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Tissue-specific restriction of skeletal muscle
troponin C gene expression

Reinhold Gahlmann and Larry Kedes

Institute for Genetic Medicine, Department of Biochemistry and Molecular Biology and Department of Medicine,
University of Southern California School of Medicine, Los Angeles, California

Expression of the skeletal muscle troponin C (TnC) gene is confined to fast-twitch skeletal muscle
fibers (Gahlmann et al., 1988) and appears to be subject to an unexpected form of regulation. Unlike
enhancers of other muscle genes, the TnC enhancer and basal promoter are muscle cell-specific
only when linked to each other. We identified a strong classical enhancer element within the
5"-flanking sequence of this gene at —1.5 kb and a basal promoter near the transcription start
site. Both elements are required for the transcriptional activity of TnC test constructs in myogenic
cells. When the TnC enhancer was linked to the SV40 early basal promoter, or the TnC basal pro-
moter was linked to the SV40 enhancer, each supported expression in non-muscle cells. Nuclear
factors from both muscle and non-muscle cells bind to one CTF/NF1 binding site and to two func-
tionally related MEF2-like A/T-rich binding sites in the enhancer element. It is currently unknown
whether modifications of these nuclear factors, differences in their concentrations, or their inter-
action with additional factors restrict human fast-twitch TnC expression to skeletal muscle cells.
However, it appears that the human fast-twitch skeletal troponin C gene is restricted in non-muscle
cells in a distinctive way requiring communication between its enhancer and basal promoter.

he transcriptional expression patterns of

contractile protein gene isoforms display
precise muscle-specificity as well as subtle fiber-
type restriction. Alternate genes have evolved
that are responsible for expression of highly
similar but distinctive contractile proteins ex-
pressed in only one or a few fiber types, such
as striated fast or slow skeletal muscle, atrial or
ventricular myocardium, or varieties of smooth
muscle, and at different stages of muscle devel-
opment and differentiation (reviewed in Bishop-
ric et al., 1991; Wade and Kedes, 1989). The
mechanisms that regulate the specific patterns
of expression of these genes remain elusive. The
expression of the troponin C family of genes

is a prime example of such fiber-type specificity;
furthermore, the troponin C proteins them-
selves impart clear physiologic differences to
the myofibers in which they are expressed. Ex-
pression of the human fast TnC gene is not only
muscle-specific, but the expression of cloned
test genes is restricted to only one (C2) out of
several myogenic cell lines tested, suggesting
that transcriptional mechanisms analogous to
those responsible for fiber-type specificity may
distinguish such myogenic cell lines (Gahlmann
and Kedes, 1990).

The discovery of muscle-specific transcrip-
tion activating factors (Olson, 1990; Weintraub,
1991; Yu et al., 1992) has established one likely
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mode of muscle-specific gene expression. It is
generally presumed that transcriptional regu-
lation of striated muscle genes is the result of
their activation in muscle cells. Repression
mechanisms in non-muscle cells has not been
awidely considered alternative explanation, al-
though a preliminary report (Braun et al., 1989)
suggests that there is a non-muscle repressor
interaction in the promoter of the chicken my-
osin light chain 2-A gene.

