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Activation of the human cardiac a-actin (HCA) promoter in skeletal muscle cells requires the integrity of
DNA binding sites for the serum response factor (SRF), Spl, and the myogenic basic helix-loop-helix (bHLH)
family. In this study we report that activation of the HCA correlates with formation of a muscle-specific multi-
protein complex on the promoter. We provide evidence that proteins eluted from the multiprotein complex
specifically react with antibodies directed against myogenin, Sp1l, and SRF and that the complex can be as-
sembled in vitro by using the HCA promoter and purified MyoD, E12, SRF, and Sp1. In vitro and in vivo assays
revealed a direct association of Sp1 and myogenin-MyoD mediated by the DNA-binding domain of Sp1 and the
HLH motif of myogenin. The results obtained in this study indicate that protein-protein interactions and the
cooperative DNA binding of transcriptional activators are critical steps in the formation of a transcriptionally
productive multiprotein complex on the HCA promoter and suggest that the same mechanisms might be uti-
lized to regulate the transcription of muscle-specific and other genes.

Cooperative interactions of transcriptional activators are
pivotal in ensuring the proper execution of the myogenic pro-
gram. For instance, the cooperative binding to two adjacent E
boxes on the muscle creatine kinase enhancer by MyoD is re-
quired for transcriptional activation (38). The transcriptional
activators that bind muscle regulatory regions often establish
direct contacts. In fact, protein-protein interactions govern
functional cooperativity of myogenic basic helix-loop-helix
(bHLH) with E proteins (17) and the myocyte enhancer factor
2 (MEF2) in directing muscle transcription (24). In addition to
the E box, numerous muscle-specific regulatory regions con-
tain binding sites for the MEF2 proteins, the serum response
factor (SRF), and Sp1, suggesting that the combinatorial bind-
ing of these factors to muscle regulatory regions has been
selected and is particularly favored for regulation of muscle-
specific transcription (25, 39). Whereas both MEF2 and SRF
have been shown to interact with the myogenic bHLH (24, 11),
the question of whether Spl can also directly associate with
myogenic bHLH has not been addressed. Furthermore, it re-
mains to be determined whether muscle and ubiquitous tran-
scription factors found on muscle-specific regulatory regions
are associated as multiprotein complexes.

A region of the human cardiac a-actin (HCA) promoter
spanning from nucleotides —110 to +68 is a composite re-
sponse element that directs striated muscle-specific transcrip-
tion (20). Electrophoretic mobility shift assay (EMSA) and
footprinting experiments revealed sites for the binding of three
nuclear proteins in myogenic cells, including a CArG box for
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the SRF (21, 5), a GC box for Sp1 (12), and an E box for one
of the myogenic bHLH proteins (33). Mutations in any of these
three DNA elements result in promoter inactivation (33). Fur-
thermore, reconstitution experiments conducted in Drosophila
melanogaster-derived Schneider cells have shown that exog-
enously supplied Spl and MyoD are concomitantly required
for the transactivation of the human cardiac a-actin (HCA)
promoter (33).

This study reports the formation and analysis of a single
major multiprotein complex on the HCA promoter that cor-
relates with muscle-specific transcriptional activation. The for-
mation of this complex relies on the simultaneous presence of
at least three factors that bind to the cis-regulatory elements
CArG, GC, and E boxes. Through the use of a combined gel
mobility shift-Western blot technique, we first demonstrate
that cellular Sp1, SRF, and myogenin are all part of this tran-
scriptional complex and are present on the same DNA tem-
plate. To further substantiate this observation, we successfully
attempted to reconstitute the multiprotein complex on the
HCA promoter with recombinant MyoD, E12, SRF, and Sp1.
We report that Spl and myogenic bHLH proteins associate
both in vitro and in vivo and that the HLH domain of myoge-
nin and a region spanning the DNA-binding motif of Spl
mediate such interaction. Since many muscle regulatory re-
gions have been shown to be regulated by Spl and the myo-
genic bHLH (see below), we believe that our findings are likely
to be of significance for the understanding of the transcrip-
tional regulation of a number of muscle genes and other genes
that are activated by a combination of tissue-specific and ubig-
uitously expressed factors.

