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Monoclonal Antibodies Identify a Possible Regulatory
Domain of MyoD1

Francesca Cole, Kimberly S. Timo, and D. Stave Kohtz
Department of Pathology, Mount Sinai School of Medicine, New York, New York 10029

Abstract A panei of monoclonal antibodies (mAbs) to murine MyoD1 was generated. One set of mAbs is shown
to react with epitope(s) in the cysteine/histidine-rich (C/H) region while another set is shown to react with epitope(s) in
the C-terminal portion of MyoD1. One of the mAbs reactive with a C-terminal epitope sensitively detected MyoD1 in
whole cell extracts by Western blotting. Time course studies of total protein accumulation during C2C12 myoblast
differentiation revealed only subtle changes in the phosphorylation and quantity of MyoD1 protein present in C2C12
cells from induction to 120 hr after induction. These results suggest that modulation of MyoD1 protein or total
phosphorylation levels is not tightly associated with the transition of undifferentiated myoblasts to differentiated
myocytes. Monoclonal antibodies to the C-terminal epitope produced supershifted bands in gel retardation assays,
indicating that these mAbs had no effect on DNA binding. Although the C/H region of MyoD1 does not participate in
DNA binding, mAbs reactive with the C/H region neutralized this activity in gel retardation assays. These data suggest
that the conserved C/H domain may serve to modulate MyoD1 DNA-binding activity by interacting with another

regulator.  ©1992 Wiley-Liss, Inc.
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Proliferating skeletal myoblasts resemble fi-
broblasts and display few obvious morphological
or biochemical characteristics of skeletal mus-
cle. Several mitogens inhibit the differentiation
of skeletal myoblats in culture, including compo-
nents of serum [Konigsberg, 1963; Konigsberg
et al.,, 1978], components of embryo extracts
[Slater, 1976], basic fibroblast growth factor
[Gospodarowicz et al., 1976; Linkhart et al.,
1980], transforming growth factor B (TGF-B)
[Massague et al., 1986; Olson et al., 1986], and
insulin-like growth factors [Ewton and Florini,
1980, 1981]. Reducing the ambient concentra-
tion of mitogens in their medium induces myo-
blasts to differentiate [Okazaki and Holtzer,
1966; O’Neill and Stockdale, 19721, a process
that is partly mediated by factors secreted by the
differentiating cells [Doering and Fischman,
1977; Nadal-Ginard, 1978; Linkhardt et al,,
1981]. Differentiation of myoblasts is marked by
morphological changes, such as fusion of the
mononuclear cells into multinucleated syncitia
(myotubes and myofibers), and biochemical
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changes, including synthesis of the vast array of
proteins required for sarcomere assembly and
contractile activity.

10T1/2 embryonic fibroblasts are phenotypi-
cally closer to somitic mesoderm than are skele-
tal myoblasts. So far, four distinct cDNA clones
have been described that, upon transfection in
an appropriate expression vector, confer a myo-
genic phenotype to 10T1/2 cells: MyoD1 [Davis
et al.,, 1987], myogenin [Wright et al., 1988],
myf-5 [Braun et al., 1989a], and MRF4/myf-6/
herculin [Rhodes and Koznieczny, 1989; Braun
et al., 1990; Miner and Wold, 1990, respective-
lyl. MyoD1, myogenin, myf-5, and MRF4/myf-6/
herculin share a 60-amino acid structural motif,
referred to as a helix—loop-helix [Murre et al.,
1989a]. This motif is common to a larger family
of developmentally relevant genes, including c-
myec, N-myc, L-myc, daughterless, achaete—
scute, twist, enhancer of split, E12, and E47 (a
synopsis is given in Benezra et al., [1990]). Spe-
cific binding of a common DNA sequence, dem-
onstrated for the MyoD1 [Lassar et al., 1989],
E12, E47, daughterless (da), and achaete-scute
(T3) proteins [Murre et al., 1989b], is mediated
by a basic region proximal to the helix—loop—
helix motif, while dimerization is mediated by
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the helix-loop—helix domain itself [Murre et al.,
1989a].