Many regulatory elements of muscle genes
are known to bind nuclear proteins (Bishopric
et al.,, 1991; Rosenthal, 1989; Wade et al., 1989).
Mutations within such sequences have been
shown to eliminate or dramatically reduce both
the activity of the gene and the binding of one
or more nuclear factors to the mutated acti-
vator element (Buskin and Hauschka, 1989; Las-
sar et al., 1989; Sartorelli et al., 1990). Thus it
seems likely that the concentration of such fac-
tors represents the rate-limiting step of gene
activation. There are also examples of seemingly
ubiquitous factors that may become activated
in certain tissues, or whose access to regulatory
DNA elements may be restricted in a tissue-
specific fashion. Such mechanisms seem not to
control tissue-specificity of muscle genes but
may contribute to their expression level (Rosen-
thal, 1989). Several transcription factors that
can bind to regulatory elements have been
identified, but only a few of them seem to be
muscle-specific. One group of key players of
muscle-specific gene expression is the family
of helix-loop-helix transcription factors, includ-
ing MyoD, myogenin, Myf5, and MRF4, all of
which, if expressed, have the potential to con-
vert undetermined non-muscle cells into myo-
genic cells (reviewed in Olson, 1990; Weintraub,
1991). In addition, MEF-2, whose expression is
induced by MyoD (Cserjesi and Olson, 1991;
Lassar et al., 1991), is a muscle-enriched tran-
scription factor that can also regulate muscle-
specific gene expression (Gossett et al., 1989;
Yu et al., 1992). Repressor activities seem to re-
strict the capacity of MyoD or its homologues
to induce biochemical differentiation in certain
non-muscle (e.g., liver) cells (Schafer et al., 1990).
The MyoD family of factors activates its own
expression and the expression of other mem-
bers of this family, and of many muscle-specific
genes, e.g., genes encoding muscle creatine ki-
nase (MCK; Lassar et al., 1989), myosin light
chain 1/3 (MLC1/3; Wentworth et al., 1991), and
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cardiac a-actin (Sartorelli et al., 1990). But there
are also examples of muscle genes that seem
not to be controlled directly by MyoD-like fac-
tors (Rosenthal, 1989), e.g., the chicken cardiac
troponin T gene (Mar and Ordahl, 1988).

We have previously tested the expression of
a human fast troponin C (HFTnC) hybrid gene
in several myogenic and non-myogenic cell lines.
The construct containing approximately 6.2 kbp
of 5'flanking sequence linked to a CAT reporter
gene (Fig. 1) revealed differential, high-level,
muscle-specific expression in C2 cells (Gahl-
mann and Kedes, 1990). We now report that
HFTnC gene expression is controlled by an un-
expected mode of regulation. The major reg-
ulatory elements of the HFTnC gene are capable
of being activated in both muscle and non-
muscle cells. In non-muscle cells, however, an
additional and novel mechanism appears to sup-
press expression through communication be-
tween its enhancer and promoter.

Materials and methods

Plasmid construction and CAT assays

Construct pHFTnC6200CAT contains 6.2 kbp
upstream of the transcriptional start site and
59 bp of the 5" untranslated region of the hu-
man fast troponin C gene cloned in front of
the reporter CAT gene and has been described
previously (Gahlmann et al., 1990). The num-
ber following the HFInC designation in this
construct and 5’ deletion constructs thereof in-
dicates the number of nucleotides 5’ to the ini-
tiation of transcription. The internal deletion
constructs pHFTnC6200(A —4700/-1289)CAT
and pHFTnC6200(A - 4700/ + 58)CAT were cre-
ated by first digesting pHFTnC6200CAT with
SacI or BstEIL respectively. A Bgl I linker was
ligated to the blunt end DNA, and the DNA was
digested with Bgl II and recircularized.

For the 5’ deletion series, a deletion construct
pHFTnC4700CAT was generated in which the
distal 5'-flanking sequence between —6200 and
—-4700 (EcoR I-Bgl II fragment) was replaced
by an adapter element that restored these two
sites and generated three new unique sites in
the order: EcoR I-Xba I-Kpn I-Sal I-Bgl II. pHF Tn
C4700CAT DNA was double-digested with re-
striction endonucleases Bgl IT and Kpn I, and
one-directional deletion clones were generated
using the Exo III Erase-a-Base System (Promega).
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Figure 1. Schematic maps of
human fast skeletal troponin
C promoter constructs that
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constructs tested for enhancer activity. The sequence element —1625/—1501 was cloned into the Bgl II site, located
upstream of the SV40 basal promoter in the plasmid pCAT-Promoter (Promega), as indicated. Inserts were posi-

tioned in sense (S) or anti-sense (A) orientation.