MATERIALS AND METHODS

Cell culture, transfections, and nuclear extract preparation. C2C12 and HeLa
cells were grown in Dulbecco modified Eagle medium (DMEM) supplemented
with 20 and 10% fetal calf serum (FCS), respectively. Differentiation of C2C12
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FIG. 1. Formation of a muscle-specific protein complex on HCA promoter. (A) EMSA analysis for binding of nuclear factors. Samples (10 pg) of C2C12 myotube
nuclear extracts were employed with radiolabeled HCA promoter fragment in the absence of specific competitor (lane 1) and in the presence of a 50-fold molar excess
of the unlabeled fragment (lane 2). (B) Competition analysis. Nuclear extracts from C2C12 myotubes were assayed in the absence of specific competitor (lane 1) and
in the presence of a 100-fold molar excess of unlabeled synthetic double-stranded oligonucleotides containing the following sequences: the normal and mutated GC
boxes (lanes 2 and 3), the normal and mutated CArG boxes (lanes 4 and 5), the normal and mutated E boxes (lanes 6 and 7). (C) The shifted protein complex is cell
type specific and differentiation dependent. An EMSA of the radiolabeled HCA promoter incubated with equal amounts of nuclear extracts from HeLa (lane 1) and
from C2C12 myotubes (lane 2) cells is shown. Equivalent amounts of nuclear extracts derived from either undifferentiated C2C12 myoblasts (MB, lane 3) or
differentiated myotubes (MT, lane 4) were analyzed by EMSA with the radiolabeled HCA promoter.

cells was induced by switching the cells to DMEM containing 2% horse serum.
C3HI10T1/2 cells were grown in DMEM supplemented with 10% FCS. Trans-
fections were performed by using the calcium phosphate precipitation protocol.
The Gal-Spl, Gal-E12, and VP16-MyoD plasmids have been described earlier
(34). The UASx4-tk-LUC was kindly provided by R. Evans (Salk Institute).
Nuclear extracts derived from C2C12 were prepared after culturing the cells for
4 days in differentiation medium and according to the method of Dignam et al.
(7). Protein concentrations were measured by using the Bio-Rad protein assay
kit, and extracts were aliquoted and stored at —80°C.

EMSA. The DNA probes used were the wild-type and mutated HCA promot-
ers extending from nucleotides —126 to —16 relative to the start of transcription.
Synthetic oligonucleotides were used as specific competitors. Mutated bases of
the CArG box, GC box, and E box are underlined. Mutations corresponding to
the CArG-M and E-sm boxes were introduced in the HCA promoter by site-
directed mutagenesis (QuikChange; Stratagene), and the resulting templates
were sequenced as follows:

CArG box GACCAAATAAGGCAAGGTGG

pCArG box GACCCAGATCGATCTGGTGG
CArG-M box GACCTATTATGGCAAGGTGG

GC box CCGGGCCCCCACCCCTGCCCCCGGC
wGC box CCGGGCCCCCAAACCTGCCCCCGGC
E box TGCTCCAACTGACCC

wE box TGCTTGGTCCTGACC

E-sm box TGCTCTAACTAACCC

In vitro complex reconstitution was obtained by using bacterially produced and
purified glutathione S-transferase (GST)-MyoD (~20 ng), GST-E12 (~20 ng),
His-SRF (~50 ng), and Sp1 (~40 ng) obtained from HeLa cells infected with a
recombinant vaccinia virus containing full-length Sp1 (Promega). The purified
proteins were incubated in 1X binding buffer [20mM HEPES (pH 7.6), 50 mM
KCl, 1 mM dithiothreitol, 1 mM EDTA, 5% glycerol, 300 ng of double-stranded
poly(dI-dC)] at 37°C for 20 min, after which 0.4 ng of radiolabeled HCA (nu-
cleotides —126 to —16) promoter was added to the reaction for an additional 15
min at room temperature. The reaction was loaded onto 4% nondenaturing
polyacrylamide gel (electrophoresis buffer, 0.5X TBE; 150 V; room temper-
ature; running time, 6 h).

Detection of the protein components present in the gel-retarded complex.
Protein-DNA complexes were resolved by gel mobility shift assay. The wet gel
was autoradiographed to locate the protein-DNA complexes, and the proteins
present in the shifted complex (see Fig. 1) were eluted with 0.4 M acetic acid-1
M NaCl at 65°C for 40 min, precipitated for 30 min with 10% cold CCl;COOH,
washed in acetone and in cold 100% ethanol, vacuum dried, resuspended, de-
natured in sodium dodecyl sulfate (SDS) buffer, and subjected to SDS-10%
polyacrylamide gel electrophoresis. The Western blot technique was performed
by using ECL Western blotting detection reagents kit according to the manu-
facturer’s instructions (Amersham). The polyclonal antiserum against SRF was
the gift of R. Prywes (Columbia University), and the monoclonal antibody
against myogenin (FDS5) was kindly supplied by W. Wright (University of Texas
Southwestern Medical Center).