The pattern of expression for MyoD1, myf-5,
myogenin, and MRF4/myf-6/herculin varies be-
tween different skeletal myoblast cell lines, and
between their differentiated and proliferative
states. Myogenin mRNA expression has been
observed in all skeletal myoblast cell lines tested
so far [Wright et al., 1988; Braun et al., 1989b;
Edmondson and Olson, 1989]. Myogenin is ex-
pressed at low to undetectable levels in prolifer-
ating myoblasts, then induced to high level ex-
pression as the cells differentiate. MyoD1 mRNA
expression has been observed in C2C12 myo-
blasts [Davis et al., 1987], primary human myo-
blasts [Braun et al., 1989b}, and 5-azacytidine-
induced 10T'1/2 myoblasts [Davis et al., 1987],
while myf-5 mRNA expression has been ob-
served in BC3H cells and primary human myo-
blasts [Braun et al., 1989a,b]. MyoD1 and myf-5
are expressed constitutively in skeletal myo-
blasts, and at slightly higher levels in differenti-
ated cells. MRF4/myf-6/herculin is expressed in
adult skeletal muscle, but has not been detected
in most cultured muscle cells [Rhodes and
Koznieczny, 1989; Braun et al., 1990; Miner and
Wold, 1990].

An important aspect of skeletal myoblast pro-
liferation, first noted by Yaffe [1968] and is the
stability of the unexpressed phenotype through
long-term continuous passaging. MyoD1 is ex-
pressed at high levels in both C2C12 myoccytes
and myoblasts, and it is possible that one of its
functions as a determination protein is to perpet-
uate the myogenic phenotype in the latter as it
replicates [Blau and Baltimore, 1991]. Another
study has shown that MyoD1 in vivo is bound to
target sequences of myocyte-specific genes only
in myocytes and not in myoblasts [Mueller and
Wold, 1989], indicating that its DNA-binding
activity can in some way be suppressed. Since
MyoD1 is a nuclear phosphoprotein [Tapscott et
al., 1989], one possible mechanism of regulation
could be phosphorylation. As suggested in this
report, however, total phosphorylation of MyoD1
does not change dramatically during the course
of C2C12 myoblast differentiation. Instead, we
show that binding of a monoclonal antibody to
an epitope in the conserved cysteine/histidine
(C/H)-rich domain neutralizes the DNA-bind-
ing activity of MyoD1. Deletion mutation stud-
ies [Lassar et al., 1989] have shown that the
C/H domain is not involved in binding DNA;
therefore, we propose that it constitutes a

regulatory element that could control the activ-
ity of MyoD1 by interacting with a putative
suppressor.

MATERIALS AND METHODS
Cell Culture

C2C12 myoblasts were acquired from the
American Type Culture Collection. C2C12 myo-
blasts were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 20%
fetal bovine serum (HyClone), 1% bovine em-
bryo extract (Gibco), 2 mM L-glutamine, 1 mM
sodium pyruvate, minimal essential medium
(MEM) nonessential amino acids (x100 solu-
tion, Gibco), MEM vitamins (x 100 sclution, Gib-
co), and 100 pg/ml gentamicin. The cells were
induced to differentiate in similar medium lack-
ing 20% fetal bovine serum and 1% bovine em-
bryo extract, supplemented with 4% horse se-
rum.

Preparation of trpE Fusion Proteins

The Alu I restriction fragment of murine
MyoD1 ¢DNA (encoding amino acids 3-318) was
inserted into the Sma 1 site of the pATH 10 trpE
expression vehicle [Tapscott et al., 1988]. The
construct (pEXD3) was used to transform Esch-
erichia coli (C600). The bacteria were grown in
tryptophan-free medium, and expression of the
fusion protein was induced with 3-indoleacrylic
acid. The fusion protein was isolated from bacte-
rial lysates by sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis (SDS-PAGE) and exci-
sion of the band containing the 75-kDa fusion
protein. Similar fusion proteins were generated
from MyoD1 e¢DNA fragments encoding amino
acids 60-219 (pEXD2) and amino acids 160-307
(pEXD1), and the 37-kDa trpE protein was gen-
erated (as a control) with the pATH 10 vehicle.
To prepare antigen for enzyme-linked immu-
nosorbent assay (ELISA), induced bacterial pel-
lets were lysed by sonification in a buffer contain-
ing 5 mM Tris pH 7.4, 10% B-mercaptoethanol,
clarified by centrifugation (100,000g, 60 min,
4°C), and equilibrated with 5 mM Tris pH 7.0 by
dialysis.

Preparation of MyoD1 and MyoD1 Deletion
Mutants

The Alu I fragment (encoding residues 3—-318)
and deletion mutants of the Alu I fragment
(d3--56; d63-99; d102-135; d143-162; d3-56,
termination Gln 167 (referred to as C/H-B-
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HLH); d3-99, termination Gln 167 (referred to
as B-HLH) of the MyoD1 ¢cDNA were generated
and used to produce RNA to program a rabbit
reticulocyte in vitro translation system as de-
scribed before [Tapscott et al., 1988]. Glu-
tathione S-transferase fusion proteins (glu-
MyoD1, glu—MyoD1 deletion mutants, and glu—
myogenin) were generated and purified as
described [Lassar et al., 1989]. T7 MyoD1 was
generated using the pRK171a vector and iso-
lated from bacterial extracts by ion-exchange
column chromatography. These reagents were
gifts of A. Lassar and H. Weintraub (Fred Hutch-
inson Cancer Research Center, Seattle).