The length of TnC 5-flanking sequences con-
tained in individual constructs was determined
by restriction endonuclease mapping. Deletion
end points of all clones between —2100 and
—1500 were determined more precisely by nu-
cleotide sequencing, and the numbers indicate
the position of the most distal nucleotide pres-
ent in a particular clone.

The construct pURE-B6 was generated by first
digesting pHFTnC1625CAT DNA with restric-

tion endonuclease Bsm I, which cleaves the
insert (at promoter position —1501) and the vec-
tor. The overhanging ends were filled, a Bgl II
linker was added, and the construct was re-
circularized. The resulting clone pURE-B6
contains the EcoR I-Bgl II fragment (essentially
equivalent to probe 3 shown in Figure 5) inserted
into pBR322 vector sequences from map unit
4361 (EcoR Isite) to 1353 (Bsm I site, converted
to a Bgl II site).



14

The internal deletion clones pHFTnC1625S
(A-1500/-193)CAT and pHFInC1625S (A -1500/
—22)CAT were generated by digesting clone
pHFInC1625CAT with restriction endonucleases
Stu I or Smal, respectively. A Bgl II linker was
added, and the DNA was digested with restric-
tion endonucleases Bgl Il and Xbal. The Xba I-
Bgl II fragment depicted in Figure 5 was isolated
from plasmid pURE-B6 and cloned in the sense
orientation upstream of the basal promoter
sequences, as indicated in Figure 1A. Clone
pHFTnC1625A(A - 1500/-193)CAT contains the
upstream element (—-1625/-1501) flanked by
Bgl Il sites in the antisense orientation. These
clones are also referred to as pURE192CAT(S)
and pURE192CAT(A), as shown in Figure 1C.

Construct pSV40E(S)-HFTnC192CAT con-
tains the SV40 enhancer flanked by Bgl II sites
upstream of the basal fast TnC promoter (Fig.
1B). The enhancer region was cloned from the
pCAT-Control Vector (Promega) by polymerase
chain reaction amplification of bp 2243-2479
within this plasmid using flanking primers that
added Bgl II sites immediately adjacent to the
SV40 enhancer region. The inserts within this
clone were sequenced to ascertain that no point
mutations had been introduced during cloning.

Constructs of the pCP-Bgl series (Fig. 1C) were
generated by cloning fragment B6 (-1625/
—1501) from the fast TnC 5'-flanking sequence,
as indicated in Figure 1, into the Bgl II site of
pCAT-Promoter (Promega), upstream of the test
gene. The flanking restriction sites of the in-
serted fragment were modified by filling in and
addition of Bgl II linkers.

Plasmids were prepared and purified over
three consecutive CsCl gradients. Purity and su-
percoiling of plasmids were tested and com-
pared on agarose gels. Only highly purified, su-
percoiled plasmid preparations were used for
transfection experiments. Transfection assays
were carried out at least in duplicate and gen-
erally with multiple plasmid preparations. Inter-
nal controls were avoided, since we and others
have detected competition between control con-
structs and test constructs when the B-actin
(Muscat et al., 1988), SV40 (Muscat et al., 1988),
or RSV promoter (Mar et al., 1988) was used
as an internal control for such assays.

Expression was tested in differentiated C2
cells (Yaffe and Saxel, 1977) after transfection
of high confluency myoblasts. The medium was
changed to low serum fusion medium 16-24
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hours after transfection. Fusion was clearly vis-
ible after 24 hours in fusion medium, and cells
were harvested 24 hours later. CAT assays were
performed essentially as described by Gorman
et al. (1982), and representative results were
quantified by scintillation counting of thin-layer
chromatography plates or with the AMBIS Dual
Radioanalytic Imaging System.