In vitro transcription and translation, GST and His fusion proteins, and
protein complex precipitation. The pBS-Sp1 plasmids (14) were linearized with
EcoRI. In vitro transcription was induced with T3 RNA polymerase. The result-
ing synthetic RNAs were translated in vitro with a rabbit reticulocyte lysate
(Promega) in the presence of [**S]methionine according to the manufacturer’s

instructions. The pGEX-Sp1C168 construct was obtained by cloning a PCR-
generated DNA fragment encoding the last C-terminal 168 amino acids of Spl
in the pGEX-2TK vector. Preparation of the GST-Sp1C168, GST-myogenin, and
GST-E12 proteins was performed as previously described (32). The His-SRF
protein was prepared from the pET11d-SRF plasmid (42) as suggested by the
manufacturer (Novagen).

Immunoprecipitation of the Spl-myogenin comy from radiolabeled C2
cells. C2C12 cells were first incubated in 10 ml of methionine-free DMEM sup-
plemented with 5% dialyzed FCS for 30 min. Then, 5 ml of prewarmed methi-
onine-free DMEM-5% dialyzed FCS containing 1.020 mCi of [**S]methionine
was added to the cells followed by incubation for 3 h. Cells were lysed in nuclear
lysis buffer (20 mM HEPES, pH 7.7; 20% glycerol; 100 mM NaCl; 1.5 mM
MgCl,; 0.2 mM EDTA; 0.1% Triton X-100; 1 mM dithiothreitol; 1 mM phenyl-
methylsulfonyl fluoride; 10 pg of pepstatin per ml; 100 pg of aprotinin per ml),
rocked for 1 h at 4°C and centrifuged at 12,000 X g for 5 min at 4°C. The super-
natant was recovered and approximately 3.2 X 107 cpm was incubated in 400 pl
of a buffer containing 10 mM HEPES (pH 7.7), 250 mM NaCl, 0.25% Nonidet
P-40, and 5 mM EDTA. Sequential immunoprecipitation with the myogenin
monoclonal antibody FD5 and the Spl antiserum (Santa Cruz Biotechnology)
was performed as previously described (34). For blocking experiments, the Sp1l
antiserum (5 pg) was incubated with 25 g of a peptide corresponding to amino
acids 520 to 538 of Sp1 (Santa Cruz Biotechnology).

RESULTS

Formation of a muscle-specific multiprotein complex on the
HCA promoter. Oligonucleotides spanning the CArG box, GC
box, and E box of the HCA promoter interact autonomously
with their cognate binding factors in C2C12 cell nuclear ex-
tracts. Nevertheless, the affinity of the binding proteins for
their individual DNA sites is relatively low since most of the
DNA probe remains in an unbound state (12, 33). Because
these three binding sites are each required for expression from
the HCA promoter, we have attempted to determine whether
or not the proteins bind simultaneously to the promoter and
whether their binding is independent or interactive. After the
HCA promoter fragment encompassing nucleotides —126 to
—16 was incubated with C2C12 myotube nuclear extract, an
EMSA revealed a slowly migrating complex (Fig. 1A, lane 1).
The complex appears to be specific since its formation is in-
hibited by excess copies of unlabeled promoter (lane 2). To
begin to identify the proteins present in the complex, we com-
peted for binding with a series of oligonucleotides that bind
either purified Sp1l, MyoD, or SRF (see Materials and Meth-
ods). Surprisingly, the inclusion in the binding reactions of an
oligonucleotide carrying a single GC-box, CArG-box, or E-box
sequence eliminated the formation of the retarded complex
(Fig. 1B, lanes 2, 4, and 6). The DNA-binding specificity of the
complex was tested by using mutated CArG-box, GC-box, and
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FIG. 2. Identification of the protein components of the shifted complex. (A)
Proteins eluted from the shifted complex (Fig. 1, lane 1) were subjected to West-
ern blotting with a polyclonal rabbit antiserum raised against Sp1 protein. Lanes:
1, in vitro-synthesized SRF protein; 2, recombinant Spl protein; 3, blank lane;
and 4, proteins eluted from the shifted complex. (B) Complex proteins were
subjected to Western blotting with a monoclonal antibody against myogenin
(FD5). Lanes: 1, in vitro-synthesized myogenin; 2, recombinant Sp1 protein; 3,
blank lane; and 4, proteins eluted from the shifted complex. (C) Complex pro-
teins were subjected to Western blotting with polyclonal rabbit antiserum raised
against SRF protein. Lanes: 1, in vitro-synthesized SRF protein; 2, recombinant
Sp1 protein; 3, blank lane; and 4, proteins eluted from the complex.

