the MyoD-E12basic mu-
tant was dramatically reduced in its ability to activate transcrip-
tion in this analysis. The inability of the MyoD-E12basic mu-
tant to activate transcription in the presence of GAL(DBD)-
E12 is not due to a failure to dimerize since fusion of the VP16
activation domain directly to MyoD-E12basic results in tran-
scriptional activation to a level similar to that observed with
MyoD and MyoD-E12basic(AT) fused to VP16 (data not
shown).

To further examine the ability of the MyoD-E12basic mu-
tant to interact with MEF2C and to determine whether MyoD
and the mutants of MyoD could transmit an activation signal
through a MEF2 factor bound to DNA via the GAL4 DNA-
binding domain, we performed an additional trihybrid analysis
using GAL(DBD)-MEF2C as the bait (Fig. 4A). The GAL4
fusion encoded amino acids 1 to 143 of MEF2C, which lacks a
transactivation domain (30). Thus, in this trihybrid analysis, the
only transactivation domains present were provided by the
MyoD proteins interacting with MEF2C. The results presented
in Fig. 4B clearly show that the MyoD-E12basic mutant was
incapable of activation in collaboration with MEF2C (lane 4),
while this mutant fused to the activation domain of VP16 (lane
8) synergized with MEF2C to activate transcription. As pre-
dicted, wild-type MyoD and the revertant mutant, MyoD-
E12basic(AT), were capable of transcriptional synergy in col-
laboration with MEF2C both as full-length proteins and as
VP16 fusions. Again, we interpret these results to indicate that
the MyoD-E12basic mutant interacts with MEF2C but cannot
activate transcription due to a defect in transmission of the
activation event; this defect can be overcome by fusion to the
VP16 activation domain. The interaction and activation ob-
served for the wild-type and mutant MyoD molecules in lanes
7 through 9 were due to interaction of the GAL(DBD)-
MEF2C bait with the bHLH portion of MyoD and not due to
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FIG. 3. Interaction between myogenic bHLH proteins and MEF2C detected by an in vivo trihybrid assay. (A) Schematic representation of the trihybrid assay used
in these experiments. In panel B, 10T1/2 cells were transfected with the GAL4-dependent CAT reporter plasmid pGSEIbCAT and the indicated expression plasmids.
Plasmids included are indicated by name or with a plus sign and are described in Materials and Methods. A minus sign indicates that the parent expression vector
without a cDNA insert was used. The results in panel B show the fold activation in CAT activity compared to that for reporter plus GAL(DBD)-E12 bHLH alone.
Extracts were serially diluted such that each sample yielded activity in the linear range of the assay. Total extract was held constant in the serial dilutions by using lysate
from untransfected 10T1/2 cells. Results of a representative experiment are shown; similar results were achieved in three independent transfections and analyses.

MyoD-wt, wild-type MyoD.

direct interaction with VP16 since E12-VP16 did not activate
transcription (lane 6). The MyoD-E12basic mutant failed to
synergize with this full-length MEF2C fused to GALA4, but it
did not prevent full-length MEF2C from activating transcrip-
tion on its own (data not shown). Taken together with the
results of Fig. 3, this result indicates that the MyoD-E12basic
mutant can block transcriptional transmission provided by the
activation domain of MEF2C only when MyoD-E12basic is
bound to DNA and not when MEF?2 is the DNA-bound factor.

Transcriptional activation occurs through MyoD-E12
bound to the E box. Next, we examined the ability of MyoD
and the MyoD mutants to activate the transcription of an
E-box-dependent reporter plasmid (Fig. SA). Each of these
proteins has been shown previously to bind to the MCK E box
present in this plasmid (12). MyoD and MyoD-E12basic(AT)
both activated the reporter greater than 25-fold over the ac-
tivity of the reporter alone, while the MyoD-E12basic mutant
activated the reporter only 6-fold, indicating that this mutant
was largely defective in transcriptional activation. However,

when fused to the VP16 activation domain, the MyoD-
E12basic mutant strongly activated transcription of the re-
porter to a level similar to those seen for MyoD-VP16 and
MyoD-E12basic(AT)-VP16 (Fig. 5A). These observations are
consistent with previous reports indicating that the MyoD-
El12basic mutant was inefficient in activation of this reporter
plasmid whereas MyoD-E12basic-VP16 was capable of tran-
scriptional activation (12, 44).