Preparation of nuclear protein extracts

C2,HelLa, and L8 cells were grown as described
before (Gahlmann and Kedes, 1990). Nuclear
extracts were prepared from 100% confluent
HeLa monolayers and from L8 and C2 myoblasts
at80-100% confluency, as described by Dignam
etal. (1983) with some modifications. Cells were
washed twice with PBS and scraped off the plates
in 1 mM EDTA (ethylene-diamine-tetra acetic
acid). Cells were washed in PBS and resus-
pended in cold buffer A containing 10 mM
Hepes (N-2-hydroxyethylpiperazine-N'-2-ethane
sulfonic acid, pH 79), 1.5 mM MgCls, 10 mM
KCl, 1.0 mM DTT (dithiothreitol), 1.0 mM phen-
ylmethylsulfonyl fluoride (PMSF), 2 pg/ml leu-
peptin, and 2 pg/ml aprotinin. The cells were
left on ice for 10 minutes, pelleted, and lysed
in buffer A in a Dounce homogenizer. Nuclei
were washed in buffer A, pelleted, and resus-
pended in 4-5 original cell volumes of 20 mM
Hepes (pH 79), 10% sucrose, 0.45 M NaCl,
1.5 mM MgCls, 0.2 mM EDTA, 20% glycerol,
1 mM DTT, 1 mM PMSEF. Nuclei were left on ice
for 60 minutes and then centrifuged for 15 min-
utes at 15000 rpm at 0 °C in a JA-20 rotor (Beck-
man). The supernatant was dialyzed against
buffer C (20 mM Hepes, pH 7.9, 20% glycerol,
100 mM KCl, 0.2 mM EDTA, 1.5 mM MgCl,,
1 mM DTT, 1 mM PMSE, 3 pug/ml aprotinin,
3 pg/ml leupeptin.

Gel mobility shift assays

Clone pURE-B6, containing sequences from
—1625 to —1501 bp flanked by EcoR I/Xba I
and Bgl II linker/adapter sequences, was used
to generate probes for the gel shift analysis. End-
labeled probes for gel shift analysis were gen-
erated by digestion of pURE-B6 DNA with re-
striction endonucleases Xba I, Stu I, or Bgl II,
which cut at one site. Sty I was also used to gen-
erate fragment 7A, depicted in Figure 12. One
Sty I site is internal, and a second is located in
the vector sequence adjacent to the Bgl II site.
All fragments were labeled with T4 polynucle-
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otide kinase and [y-3?P]ATP and then gel pu-
rified. For footprinting analysis and some gel
shift experiments, labeled fragments were
cleaved by a second endonuclease before puri-
fication.

Oligonucleotides used as probes or compet-
itor DNAs were synthesized on an Applied Bio-
systems 380A DNA synthesizer and gel purified.
For use as competitors, complementary strands
were mixed in 100 mM NaCl, 10 mM Tris-HCI
(pH 7.5), 1 mM EDTA, heated to 90°C for 5 min-
utes, and slowly cooled to room temperature.
For use as probes, oligonucleotide single strands
were labeled with [y-32P]JATP by T4-polynucleo-
tide kinase. Annealed, radiolabeled oligonucleo-
tide pairs were gel purified to remove unincor-
porated label and unpaired single-strand DNA.

Pilot experiments indicated that similar mo-
bility shift patterns were obtained whether sal-
mon sperm DNA, pUC18, or poly(dI-dC) was used
as a non-specific competitor (data not shown).
Accordingly, salmon sperm DNA was used as
non-specific competitor in all experiments
presented in this report, since it generated the
cleanest results. The optimal protein concen-
tration for gel shift assays was determined em-
pirically for each nuclear extract. Analytical
binding reaction mixtures (25 pl) contained
3 ng of sonicated salmon sperm DNA as non-
specific competitor, 2-10 pg of crude nuclear
extract, and 0.2-5 ng of labeled probe. The bind-
ing buffer consisted of 20 mM Hepes (pH 7.9),
20% glycerol, 100 mM KCl, 0.2 mM EDTA, 1.5
mM MgCls, 1 mM DTT, and 1 mM PMSE. In
some cases specific competitor DNAs were in-
cluded. After incubation at room temperature
for 15 minutes, the reaction mixtures were
loaded onto 5% or 6% (19:1) polyacrylamide-
bisacrylamide gels and electrophoretically sep-
arated in 45 mM Tris base, 45 mM boric acid,
1 mM EDTA until the bromophenol blue dye had
migrated 10-20 cm. Gels had been run for 1-2
hours at 100-200 V before use. The gels were
fixed after electrophoresis in 10% acetic acid,
dried, and autoradiographed.