E-box oligonucleotides in competition experiments (Fig. 1B,
lanes 3, 5, and 7). Unlike the wild-type oligonucleotides, the
mutated oligonucleotides (see Materials and Methods) pCArG
box, nGC box, and nE box fail to compete for complex for-
mation. The finding that oligonucleotides bearing any one of
three solitary binding sites can disrupt the complex suggests
that at least three proteins are engaged in its formation and
that the removal of any one of the three destabilizes the com-
plex. The HCA promoter fragment employed in this study is
sufficient to direct tissue-specific transcription in skeletal mus-
cle cells but is inactive in nonmuscle cells. To investigate
whether the protein complex formed on the HCA promoter is
cell type specific, we employed nuclear extracts from muscle
and nonmuscle cells by EMSA and found that the retarded
complex is generated with C2C12 muscle cells but not with
HeLa cell nuclear extracts (Fig. 1C, lanes 1 and 2). Since HCA
is expressed exclusively in differentiated myotubes and not in
undifferentiated myoblasts, we analyzed whether formation
of the shifted complex was differentially regulated in C2C12
myoblasts and myotubes. Our results indicate that the presence
of the complex correlates with the activation of the endoge-
nous HCA gene in differentiated myotubes (Fig. 1C, lanes 3
and 4).

Identification of Sp1, SRF, and myogenin as components of
the multiprotein complex. The EMSA results imply, but do not
directly demonstrate, that the multiprotein complex contains
Spl, myogenic bHLH, and SRF proteins. To directly identify
components of the multiprotein complex formed on the HCA
promoter, we performed a preparative EMSA and subjected
the proteins eluted from the shifted complex to Western blot
analysis. As shown in Fig. 2, antibodies against Sp1 (A), myo-
genin (B), and SRF (C), but not unrelated antibodies (data not
shown), reacted with proteins eluted from the complex that
migrated with the same mobility as the corresponding in vitro-
synthesized proteins. To eliminate the possibility of coinciden-
tal protein migration into the preparative gels that was not
dependent on specific interactions with the DNA probe, a
control experiment was performed in which nuclear proteins
were electrophoresed under similar conditions but in the ab-
sence of the DNA probe. Under these experimental conditions
we failed to detect any specific reaction between eluted pro-
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teins and the antibodies against Sp1, SRF, and myogenin (data
not shown). These results are the first direct evidence that Sp1,
SRF, and myogenin are all part of the multiprotein complex
that occupies the HCA promoter.

In vitro assembly of a protein complex on the HCA promoter
by purified MyoD, E12, SRF, and Spl. The data reported in
Fig. 1 and 2 indicate that the HCA promoter is occupied by a
protein complex containing myogenic bHLH, SRF, and Spl
and that the presence of each individual protein is required for
the integrity of the complex. We attempted to reconstitute the
multiprotein complex by assembling in vitro the individual,
purified proteins on the HCA promoter. Since the myogenic
bHLH increase their DNA binding ability upon interaction
with E proteins and require heterodimerization with E12 for
functional activity (17), E12 was included in the experiments
described below. At relatively low protein concentrations,
MyoD, E12, SRF, or Sp1 is incapable of individually binding to
the HCA promoter (Fig. 3A, lanes 1 to 4). Similarly, the
MyoD/Spl and MyoD-SRF combinations fail to interact with
the HCA probe (lanes 7 and 8), whereas heterodimers of
MyoD and E12 are readily observed (lane 6). Only when the
four individual proteins were present in the binding reaction
was the formation of a slowly migrating complex evident (lane
11). This complex was absent in any of the reactions containing
other protein combinations (lanes 5 to 9). The results of these
experiments suggest that myogenic bHLH (MyoD), E12, SRF,
and Spl can form a protein complex on the HCA if they are
simultaneously present. As indicated by the competition ex-
periments shown in Fig. 1B, preventing binding of any of the
three factors to the HCA results in abolishment of the com-
plex. To investigate whether the multiprotein complex de-
scribed in Fig. 1 and that described in this paragraph (Fig. 3A)
share similar properties, competition experiments were per-
formed. After assembling MyoD, E12, SRF, and Spl on the
HCA promoter, molar excess of oligonucleotides spanning the
GC box (Spl binding), CArG box (SRF binding), and E box
(MyoD/E12 binding) of the HCA promoter were added to the
binding reactions (Fig. 3B). Inclusion of any of the three oli-
gonucleotides interfered with the formation of the shifted com-
plex (lanes 2 to 4), whereas mutant oligonucleotides that no
longer interact with their respective binding proteins (WGC
box, WCArG box, and pE box) left the complex unaltered
(lanes 5 to 7). Similar experiments were conducted with HCA
promoter fragments bearing subtle mutations in the GC, CArG,
or E box (see below) and purified MyoD, E12, Sp1, and SRF
proteins. Mutations of any of the three binding sites interfered
with complex assembly (Fig. 3C, lanes 2 to 4), confirming our
previous findings (Fig. 1) that their integrity is a prerequisite
for complex formation. The experiments illustrated in Fig. 3
suggest that the affinity of the individual transcriptional acti-
vators for the HCA promoter is weak and show that a protein
complex that displays higher affinity is assembled solely in the
presence of a defined protein combination.