Generation of Monoclonal Antibodies

To generate the monoclonal antibodies reac-
tive with an epitope in the C/H region of MyoD1,
Balb/c mice (6- to 8-week old) were initially
immunized intraperitoneally with 100 pg trpE—
MyoD1 (generated as described above) emulsi-
fied (1:1) in 200 pl complete Freund’s adjuvant.
Forty-five days later, the mice were immunized
intraperitoneally in 100 pg MyoD1 emulsified
(1:1) with 200 ul incomplete Freund’s adjuvant;
45 days later, the mice were immunized intrave-
nously with 100 pg trpE-MyoD1 dissolved in
200 pl normal saline. Four days later, spleno-
cytes were harvested from the mice and used to
generate hybridomas. To generate the mono-
clonal antibodies reactive with an epitope in the
C-terminal domain, a similar protocol was used,
but glu—MyoD1 deletion mutant 63-99 was used
as an immunogen.

Sp2/0 Agl4 mouse myeloma cells were cul-
tured in RPMI supplemented with 15% fetal
bovine serum (heat inactivated) (Gibco), 2 mM
L-glutamine, 150 ng/ml 8-azaguanine, 1 nM
B-mercaptoethanol, and 100 pg/ml gentamicin.
Two days prior to fusion, the Sp2/0 cells were
cultured in the same medium lacking 8-azagua-
nine. Sp2/0 cells were mixed 1:5 with spleno-
cytes, fused by centrifugation (800g, 3 min, 22°C)
in polyethylene glycol 1500 (de-ionized) (Sig-
ma). The fused cells were washed with serum-
free RPMI and plated at a density of 104 cells/
well in 96-well plates (100 wl/well). After 24-hr
recovery in RPMI supplemented with 15% fetal
bovine serum (heat-inactivated), 2 mM L-gluta-
mine, 1 mM sodium pyruvate, MEM nones-
sential amino acid supplement (Gibco), MEM
vitamin supplement (Gibco), 1 nM $-mercapto-
ethanol, 10 pg/m! insulin, 1 pg/ml transferrin,
1 ng/ml selenium, the cells were selected in the

same medium containing 176 ng/ml aminop-
terin, 1 wg/ml thymidine, and 15 pg/ml hypo-
xanthine. Approximately 1,000 independent hy-
bridomas (1 colony per well) were generated
from a single spleen of an immune animal. Indi-
vidual clones were expanded to 1-ml wells prior
to screening.

Culture medium from each hybridoma was
screened for monoclonal antibodies specific for
MyoD1 by ELISA. Polyvinyl chloride 96 well
plates (Falcon) were incubated with 100 pg/ml
trpE-MyoD1 fusion protein or trpE protein (con-
trol) diluted in distilled water for at least 24 hr
at 4°C. Prior to use, the plates were incubated at
37°C for 1 hr. The plates were then incubated
(37°C, 1 hr) with 1 mg/ml bovine serum albu-
min (BSA) in Tris-buffered saline pH 7.4 (TBS).
The plates were washed once with TBS contain-
ing 0.1% Tween 20 (TBS/Tween) and incubated
with the culture supernatants (2 wells trpE-
MyoD1; 1 well trpE) for 2 hr (37°C). The plates
were washed twice with TBS/Tween, and incu-
bated with alkaline phosphatase conjugated goat
antimouse IgG/IgM (Boehringer/Mannheim) di-
luted in TBS containing 100 pg/ml BSA for 1 hr
(37°C). The plates were washed three times with
TBS/Tween, once with distilled water, and devel-
oped using 1 mg/ml paranitophenyl phosphate
(PNP) (Sigma) in 100 mM glycine, 1 mM MgCl,,
100 nM ZnCl, pH 10.4. Positive clones were
scored as those secreting antibodies reactive with
trpE-MyoD1 extracts but not trpE extracts. Pos-
itive clones were subcloned by limiting dilution,
and Ascites fluid was generated by inoculating
pristane-primed syngeneic mice.