Using this same E-box-dependent reporter plasmid, we an-
alyzed the ability of MEF2C or MEF2C-VP16 to activate tran-
scription in collaboration with MyoD, using the bound MyoD-
E12 heterodimer as a platform for activation (Fig. 5B). As
predicted, strong transcriptional activation was observed for
MyoD and MyoD-E12basic(AT) in the presence of MEF2C
(lanes 3 and 5). However, only weak activation was observed in
the presence of MyoD-E12basic and MEF2C (lane 4). Once
again, the lack of transcriptional activation by MEF2C in the
presence of MyoD-E12basic was overcome by fusion of the
VP16 activation domain to MEF2C (lane 8). In the presence of
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FIG. 4. In vivo trihybrid analysis of transcriptional synergy mediated by the MEF2C amino terminus. (A) Schematic representation of the trihybrid assay used in
these experiments. In panel B, 10T1/2 cells were cotransfected with the GAL4-dependent CAT reporter plasmid pGSE1bCAT, GAL(DBD)-MEF2C, which encodes
amino acids 1 to 143 of MEF2C, and E12 expression plasmid. Also included were the indicated bHLH expression plasmids. The presence of GAL(DBD)-MEF2C and
E12 is indicated with a plus sign. The absence of a cDNA-encoding plasmid and the presence of the parent expression vector are denoted by a minus sign. The mean
fold activation in CAT activity compared to that for reporter alone from four independent transfections and analyses is shown.

MEF2C-VP16, all three of the MyoD molecules activated tran-
scription to similar levels (lanes 7 through 9). While fusion of
the VP16 activation domain was able to overcome the trans-
activation defect in the MyoD-El12basic mutant, MyoD-
E12basic-VP16 is incapable of activating the myogenic pro-
gram (12, 44). The failure of MyoD-E12basic-VP16 to activate
myogenesis indicates that while this fusion protein is capable of
interaction and activation in collaboration with MEF2, it is
incapable of initiating myogenesis. These results again support
the notion that the MyoD-E12basic mutant is incapable of
transmitting a transcriptional activation signal provided by
MEF2 when MEF?2 is bound only through protein-protein in-
teractions and suggest that the MEF?2 activation signal must be
transmitted through the bound bHLH heterodimer.

DISCUSSION

The role of the basic regions of the myogenic bHLH factors
has been the focus of intense interest because these factors can
initiate myogenesis in a wide variety of cell types, while other
bHLH factors cannot initiate myogenesis even though they
bind to the same DNA sequence. Since this myogenic activity
has been mapped to the basic regions of these factors, detailed

analysis of this domain in the myogenic bHLH factors has
provided insight into the mechanisms of cell-type-specific tran-
scription mediated by protein-protein interactions and protein
conformation. The results of this study demonstrate that the
myogenic defect in the MyoD-E12basic mutant is not due to a
failure to interact with MEF2 factors. This mutant interacts
with MEF2C to activate transcription as well as wild-type
MyoD if either MEF2C or MyoD-E12basic has the constitutive
VP16 activation domain substituted for its own activation do-
main (Fig. 3 to 5). However, despite the fact that MyoD-E12
basic interacts with MEF2C, it cannot activate transcription on
its own or in collaboration with MEF2C due to a defect in
transmission of transcriptional activation signals (Fig. 3 to 5).
The observation that the alanine and threonine present in the
MyoD basic domain are not essential for MEF?2 interaction is
consistent with previously published results that MASHI,
which lacks the alanine and threonine, effectively interacts with
MEF?2 factors to synergistically activate transcription (1, 25).

While MyoD-E12basic/E12 heterodimers efficiently interact
with MEF2C, E12 homodimers fail to interact with MEF2C
even if the VP16 activation domain is present. This result
suggests that the basic domains alone are not sufficient to
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FIG. 5. Transcriptional activation of an E-box-dependent reporter by MyoD and MEF2. 10T1/2 cells were transiently transfected with the E-box-dependent reporter
4RtkCAT along with the indicated expression vectors. Plasmids are described in Materials and Methods. (A) Ability of MyoD or the MyoD mutants to activate the
reporter as either full-length or VP16 fusion proteins. The data show that the activation defect in MyoD-E12basic is overcome by the fusion of the VP16 activation
domain. Values are expressed as the fold induction of CAT activity over the activity of the reporter alone. The results shown represent the mean fold activation obtained
in four independent transfections and analyses. (B) Ability of either MEF2C or MEF2-VP16 to activate transcription in collaboration with MyoD or the MyoD mutants
bound to the E boxes in the reporter. Wild-type MEF2C was unable to activate transcription through the MyoD-E12basic mutant bound to DNA (lane 4), whereas
MEF2-VP16 activated transcription in collaboration with MyoD-El12basic to the same extent as with wild-type MyoD (lane 8). The results shown are from a
representative experiment. Similar results were obtained in two independent transfections and analyses. The diagrams at the right illustrate how we envision that

transcriptional activation occurs.