Gel shift assays were scaled up for methyl-
ation interference footprinting analysis. In this
case, the probe DNAs were partially methylated
with dimethylsulfate (Maxam and Gilbert, 1980)
before complex formation. After electrophore-
sis, complexed and free DNA was localized in
gels, eluted, and purified over Elutip cartridges
(Schleicher & Schuell), ethanol-precipitated, and

cleaved in 100 pl of 20 mM ammonium acetate,
0.1 mM EDTA (pH 7.0) for 15 minutes at 90°C.
Ten pl of 10 M piperidine was added, and the
incubation was continued for an additional 30
minutes at 90°C, resulting in cleavage at meth-
ylated adenine and guanidine residues (Maxam
et al., 1980). The DNAs were separated on 8%
polyacrylamide urea sequencing gels, as de-
scribed by Maxam et al. (1980).

Results

Location of HFTnC enhancer and basal
promoter elements

We first identified an upstream regulatory ele-
ment (URE) located between bp —1625 and
—1500 upstream of the transcriptional start site
by 5’ deletion analysis using transfected CAT
reporter constructs (Fig. 2A). This URE is
sufficient to support a level of activity in C2 myo-
tubes indistinguishable from the expression of
constructs bearing the entire 6.2 kb of 5'flanking
sequences. In addition to the constructs shown
in Figure 2A, constructs with 5’ termini at — 6200,
-4700, —3500, —3300, —3150, —2950, —2350,
and -2100 gave the same level of CAT activity
(not shown). Furthermore, the URE is essential
for high-level expression of the test gene in
the C2 cell line: deletion of the URE renders
the reporter gene inactive. We tested the URE
with a heterologous SV40 basal promoter (pURE/
SVPCAT constructs; Fig. 1) and demonstrated
that it supports high-level expression both up-
stream (Fig. 2B, lanes S and A), or downstream
(not shown) from the transcription start site and
thus has the features of a classical enhancer.
Surprisingly, the URE proved to be a strong clas-
sical enhancer both in HeLa cells and in C2 cells
and is therefore not muscle-specific (Fig. 2B).
We assumed that a different element within the
test constructs was responsible for the muscle-
specificity of the HFTnC gene. The enhancer-
less SV40 promoter was inactive (Lane P).

To locate such an element, we linked the
HFTInC URE enhancer in either orientation to
its own basal promoter from —-192 to +59, and
tested expression in both muscle and non-
muscle cells. These strongly expressing con-
structs (pPURE-192CAT) manifest muscle cell-
specific expression and are inactive in HelLa
cells (Fig. 3). Sequences between —192 and —22
are required for the expression of the gene, since
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Figure 2. Transcriptional activity of upstream regions
of the human fast skeletal TnC gene. A. A series of
5'deletion clones was tested for transcriptional activity
in C2 cell myotubes. The constructs were generated from
clone pHFTNC6200CAT (Gahlmann et al., 1990). The
numbers correspond to the number of base pairs up-
stream of the transcriptional start site (+1) present in
each construct. We determined the exact length of the
5'flanking sequences encompassed in each clone by nu-
cleotide sequencing. Plasmids pSV2CAT (Gorman et al.,
1982) and pHCA485CAT (Minty et al., 1986; Minty and
Kedes, 1986) served as positive controls. The transfec-
tion procedures used have been described before (Gahl-
mann et al, 1990). In other experiments pHFTNC
- 1763CAT expressed at levels equivalent to the longer
constructs. B. The URE element -1625 to -1501 was
cloned into pCAT-Promoter (Promega), an enhancerless
basal SV40 promoter CAT construct, upstream (Bgl 1l
site) of the CAT gene in sense (S) and anti-sense (A) orien-
tation (see Fig. 1C). Independently isolated clones were
tested in transient transfection assays. Representative
results were quantified by scintillation counting of thin-
layer chromatography plates or with an AMBIS Dual
Radioanalytic Imaging System. Quantification of mul-
tiple transfections normalized to pCAT-Control (C =
100%) are presented (standard deviation in brackets).
P = pCAT-Promoter.
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Figure 3. The combination of the HFTnC enhancer and
promoter is muscle-specific. CAT activity was tested in
C2 and HeLa cells of internal HFTnC deletion constructs
PHFTNCE-192CAT(S), PHFTNCE-192CAT(A), and
pHFTNCE-21CAT(S); See construct maps in Figure 1.
Construct pSV2CAT with both SV40 enhancer and pro-
moter served as positive control. Multiple transfections
were quantified, and means and standard deviations
(in brackets) normalized to pSV2CAT (= 100%) are
presented.