Gel Electrophoresis and Immunoblotting

Cells were washed twice with PBS, then im-
mersed directly on the culture plates in sample
buffer (100 mM Tris (pH 6.8), 2% SDS, 100 mM
dithiothreital (protein quantitation was per-
formed prior to the addition of DTT, which was
added last), 10% glycerol, 0.05% phenol red).
After removal, the samples were heated to 100°C
for 10 min prior to loading; 7-14% gradient
polyacrylamide gels were prepared using the
discontinuous buffer system described by Laem-
mli {1970]. For comparisons, equal numbers of
cells (cell nuclei were used to quantitate fused
cultures) were dissolved in sample buffer, exam-
ined by Coomassie stain for anomalies, and
loaded.

Proteins were transferred from polyacryl-
amide gels to nitrocellulose membranes electro-
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phoretically using a submersible device sold by
Biorad (standard wire electrode mini or maxi
model). Transfer buffer contained 50 g glycine,
7.2 g Tris base, 20% methanol (pH was not
adjusted). After transfer, proteins were fixed to
the membranes by immersion in 10% acetic
acid, 25% isopropanol. The membranes were
washed three times with TBS/Tween, then incu-
bated (2 hr, 4°C, with shaking with TBS/Tween
containing 10% horse serum (EIA grade) (Gib-
co). Ascites fluid containing monoclonal anti-
body was then added to a 1:1,000 dilution. Alter-
natively, hybridoma culture supernatants were
made 0.1% in Tween 20 and used at full strength.
The membranes were incubated with primary
antibody with shaking (18 hr, 4°C). The mem-
branes were then washed twice with TBS/
Tween (5 min per wash) and incubated with
second antibody. Two second antibodies were
used (as indicated in the figure legends): 25]-
conjugated rabbit antimouse IgG, which was
incubated with the membranes overnight (4°C);
and peroxidase-conjugated goat antimouse IgG/
IgM (Boehringer/Mannheim) or peroxidase-
conjugated goat antirabbit IgG (Boehringer/
Mannheim), which were incubated with the
membranes for 1 hr (4°C). The membranes were
then washed three times with TBS/Tween (30
min per wash for 125I-conjugated antibodies; 10
min per wash for peroxidase-conjugated antibod-
ies), then once (5 min) with 20 mM Tris (pH
7.4), 500 mM NaCl. The blots performed with
125]-conjugated second antibody were autoradio-
graphed using Kodak XAR-5 film and Dupont
Lightening plus intensifying screens. The blots
performed with peroxidase-conjugated second
antibody were developed with 4-chloro-1-naph-
thol (500 pg/ml) in TBS containing 16% metha-
nol and 0.15% H,0,. Rabbit polyclonal anti-
MyoD1 was given by A. Lassar and H. Weintraub
(Fred Hutchinson Cancer Research Center, Se-
attle).

Radicimmune Assays

Glu-MyoD1 and glu—-MyoD1 mutant proteins
were generated as described above; 1 pg of glu—
myoD1 and equivalent molar quantities of mu-
tant polypeptides (calculated from their relative
molecular masses) were bound to 96-well polyvi-
nyl chloride plates in distilled water (18 hr, 4°C,
followed by 1 hr, 37°C). The wells were then
incubated with 1 mg/ml BSA in TBS (1 hr,
37°C) to block unbound sites. The wells were
washed once with TBS/Tween and incubated

with 100 ng (1 pg/ml) of monoclonal antibody
diluted in TBS containing 10% horse serum
(37°C, 2 hr). The wells were then washed three
times with TBS/Tween, and incubated with 125]-
conjugated rabbit antimouse Ig in TBS contain-
ing 10% horse serum (100 nCi/ml [100 pl per
well], 37°C, 1 hr). The wells were washed three
times with TBS/Tween, once with distilled wa-
ter, dried, cut, and counted (y emissions). All
experimental determinations were performed in
triplicate. Control values using equivalent dilu-
tions of Sp2/0 (nonsecreting murine myeloma)
culture supernatant were subtracted from the
values rendered from each polypeptide.

Gel Retardation Assays

C2C12 nuclear extracts were prepared as pre-
viously described [Dignam et al., 1983]. MyoD1
(T7) or C2C12 nuclear extract was prepared
incubated end-labeled probe, and resolved elec-
trophoretically as described by Buskin and
Hauschka [1989] and Lassar et al. [1989]. The
right MyoD1 binding site (MEF 1 site), de-
scribed by Buskin and Hauschka [1989] of the
muscle creatine kinase enhancer was generated
synthetically for use in these assays. Per 10-ul
reaction mixture, 200 ng of MyoD1 (or 5 pg of
extract), 10% cpm of probe, and 500 ng of poly
dI-dC were used; 1 pl ascites fluid (2.5 pg mAb)
was added of either mAb 1-8, 14-11, 8A3, or
6F1.