mediate the interaction with MEF?2 since the basic domains are
the same in these two dimers. The interaction of MyoD with
MEF?2 probably requires sequences present in both the basic
and HLH domains of MyoD. We know that an HLH domain
alone is not sufficient to mediate the interaction with MEF2
since neither Id, an HLH protein which lacks a basic domain,
nor a MyoD mutant with the basic domain deleted will interact
with MEF2C even though these factors efficiently dimerize
with E12 (4).

Previously published work has shown that myogenic bHLH
factors can collaborate with MEF2 to synergistically activate
transcription when only one factor is bound to DNA (29, 31).
However, many muscle-specific promoters and enhancers con-
tain MEF?2 sites and E boxes in proximity to one another,
suggesting that both classes of transcription factors may be
bound to DNA at the same time while interacting with each
other. The results of Fig. 1 show that MEF2C and myogenin
can interact with each other while both are bound to DNA.
This result demonstrates the multifunctional nature of the
DNA-binding and dimerization motifs of these transcription
factors since these domains mediate DNA binding at the same
time that they are facilitating protein-protein interactions with
heterologous classes of transcription factors. The notion that
MEF2 and myogenic bHLH factors associate with each other

while they are bound to DNA is also interesting since this
result suggests that the proximity of MEF?2 sites and E boxes in
muscle-specific regulatory regions may serve to bring these two
classes of DNA-binding factors into high local concentration at
or near muscle-specific promoters. Alternatively, both MEF2
and myogenic bHLH factors bound to DNA may stabilize the
protein-protein interactions between them to more efficiently
activate transcription.

Previously, the explanations that have been postulated to
account for the activation defect in the MyoD-E12basic mutant
have focused on the idea that a myogenic cofactor is essential
for myogenic bHLH-mediated activation of transcription and
that basic domain mutants are unable to interact with such a
cofactor (7, 11, 12, 40, 44). Fusion of the VP16 activation
domain to MyoD-E12basic overcomes the transactivation de-
fect in that mutant, suggesting that the constitutive activation
domain of VP16 may circumvent the need for an essential
myogenic cofactor, thereby allowing transcriptional activation
(12, 44). The results of this study support the notion that the
defect in MyoD-E12basic is due to a conformational change
negatively influencing the conformation of MyoD rather than
its ability to interact with an essential cofactor. This idea is
supported further by the crystal structure of MyoD-E12 het-
erodimers bound to DNA, which shows that the alanine and
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threonine of the basic domain are not exposed on the surface
of the molecule, making the direct contact of these two resi-
dues with a cofactor unlikely (24). The crystal structure sug-
gests instead that the alanine and threonine are required for
the proper conformation of the MyoD protein such that when
they are mutated, the overall conformation of the molecule is
affected, rendering it transcriptionally inactive (24). The results
of this study support the idea that the MyoD-E12basic mutant
contains a conformational defect preventing transcriptional
activation regardless of whether it is bound to DNA since
GALA fusions of MyoD-E12basic (Fig. 3) and MyoD-E12basic
associated with MEF2 bound to DNA (Fig. 4) are also inca-
pable of transmitting a transcriptional activation signal. This
transactivation defect in the MyoD-E12basic mutant likely re-
sults from a defective conformation due to sequences in both
the basic and HLH domains since the E12 basic domain is not
transcriptionally deficient in the context of native E12. How-
ever, the E12 basic region when juxtaposed with the MyoD
HLH domain results in defective transcriptional transmission.