Refining the CArG- and E-box mutations associated with
HCA promoter inactivation. The mutations introduced in the
CArG and E boxes and investigated in the present study, as
well as in previous studies, extend outside the minimal binding
sites required for SRF and MyoD-myogenin. This raises the
question of whether promoter inactivation might be the con-
sequence of lack of binding of additional, yet uncharacterized
proteins that might recognize sequences surrounding the CArG
and E boxes. To stringently evaluate the individual contribu-
tions of the single trans-acting factors, finer mutations were
created. The CArG-box sequence of the HCA promoter was
altered to create the CArG-M motif (see Materials and Meth-
ods). The CArG-M sequence is recognized by the yeast SRF
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FIG. 3. In vitro assembly of a protein complex on the HCA promoter by
purified MyoD, E12, SRF, and Spl. (A) EMSA was performed with the radio-
labeled HCA promoter with different combinations of GST-MyoD, E12, His-
SRF, and Spl1 purified proteins. The arrow points to a shifted complex containing
MyoD-E12 heterodimers. The asterisk indicates a low-mobility complex ob-
served exclusively in the presence of MyoD, E12, SRF, and Sp1. (B) Competition
analysis of the low-mobility complex described in panel A. Oligonucleotides con-
taining the GC, CArG, or E box but not their respective mutated sequences
compete for the formation of the low-mobility complex. (C) EMSA was per-
formed with radiolabeled HCA promoter fragments derived from the HCA wild
type and the HCA-pGC, HCA-CArGM, and HCA-E-sm constructs (see Mate-
rials and Methods) and purified MyoD, E12, SRF, and Sp1 proteins. The low-
mobility complex described in panel A and indicated by the asterisk is observed
when the HCA wild type (lane 1) but not the HCA mutants (lanes 2 to 4) are
employed.

homolog MCM1 but not by mammalian SRF (13). Similarly,
the E box of the HCA was slightly modified (CAACTG > TA
ACTA) to generate the E-sm box. The HCA promoter bearing
either the CArG-M (HCA-CArG-M) or the E-sm (HCA-E-sm)
boxes was tested in a transient-transfection assay and found to
be inactive in muscle cells, thus confirming the findings that
SRF and myogenic bHLH proteins are essential for promoter
activation (Table 1). Oligonucleotides for the CArG-M and
E-sm boxes were tested by EMSA and found to be unable to
bind purified SRF and MyoD-myogenin, respectively. They
were also not able to compete for the formation of the muscle-
specific multiprotein complex analyzed in the experiments re-
ported in Fig. 1 (data not shown).

MoL. CELL. BIOL.

TABLE 1. Fine mutations of the CArG and E boxes inactivate
tissue-specific activation of
the HCA promoter®

Luciferase units

Construct +SD
HCA-LUC Wild tyPe ...cocvveeeiriieieicicieieieeieeieieeeieeeeieeevennee 1,450 = 250
HCA-CArG-M-LUC... . 75%24
HCA-E-5m-LUC ...ttt 158 = 56

“ C2C12 cells were transiently transfected with 100 ng of the HCA-LUC
constructs, 50 ng of the CMV-lacZ construct, and 10 pg of the pUC19 plasmid.
Luciferase and B-galactosidase activities were determined 72 h after transfection
by using the chemiluminescent Dual-Light kit (Tropix). Luciferase units, cor-
rected for B-galacosidase activity, are indicated. Every experiment was per-
formed with triplicated samples and was repeated at least twice.