RESULTS

Characterization and Epitope Mapping of MyoD1
Monoclonal Antibodies

Hybridomas were produced by the fusion of
spleen cells from a Balb/c mouse immunized
with trypE—MyoD1 fusion protein (generated in
E. colt) with Sp2/0 myeloma cells. Hybridoma
supernatants were screened for anti-MyoD1 ac-
tivity by ELISA. Positive clones were scored by
their specific reactivity with a bacterial extract
containing trpE-MyoD1 and lack of reactivity
with an equivalent extract containing trpE pro-
tein. 13 independent clones were isolated that
secreted monoclonal antibodies specifically reac-
tive with the extracts containing trpE-MyoD1
fusion protein in this ELISA, all of which re-
acted with an epitope that was eliminated when
the cysteine/histidine-rich (C/H) region of
MyoD1 was deleted. Some of these also did not
bind to MyoD1 deletion mutants missing other
regions of the polypeptide (listed in Table I as
complex). Subsequently, mice were immunized
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TABLE 1. Monoclonal Antibodies Generated

Against MyoD1
Residues

Monoclonal containing
antibody Class epitope

1-8 1gG3 63-99, 143-1622
14-11 1gG3 63-99, 143-1622
18-12 IgM 63-99

14 IsM 63-99
11-11 IgM 63-99
19-16 IgM 63-99
16-10 IgM 63-99

6-3 IgM 63-99

6-2 IgM 63-99
11-4 1gG2b complex
20-10 1gG2b complex
15-6 IgM NA
19-10 IgM NA
8A3 ND 167-318
10A3 ND 167-318
4G1 ND ND
4D3 ND ND

aThese residues are not essential but produce higher-affinity
binding. Complex, antibodies that did not bind the C/H
deletion mutant and at least one other. NI, not determined;
NA, hybridomas that stopped secreting antibody before sub-
cloning.

with glu—-MyoD1 deletion mutant 63-99, and 4
monoclonal antibodies were generated, two of
which react with an epitope in the C-terminal
domain of the protein (Table I).

A panel of MyoD1 deletion mutants generated
by the glutathione S-transferase expression sys-
tem [Smith and Johnson, 1988; Lassar et al.,
1989] was given by A. Lassar and H. Weintraub
(Fred Hutchison Cancer Research Center). Glu-
MyoD1 and mutant glu-MyoD1 polypeptides
lacking residues 63-99, 102-135, or 143-162
were immunoblotted with mAb 1-8. Monoclonal
antibody 1-8 reacted with native MyoD1 and
deletion mutants lacking residues 102-135 or
143-162 but did not react with the deletion
mutant lacking residues 63-99 (Fig. 1). Similar
results were obtained with mAb 14-11 (not
shown). These data indicate that the reactive
epitope for mAbs 1-8 and 14-11 lies between
residues 63—99. By contrast, a rabbit polyclonal
anti-MyoD1 serum reacted equivalently with de-
letion mutants lacking residues 3-56 (not
shown), 63-99, 102-135, or 143-162 (Fig. 1),
suggesting that at least one epitope for this
antiserum lies between residues 162-318. Nei-
ther the polyclonal antiserum nor mAbs 1-8 and
14-11 reacted with glu-myogenin.

Glu-MyoD1, glu-myogenin, and mutant glu-
MyoD1 deletion mutants lacking residues 3-56,
63-99, 102-135, 143-162, 168-318 (Gln167),
3-101 and 168-318 (basic helix—loop-helix [B-
HLH]), and 3-56 and 168-318 (C/H-B-HLH),
were immunoblotted with mAb 8A3 (Fig. 2).
This antibody reacted only with recombinant
MyoD1 proteins bearing residues 168-318, indi-
cating that the epitope for this antibody lies
somewhere in this region. Similar results were
obtained for mAb 10A3 (not shown). A map of
the major structural features of MyoD1 and the
two antibody binding segments is shown in Fig-
ure 3.