a construct in which the URE is linked to the
HFTnC promoter at -21 (pURE-21CAT) loses
essentially all activity (Fig. 3). Thus, we focused
our attention on the basal promoter element
of the HFTNC gene as the likely location of se-
quences that may control muscle-restricted ex-
pression. We were again surprised to find that
when this promoter region (from -192 to +59)
was linked to a heterologous SV40 enhancer,
high-level expression of the hybrid gene (pSVE-
HFTnC192CAT) is observed in HeLa cells, as
well as in C2 cells (Fig. 4). Thus, the HFTnC basal
promoter element in conjunction with a strong,
ubiquitously active viral enhancer cannot re-
strict expression to muscle. However, in its
normal setting, linked to its own enhancer, ex-
pression isboth strong and muscle-specific. Con-
versely, the HFTnC enhancer can restrict ex-
pression of the TnC gene to muscle cells only
if linked to its own promoter. Thus, both the
HFTnC enhancer and basal promoter—which
are not muscle-specific by themselves —have to
be linked to each other in order to manifest
muscle-specific expression.
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Figure 4. The HFTnC basal promoter supports high-
level transcription in muscle and non-muscle cells when
linked to a heterologous enhancer. CAT activity in C2
cells (myotubes) and HeLa cells of construct pSVE(S)/
HFTNC-192CAT (see Fig. 1) were compared to pHFTnC
1625CAT and pSV2CAT (= 100%).

Nuclear factors bind to the enhancer element

Gel mobility shift assays allowed us to test
whether nuclear factors that may be involved
in the transcriptional enhancement of the
HFTnC gene bind to the URE. A fragment com-
prising this sequence flanked by Xba I and
Bgl Il linkers (Fig. 5, probe 3) and various sub-
fragments thereofwere tested for protein bind-
ing using nuclear extracts prepared from C2
myoblasts that express the test construct and
from HelLa and L8 cells in which the test gene
is not expressed (Gahlmann and Kedes, 1990).
The results of a typical experiment are shown
in Figure 5. When probe 3 was used in mobility
shift assays, two complexes of different mobil-
ities were detected (arrows atright side of Fig. 5).
A strong signal corresponding to a faster mi-
grating complex (B2) and a less abundant sec-
ond complex of slower mobility (Bl) were vis-
ible with extracts from all three cell lines. The
B2 complexes formed by HeL a cell extracts are
more heterogeneous than the complexes formed
by C2 or L8 cell nuclear extracts. The Bl com-
plexes are more abundant relative to B2 com-
plexes in C2 cells than in HelLa or L8 cells.
We localized the protein binding sites by
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Figure 5. Two DNA-protein complexes form with the
enhancer element. Different fragments containing se-
guences from the HFTnC promoter between -1625 and
-1501 were used as probes in gel shift assays. Individ-
ual fragments were labeled either at the internal Stu |
or Sty I sites or at the flanking Bgl Il or Xba I linker
sites, as described in Material and Methods. Nuclear
extracts from C2, HeLa, and L8 cells were tested for
complex formation. Three XJ of sonicated salmon
sperm DNA was used as nonspecific competitor DNA.
Two complexes that were formed with the full-length
probe were designated bands 1 and 2 (Bl and B2).
The nucleotide sequence of this region is presented
in Figure 6.