Lack of binding by Sp1 and myogenic bHLH proteins cor-
relates with the absence of the multiprotein complex and with
inactivation of the HCA promoter. The importance of the
CArG box for the activation of the cardiac a-actin promoters
(20, 23; the present study) for muscle-specific expression and
for expression in general has been extensively demonstrated
(reference 30 and references therein), and the recent finding
that SRF interacts with myogenic bHLH proteins might pro-
vide a molecular explanation for this phenomenon (11). Nev-
ertheless, our data (Fig. 1) (33) indicate that the presence of
the CArG and E boxes is insufficient for promoter activity and
complex formation. In fact, deletion or mutation of the GC box
is also deleterious for HCA promoter function and the results
shown in Fig. 2 clearly demonstrate that Spl is part of the
multiprotein complex. To further address the role of Sp1, SRF,
and the myogenic bHLH in controlling the activation of the
HCA promoter, we investigated whether formation of the mul-
tiprotein complex correlates with HCA promoter activity. The
HCA promoter constructs described in Table 1 and bearing an
individually mutated GC, CArG, or E box were employed in
both functional and DNA binding assays. Mutations of the GC,
CArG, or E box extinguish the transcriptional activity of the
HCA promoter in muscle cells (Fig. 4A). Consistent with this
observation, EMSA conducted with C2C12 nuclear extracts
indicates that the multiprotein complex is not formed when
HCA promoter probes containing a mutated GC, CArG, or E-
box are used in EMSA (Fig. 4B). Our findings strongly corre-
late proper function of the HCA promoter with the presence of
the multiprotein complex and the binding of Spl, SRF, and
myogenic bHLH proteins.

Evidence for specific protein-protein interactions: myogenic
bHLH proteins form heterodimeric complexes with Sp1 both
in vitro and in vivo. The preceding data raise the possibility
that Sp1 and the myogenic bHLH might directly interact. To
test for such protein-protein contacts, GST-myogenin immo-
bilized on agarose beads was reacted with in vitro-synthesized
Spl. As shown in Fig. 5A, GST-myogenin, but not the GST
alone, retained Sp1 (lanes 3 and 4). We proceeded to inves-
tigate whether the in vitro interaction between Spl and the
myogenic bHLH proteins could be recapitulated in the cell. To
this end, we performed a two-hybrid system assay employing
the Spl coding regions fused to the DNA binding domain of
Gal4 (Gal-Spl) and MyoD grafted to the viral activator VP16
(VP16-MyoD). C3H10T1/2 fibroblasts were transiently trans-
fected with an indicator plasmid bearing multimerized copies
of Gal4 binding sites driving expression of the luciferase gene
(UASx4-tk-LUC). As shown in Fig. 5B, cotransfection of the
Gal-Sp1 and VP16-MyoD plasmids caused a transcriptional ac-
tivation of the indicator construct that was approximately 10-
fold stronger than that provoked by the individual Gal-Sp1 or
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FIG. 4. The presence of the protein complex correlates with the HCA promoter activity in muscle cells. (A) Schematic representation of the HCA promoter
fragments used in transfection and EMSA assays. Mutations introduced in the GC, CArG, and E boxes are in lowercase letters. The relative promoter activity is
expressed as a percentage and refers to the luciferase activities generated by the different HCA constructs when transiently transfected in C2C12 cells. The numbers
in parenthesis represent standard deviations. (B) Gel retardation analysis for binding of nuclear factors from C2C12 cells with different HCA promoter fragments.
Nuclear extract from C2 myotubes was employed with radiolabeled fragment of the wild type (wt) or HCA promoter containing mutated GC box (nGC), CarG box

(CArG-M), or E box (E-sm).

VP16-MyoD plasmid and of similar magnitude to that dis-
played by Gal-E12 and VP16-MyoD. This indicates that a phys-
ical association between Sp1l and MyoD takes place within the
cell.

While strongly suggesting that the overexpressed Spl and
myogenic bHLH can interact in the cell, the two-hybrid system
experiments do not prove that endogenous Spl and myogenic
bHLH proteins are naturally associated in muscle cells. To ad-
dress this point, we performed a double immunoprecipitation
experiment with metabolically radiolabeled C2C12 myotube
nuclear extracts and antibodies directed against myogenin and
Spl (Fig. 5C). Under low-salt conditions, the Spl antiserum
immunoprecipitates a major band migrating at ~95 kDa and
several other minor bands (lane 2). The Spl antiserum failed
to immunoprecipitate the ~95-kDa band, but not the other
bands, when the reaction was blocked with the immunogen, a
peptide spanning amino acids 520 to 538 of Sp1 (lane 3). Fur-
thermore, Sp1 synthesized in vitro comigrates with the major
band precipitated by the Spl antiserum (lane 4). Altogether,
these data indicate that the ~95-kDa band represents a poly-
peptide immunologically indistinguishible from and of the same
molecular size as Spl. C2C12 nuclear extracts were sequen-
tially immunoprecipitated first with an antimyogenin antibody
in low-salt conditions and in a second, more stringent step,
with an Spl antiserum to determine whether Spl is associated
with the immunoprecipitated myogenin. Indeed, the ~95-kDa
band corresponding to bona fide Sp1 was detected according to
the sequential immunoprecipitation protocol (lane 5). Block-
ing the Spl antiserum with the immunogenic peptide (lane 6)
or substituting the myogenin antibody with a preimmune se-
rum (data not shown) prevented immunoprecipitation of the
~95-kDa band. These results indicate that the protein immu-
noprecipitated by the combination of myogenin and Sp1 anti-
bodies is Spl and provide evidence that endogenous Spl and
myogenin directly associate in C2C12 muscle cells.