Differential Binding of MyoD1 Monoclonal
Antibodies to Deletion Mutant Polypeptides

Glu-MyoD1 polypeptide and mutant glu—
MyoD1 polypeptides lacking either residues
3-56, 63-99, 102-135, 143-162, 168-318
(GIn167), 3-56 and 168-318 (C/H-B-HLH [cys-
teine/histidine-rich, basic, helix—loop—helix do-
mains]), and 3-99 and 168-318 (B-HLH) were
bound to polyvinyl chloride (PVC) plates, and
their relative binding efficiency to some of the
monoclonal antibodies was determined by radio-
immunoassay (RIA). As expected, the deletion
mutant lacking residues 63—99 bound none of
the monoclonal antibodies known to react with
an epitope in this region of MyoD1 (Fig. 4A). In
addition, mAbs 11-11, 6-2, 1-8, and 14-11
bound the mutant polypeptide terminating at
residue 167 (GIn167), and the deletion 3-56
polypeptide terminating at residue 167 (C/H-B-
HLH), but not the deletion 3-101 mutant, termi-
nating at residue 167 (B-HLH) Fig. 4B). This is
consistent with the epitope for these antibodies
residing between residues 63-99. The reduction
in binding efficiency observed with the smaller
MyoD1 mutant polypeptides is probably due to
an increase in the steric hinderance associated
with binding to PVC plates.

Two interesting variations were observed in
the relative efficiency of binding of the C/H
monoclonal to these Glu—MyoD1 deletion mu-
tants. First, while the removal of residues 143—
162 (a segment containing the helix—loop-helix
motif) had no effect on the binding of mAbs
18-12 (not shown) 11-11 and 6-2, binding of
mAbs 1-8 and 14-11 was quantitatively re-
duced (Fig. 4). Although attenuated reactivity of
mAb 1-8 with MyoD1 deletion mutants lacking
residues 143—162 was observed by RIA, an obvi-
ous loss of signal in immunoblots of the same



MyoD1 mAbs Identify Possible Regulatory Domain 135

A BCDE

Polyclonadl antiserum

Fig. 1. Deletion mutant analysis of binding site for MyoD1
monoclonal antibody 1-8. A glutathione S-transferase expres-
sion system was used to generate and purify glu-MyoD1,
glu—MyoD1 deletion mutants, and glu—myogenin (gifts of A.
Lassar and H. Weintraub, Fred Hutchinson Cancer Research
Center). The recombinant proteins were immunoblotted with
either polyclonal rabbit anti-MyoD1 serum (left panel) or mono-
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clonal antibody 1-8 (right panel). Bands: a, a contaminating
protein that reacts with the polyclonal antiserum; b, glu—
MyoD1, glu—myogenin, or glu-MyoD1 deletion mutants; c,
products of incomplete translation or proteolysis. Lane A, glu—
myogenin; lane B, glu-MyoD1 d102-135; lane C, glu—MyoD1
d143-162; lane D, glu—-MyoD1 d63-99; lane E, glu-MyoD1.
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Fig. 2. Deletion mutant analysis of binding site for MyoD1 monoclonal antibody 8A3. Glu—MyoD1 and glu-MyoD1
deletion mutants were immunoblotted with mAb 8A3. Lane A, glu—-MyoD1 d143-162; lane B, glu—MyoD1
d102-132; lane C, glu-MyoD1 d3-56; lane D, glu-MyoD1; lane E, glu-MyoD1 d3-56, d168-318 [C/H-B-HLH];
lane F, glu-MyoD1 d168-318 [GIn167]; lane G, glu—myogenin; lane H, glu—myogenin; lane 1, glu-MyoD1 d3-101,

d168-318 [B-HLH].
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Fig. 3.
et al., 1988).

deletion mutant was not observed. Second, re-
moval of residues 102—135 (a region enriched in
basic amino acids that directly mediates site-
specific binding to DNA) significantly enhanced
the binding of mAbs 11-11,6-2, 1-8, and 14-11
(but not of mAb 11-4) in comparison to wild-
type MyoD1 (Fig. 4).

Modulation of MyoD1 Total Protein or
Phosphorylation Levels Is Not Tightly Associated
With the Induction of C2C12 Myoblast
Differentiation

C2C12 myoblasts [Blau et al., 1983] were
grown in a mitogen-rich medium (20% fetal
bovine serum and 1% bovine embryo extract) to
reduce the incidence of spontaneous differentia-
tion. The cells were induced to differentiate in
mitogen-poor medium (4% horse serum). Whole
cell homogenates of myoblasts at various phases
of differentiation were resolved by SDS-PAGE
and immunoblotted with mAb 8A3. Two bands
of 38,000 and 42,000 M, (using Sigma pre-
stained markers, which may migrate slower than
radiolabelled markers) were observed (Fig. 5B).
Previous reports [Tapscott et al., 1988] demon-
strated that phosphorylation of MyoD1 in vivo
significantly reduces its rate of migration during
SDS-PAGE, indicating that the slower migrat-
ing band represents phosphorylated MyoD1,
while the faster migrating band represents hypo-
phosphorylated MyoD1. The previous reports
used metabolic labeling with 3*S-methionine and