The failure of MyoD-El12basic to activate transcription in
collaboration with MEF2C originally suggested to us that
MyoD-E12basic probably failed to interact with MEF2C (29).
The results of this study confirm that MyoD-E12basic cannot
collaborate with MEF2C to activate transcription but show
that the failure to activate transcription is not due to an in-
ability to interact with MEF2 proteins but rather is due to a
failure to transmit a signal required for the activation of tran-
scription. The ability of VP16 fused to MEF2C to overcome
this activation defect likely is due to the constitutive nature of
VP16 activation. VP16 can directly stimulate activated tran-
scription through direct contact with the transcription initia-
tion complex (16, 22, 39). Even though fusion of the VP16
activation domain to basic domain mutants of the myogenic
bHLH factors overcomes the transcriptional transmission de-
fect, these VP16 fusions are still unable to initiate myogenesis
in transfected cells (12, 40, 44, 46). There are several possible
explanations to account for this observation. The first is that
MyoD-E12basic cannot interact with another myogenic cofac-
tor other than MEF2 which is required to initiate myogenesis.
Another possibility is that while MyoD-E12basic-VP16 can
activate transcription through the multimerized E boxes
present in the reporter plasmid 4RtkCAT, it may be unable to
efficiently bind to or activate transcription through all E boxes
present in essential muscle-specific genes. Finally, specific re-
pression of MyoD-E12basic may occur on muscle-specific en-
hancers preventing activation of the myogenic program due to
specific cis-acting repressor sequences which target the E12
basic domain and inhibit activation of those genes (45).

In addition to MEF2 proteins, there may be other factors
which interact with MyoD and with MyoD-E12basic. Some of
these factors may be able to overcome the activation defect
present in MyoD-E12basic through protein-protein interac-
tions and direct activation of the basal transcriptional machin-
ery. This notion stems from the observation that while MyoD-
E12basic is defective in transcriptional activation in 10T1/2 and
most other cell types, there are some cell types in which MyoD-
El12basic has the ability to activate transcription of reporter
genes without a constitutive activation domain fused to MyoD-
El12basic (44). If this is the case, the absence of such a factor
still cannot account for the entire defect in the MyoD-E12basic
mutant since this mutant remains nonmyogenic even in cell
types where it is transcriptionally active (44).

The results of the present study suggest a model for activa-
tion in which MEF2 functions as a transcriptional cofactor for
MyoD while MyoD is bound to DNA (Fig. 6). Both the MyoD
and MEF2 transactivation signals are transmitted to the tran-
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FIG. 6. Hypothetical model of transcriptional activation mediated by MEF2
bound to MyoD. (A) MEF2 relays its activation signal to the myogenic bHLH
factor, which then transmits both its own activation signal and that of MEF2 to
the transcription initiation complex. This transcriptional transmission is depen-
dent on the myogenic residues, alanine and threonine, in the myogenic factor’s
basic domain. (B) MEF2 sends its activation signal to the basic domain of E12
substituted into the myogenic bHLH factor (E12basic), but the E12 basic domain
substitution is unable to transmit that activation signal or its own activation signal
to the initiation complex due to a conformational defect. (C) VP16 directly
activates the transcription initiation complex, thus bypassing the transcriptional
block caused by E12 basic domain. The E12basic mutant is unable to transmit its
own activation signal because it lacks the myogenic residues.

scription initiation complex via a mechanism dependent on the
myogenic residues in the MyoD basic domain (Fig. 6A). Mu-
tation or substitution of the MyoD basic domain with the basic
domain of E12 allows interaction to occur but blocks the trans-
mission of the activation signal (Fig. 6B). This block in activa-
tion can be overcome by the addition of the VP16 activation
domain (Fig. 6C) which can directly associate with components
of the transcription initiation complex to activate transcription
(16, 22, 39, 42). The block in transcriptional transmission likely
occurs as a result of a conformational change in MyoD which
prevents activation. This may result from a failure of the
MyoD-E12basic mutant to properly remodel chromatin in such
a way that transcriptional activation occurs. This hypothesis is
supported by recent observations that wild-type MyoD initiates
extensive chromatin remodeling when bound to muscle-spe-
cific control regions (13). Alternatively, MyoD-E12basic may
support interaction with a repressor protein which can block
the activation signals provided by both MEF2 and MyoD but
not the activation signal transmitted by VP16 when MyoD-
E12basic is the DNA-bound factor, or the MyoD basic domain
may mediate a covalent modification of the basal transcrip-
tional machinery required for activation to occur. These results
suggest a novel mechanism for the activation of transcription in
which a transcriptional activator synergistically activates tran-
scription through protein-protein interaction and relies on its
DNA-bound cofactor to relay its activation signal to the basal
transcription initiation complex.
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