A region encompassing the DNA-binding domain of Sp1 and
the HLH domain of myogenin mediate protein-protein inter-
actions. Sp1 specifically interacts with DNA regions containing
defined GC boxes to activate transcription (8). Distinct regions
of this protein have been shown to direct DNA binding and
transcriptional activation. In particular, the C-terminal 168
amino acids of Spl contain three zinc-finger structures re-
quired for binding to the GC box (13) (see Fig. 6B). Two major
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FIG. 5. Spl interact with two myogenic bHLH proteins, myogenin and
MyoD, in vitro and in vivo. (A) The GST protein (lane 3) or the GST-myogenin
(lane 4) were mixed with 10 pl of reticulocyte lysate programmed by Spl-
encoding RNA and supplemented with [**S]methionine and then processed and
resolved on a 10% denaturing polyacrylamide gel. Lane 2 shows the input
radiolabeled Spl. (B) C3H10T1/2 cells were transiently transfected with the
UASx4-tk-LUC indicator plasmid and the Gal-Sp1, Gal-E12, and VP16-MyoD
activators. To correct for transfection efficiency, the CMV-lacZ plasmid was
added to the transfection reaction. After 48 h, cells were processed and luciferase
and B-galactosidase assays were performed on an automated microtiter plate
luminometer (MLX; Dynex Technology). Bars indicate standard deviations. (C)
Nuclear extracts derived from metabolically radiolabeled C2C12 cells were in-
cubated with unblocked (lane 2) or blocked (lane 3) Spl antiserum in low-
stringency conditions. Double immunoprecipitation with a-myogenin antibody,
followed by unblocked (lane 5) or blocked (lane 6) Spl antiserum in high-
stringency conditions, with radiolabeled C2C12 nuclear extracts reveals that the
protein associated with myogenin is bona fide Sp1. Lane 4 shows radiolabeled in
vitro-synthesized Sp1.
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FIG. 6. A region of Sp1 spanning the DNA-binding domain and the HLH domain of myogenin mediate protein interactions. (A) Wild-type and different truncated
version of radiolabeled Spl were affinity purified on GST-myogenin-coated agarose beads. The right panel shows input proteins. (B) Schematic representation of the
Sp1 polypeptides employed in (A). Regions rich in serine and threonine (S/T), glutamic acid (Q), and the zinc finger motif are indicated at the top. (C) The C-terminal
168 amino acids of Sp1 fused to GST were reacted with several versions of radiolabeled myogenin. The left panel indicates the input proteins. The myogenin AN and
AC proteins were synthesized by using the myogenin DM4-79 and DM158-224 constructs described elsewhere (35). (D) Schematic representation of the myogenin

deletions employed in the experiments reported in panel C.

transactivation domains rich in serine-threonine and glutamine
residues, respectively, are located within the N-terminal 478
amino acids of Sp1 (15). To define the regions of Sp1 involved
in contacting a myogenic bHLH protein, truncated versions of
Spl lacking either the transactivation or the DNA binding
domains were employed in affinity selection with myogenin
(Fig. 6A). A total of 236 amino acids located at the C terminus
and containing the DNA binding domain of Sp1 were efficient-
ly retained on GST-myogenin-coated agarose beads (lane 3).
In contrast, the N-terminal 539 amino acids spanning both
transactivation domains of Sp1 failed to interact with GST-
myogenin (lane 4). These results indicate that the regions of
Sp1 located at the C terminus and containing the three DNA-
recognizing zinc fingers are necessary and sufficient for binding
to myogenin.

To confirm further that Sp1 interacts with myogenin and to
define the regions of myogenin involved in contacting Sp1, the
C-terminal 168 amino acids of Sp1 were fused to GST (GST-
Sp1C168) and used in affinity selection experiments with dif-
ferent truncated versions of radiolabeled myogenin. The data
reported in Fig. 6C show that GST-Sp1C168 interacts with
myogenin. Removal of the HLH domain of myogenin pre-
vented interaction with GST-Sp1C168, whereas deletions of
either the N or the C terminus had no effect, indicating that the
HLH domain of myogenin is engaged in contacting the car-
boxyl terminus of Spl.