Diagram of antibody binding sites in relationship to known structural features of MyoD1 (see also Tapscott

immunoprecipitation and were performed in
such a way that rates of synthesis were deter-
mined rather than total protein accumulation.
The total amount of phosphorylated MyoD1 in
C2C12 myoblasts exceeded the amount of hypo-
phosphorylated MyoD1, and only at a single
point 24 hr post-induction did both forms ap-
pear in equivalent quantities (Fig. 5C). Sarco-
meric myosin heavy chain (sMHC) (detected by
mAb MF-20) [Bader et al., 1982} protein was
first observed 48 hours post-induction, and con-
tinued to increase up to 72 hr. Sarcomeric MHC
levels remained approximately the same at 72,
96, and 120 hr post-induction. By contrast,
MyoD1 protein levels dropped after 72 hr, to
roughly 50% of the levels observed in myoblasts
by 120 hr. These data suggest that regulation of
C2C12 myoblast differentiation and variations
in MyoD1 total protein and phosphorylation lev-
els are not tightly associated.

Monaoclonal Antibodies to the
Cysteine/Histidine-Rich Segment of MyoD1
Neutralize DNA-Binding Activity

To determine the effect of mAbs 1-8 (C/H),
14-11 (C/H), and 8A3 (C-terminal) on the site-
specific DNA-binding activity of MyoD1, gel re-
tardation assays were performed. MyoD1 (T7)
(see Methods) was incubated with an end-
labeled synthetic double-stranded 20-mer de-
rived from the muscle creatine kinase gene en-
hancer and shown previously to contain a specific
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Fig. 4. Radioimmunoassay of relative binding of MyoD1 monocional antibodies to mutant polypeptides. The
relative binding efficiency of some of the monoclonal antibodies to MyoD1 deletion mutants was evaluated. Molar
quantities of Glu-MyoD1 and glu-MyoD?1 deletion mutants representing 10-fold excess to antibody were bound to
polyvinyl chloride plates and incubated with monoclonal antibodies. Binding was quantified by incubating the wells
with '25]-rabbit antimouse Ig second antibody, and counting y emissions. Values are expressed as percent binding of
glu—MyoD1 (wild type). Abbreviated names for mutants are described in the legend for Figure 2.
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try scans of the data in A and B.



MyoD1 mAbs Identify Possible Regulatory Domain

;\'\
N

MyoD1 - 4+ + + ++ + +4 - - -

Cold probe
Origin —

-+ -+

- +

MyoD1 —

Probe —

Fig. 6. Neutralization of DNA-binding activity of MyoD1 syn-
thesized in Escherichia cofi (homodimers) by monoclonal anti-
body 1-8 MyoD1 (generated in bacteria from a T7 promotor
construct and given as purified protein by H. Weintraub, Fred
Hutchinson Cancer Research Center) was assayed for binding
to the MyoD1 binding sequence (MEF1 site) of the muscle
creatine kinase (MCK) enhancer in the presence mAbs 1-8,
14-11, 8A3, or 6F1 (a control monoclonal 1gG). Controls are

binding site for MyoD1 [Buskin and Hauschka,
1989; Lassar et al., 1989]. Reactions were per-
formed alone and in the presence of mAbs 1-8,
14-11, 8A3, and 6F1 (a control monoclonal IgG
reactive with histone H1). The control antibody
(6F1), added in equivalent mass and volume,
had no effect on MyoD1 binding to probe (Fig.
6). Monoclonal antibodies 1-8 and 1411 inhib-
ited the formation of a complex between probe
and MyoD1, while mAb 8A3 produced a super-
shift. Two supershifted bands were observed in
the presence of mAb 8A3: one migrated at the
position of an antibody linked pair of MyoD1
dimers, the second (much darker) migrated only
to the origin, and probably represents a polymer
of alternating antibody and MyoD1 dimer. Both
supershifted bands were competed by unlabeled
probe. As only the monoclonal antibodies reac-
tive an the epitope in the C/H region of MyoD1
inhibit DNA binding (and similar inhibitory ef-
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also shown using antibody preparations incubated with probe
in the absence of MyoD1, since some additional background
bands are generated (note 8A3). Site-specific DNA binding of
MyoD1 was inhibited by mAbs 1-8 and 14-11, whereas 8A3
produced a supershifted band at the gel origin and a minor one
migrating slightly stower than the MyoD1 band. Control anti-
body 6F1 produced no change in MyoD1 binding to DNA.

fects were observed with mAbs 18-12 and 16—
10), their effect can be considered site specific.
This effect also has not been observed with
polyclonal anti-MyoD1, which also produces a
supershift [Lassar et al., 1989]. The effect is not
restricted to MyoD1 dimers, as DNA binding by
MyoD1 complexed with E12/E47 in cell extracts
(Lassar et al., 1991) is also inhibited (Fig. 7).
This is also shown in a report from another
laboratory [Sartorelli et al., 1990]; the antibody
referred to as anti-MyoD1 is mAb 1-8.