DISCUSSION

In this study we describe the formation of a single major
DNA-binding complex on the HCA. This muscle-specific com-
plex contains myogenic bHLH, Sp1, and SRF. Their simulta-
neous presence is essential for both complex formation and
transcriptional activation of the promoter in muscle cells. In
fact, competition experiments conducted with individual DNA-
binding sites specific for the transcriptional activators indicate
that the absence of any of the three proteins (i.e., MyoD-myo-

genin, Sp1, and SRF) is incompatible with promoter occupancy
and therefore with transcriptional activation. When the HCA
promoter DNA segments bearing single site mutations were
used as a probe in EMSA experiments, we could not detect any
complexes of intermediate mobility. If any of the three tran-
scription factors binds to the HCA promoter independently or
pairwise, we would have expected to observe complexes of in-
termediate electrophoretic mobility with two rather than three
transcription factors. Thus, this protein complex appears to be
formed in an all-or-none fashion with the binding of SRF, Sp1,
and myogenic bHLH proteins to the HCA promoter being mu-
tually dependent. Our data do not exclude the likelihood that
other proteins, including E proteins, are involved in the for-
mation of the multiprotein complex. Indeed, we have assem-
bled a protein complex on the HCA promoter by using highly
purified MyoD, E12, SRF, and Spl1.

E proteins are most likely a component of multiprotein
complex observed with nuclear extracts since the majority of
endogenous MyoD is complexed with E12-E47 in muscle cell
extracts (17). Even though we have not formally demonstrated
that the multiprotein complex formed with muscle cell extract
corresponds to the complex assembled by recombinant MyoD,
E12, SRF, and Spl, they both share several properties. Both
complexes are formed in an all-or-none fashion by myogenic
bHLH, SRF, and Sp1 on the HCA promoter. Furthermore,
competition with individual DNA-binding sites for the tran-
scriptional activators engaged in the complex specifically abol-
ishes the formation of both complexes. Other transcriptional
activators and coactivators may also be present, including
MEF?2 that can interact with MyoD (16, 24) and the coactiva-
tors p300 (9) and PCAF (40), whose interactions with MyoD
are required for MyoD transcriptional activity (32). The HCA
gene product is present exclusively in differentiated myotubes
despite the fact that SRF, Spl, and MyoD are already synthe-
sized in undifferentiated myoblasts. This raises the question
of how the prevention of premature muscle gene expression is
achieved. Our study indicates that assembly of multiprotein
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complexes might be the switch for HCA activation in particular
and for muscle gene expression in general. In fact, a similar
finding has been reported for the MCK gene (26). The pres-
ence of a negative regulator of DNA binding such as Id (3) or
the absence of a hypothetical assembly factor might mechanis-
tically explain the lack of complex formation in myoblasts.

The potential involvement of protein-protein interactions in
the genesis of transcription complexes present on muscle-spe-
cific promoters was also suggested by the observation that SRF
and myogenin can interact (11). While the interaction of SRF
and myogenin might well be involved in the formation of the
multiprotein complex observed on the HCA promoter, it was
evident from previous data that additional proteins must be
involved. We now show that Sp1 interacts with the myogenic
bHLH proteins in vitro and in a mammalian two-hybrid sys-
tem. Furthermore, endogenous Spl is coimmunoprecipitat-
ed with MyoD from extracts derived from muscle cells. Phys-
ical interaction of Spl and myogenic bHLH might help to
explain the results obtained in Drosophila melanogaster-de-
rived Schneider cells, where Spl and MyoD synergistically
activated the HCA promoter (33) in the presence of endoge-
nous SRF-like molecules (28).

Our results, combined with the observation that GC and E
boxes are often juxtaposed in numerous muscle-specific en-
hancers, suggest the possibility that protein-protein interac-
tions between Spl and the myogenic bHLH play a key role in
the formation of transcriptional complexes on muscle-specific
regulatory regions. It is likely that the functional synergism and
physical interaction properties of the proteins described here
operate also for the regulation of additional muscle genes
controlled by the same set of proteins. We note that several
muscle-specific genes are positively regulated by a combination
of Spl and myogenic bHLH proteins, including the regulatory
regions of HCA (33), troponin I (19), « and & subunits of the
acetylcholine receptor (4, 37), muscle sarcoplasmic reticulum
Ca®*-ATPase gene (2), and muscle phosphofructokinase P2
(18). Our findings support the hypothesis that the regulation
operated by Sp1 and myogenic bHLH on the HCA promoter is
a general mechanism that applies to many genes expressed in
skeletal muscle cells.
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