DISCUSSION

In the penultimate paragraph of his 1963
review, Konigsberg [1963] identified two fea-
tures of cultured skeletal myoblasts that ren-
ders them particularly useful for studies of
growth and differentiation: clones of proliferat-
ing skeletal myoblasts, although free of any
obvious features that distinguish them from
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Fig. 7. Neutralization of DNA-binding activity of MyoD1 syn-
thesized in vivo (heterodimers) by monocional antibody 1-8.
Nuclear extracts from C2C12 cells were assayed by electro-
phoretic mobility shift assay for binding to complementary
oligomers derived from a MyoD1-binding site in the muscle
creatine kinase enhancer (as above). Monoclonal antibody 1-8
inhibited formation of the heterodimeric MyoD1-DNA com-
plexes formed in vivo. The extra background band (indicated
with a solid dot) is contributed by the Ascites and is not
eliminated by competition with cold probe.

fibroblasts, maintain their determined myo-
genic state in culture; furthermore, the ability
of skeletal myoblasts to differentiate biochemi-
cally and morphologically into myotubes makes
them stand out, even in living cultures, as myo-
genic cells. Rendering the problem similar in
form to the Heisenberg uncertainty principal,
Konigsberg emphasized that the identification
of myogenic clones was possible without fixa-
tion, and therefore, the growth and recovery of
proliferating clones of cells determined to differ-
entiate into muscle was possible. This character-
istic eventually proved useful, 20 years later, in
identifying through serial transfection the myo-
genic determination locus myd [Pinney et al.,
1988]. Although the cloning of four other myo-
genic determination genes (MyoD1, myogenin,
myf-5, and MRF4/myf-6/herculin) did not re-
quire serial transfections, these genes were se-

lected nonetheless for their ability to confer
myogenic determination to proliferating cells
rather than for their ability to confer the termi-
nally differentiated skeletal muscle phenotype.
Studies of these genes are therefore concerned
with their ability to execute two distinct func-
tions of determination: (1) maintenance of the
imminent phenotype while the myoblasts prolif-
erate, and (2) expression of the myogenic pro-
gram when the cells differentiate.

Immunoblot analysis with mAb 8A3 revealed
that phosphorylated MyoD1 is the predominant
form in C2C12 myoblasts and differentiated
myocytes. At 24 hr post-induction, the levels
of phosphorylated and hypophosphorylated
MyoD1 were transiently equal, whereas before
and after this time point the levels of phosphory-
lated MyoD1 exceeded those of hypophosphory-
lated MyoD1. The functional significance of this
variation is not obvious. Active MyoD1 exists in
vivo as a dimer with the product of the E2A
gene, and phosphorylation of MyoD1 is en-
hanced by this binding [Lassar et al., 1991].
Consequently, hypophosphorylated MyoD1 may
represent MyoD1 homodimers, whose presence
could have a specific role in inducing the myo-
blasts to differentiate. Further experiments will
be necessary to confirm this interpretation.

Although mAb 1-8 does not react with the
DNA-binding region of the polypeptide, it does
inhibit DNA-binding by MyoD1 in gel retarda-
tion assays. This contrasts results obtained with
polyclonal anti-MyoD1 and mAbs which react
C-terminal to the HLH domain (e.g., 8A3), which
produce tertiary bands in retardation assays, a
result of simultaneous binding by antibody and
DNA. An alternate hydropathy analysis [Hopp
and Woods, 1981] of residues 63-99 of murine
MyoD1 revealed a single antigenic sequence of 6
amino acids (from residues 76-81). This pre-
dicted antibody-binding site would lie 30 amino
acids away from the DNA binding domain of
MyoD1, indicating that local steric hinderance
could not account for the neutralizing effect of
the antibodies. These data suggest that the C/H
region may serve as a regulatory domain of
MyoD1, that operates either through an intramo-
lecular mechanism and/or by mediating the bind-
ing of another regulatory molecule. In support
of the former possibility, enhanced binding of
mAb 1-8 and others reactive with the C/H re-
gion to mutant MyoD1 lacking the basic, DNA-
binding region of the polypeptide suggests that
the basic region may fold into contact with their
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epitope. Further experiments should elucidate
the structural significance of the C/H region,
and identify any cellular components that bind
to it and regulate MyoD1 activity in vivo.
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