testing convenient subfragments of probe 3.
Probe 1A gave rise only to the Bl complex,
and probe IB gave rise only to the B2 complex,
while probe 2 formed both complexes. Thus,
it is likely that several protein-DNA complexes
are formed at separate segments of the en-
hancer element.

Three sites of protein-DNA interaction in the
enhancer

We used a series of methylation interference
footprint analyses and gel mobility shift com-
petition assays to define three sites of DNA-
protein interaction on the enhancer. For refer-
ence, the DNA sequence ofthe enhancer element
(-1625 to -1500) is presented in Figure 6, and
the location of the three sites of interaction with
nuclear proteins are indicated as stippled re-
gions. In summary, one of the sites appears to
be a binding site for the well-described family
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Figure 6. Nucleotide sequence of the human fast skeletal troponin C upstream enhancer. The region between -1625
and -1501 is presented. Internal restriction sites used to map binding sites for nuclear factors and sites in flanking
linker/adapter sequences are indicated. The binding site for nuclear factor CTF/NF1 and two A/T-rich binding sites
for related or identical nuclear factors are designated by hatched boxes, and the results of methylation interference
footprinting experiments are represented by filled and open circles (see Fig. 7A and B). PABS: proximal A/T-rich
binding site. DABS: distal A/T-rich binding site. Experiments defining the three binding sites are described in the text.

of transcription factors CTF/NF1 (Jones et al.,
1987; Rupp and Sippel, 1987; Santoro et al.,
1988) and isresponsible for the B2 band in the
mobility shift experiment shown in Figure 5.
Two other sites appear to interact with the same
protein(s) and share an A/T core flanked by a
5' cytosine and a 3' guanine. We have referred
to these two elements as the distal and proxi-
mal A/T-rich binding sequences (DABS and
PABS, respectively). Nuclear protein-DNA com-
plexes with either the DABS or PABS sites ap-
pear to be responsible for the B1 mobility shift
complex (Fig. 5).

Identification of a CTF/NF1 interaction site

We used methylation interference footprinting
to map the binding sites of nuclear proteins
from C2 cells on the upstream regulatory ele-
ment. End-labeled probes IB and 2 (Fig. 5) were
used to identify binding sites on the top and
bottom strands of the higher mobility complex,
B2 (Fig. 7A). Nine guanidine residues were iden-
tified in the probe that, if methylated, seemed
to abolish or reduce protein binding. This se-
quence (bottom ofFig. 7A) is very similar to the
consensus sequence TGGCANNNTGCCA orig-
inally described by Sippel and co-workers as the
target for the TGGCA-binding protein (Borg-
meyer et al., 1984). The similar consensus se-
quence TGG(A/C)NNNNNGCCAA was described
for CTF/NF1 isolated from HelLa cells (Jones
et al., 1987). There is now strong evidence that
these two nuclear factors are members of the
family of CTF/NF1 proteins (Jones et al., 1987;
Rupp et al., 1987; Santoro et al., 1988).

A competition assay supports the notion that
the high mobility complex B2 contains nuclear
factor CTF/NF1 bound to this sequence. We used
a series ofoligonucleotide double strands (Figs.
8 and 9) that embodied either functional or mu-
tated binding sites for nuclear factor CTF/NF1.
We previously demonstrated that purified
CTF/NF1 protein specifically binds to oligonu-

cleotides G7 and G9, which contain an intact
binding site for this factor (Gustafson and Kedes,
1989). Oligonucleotide pairs G10 and Gil carry
mutations that prevent binding of purified
CTF/NF1, and oligonucleotide G3 carries no
CTFINF1 site.

We used these oligonucleotides to compete
for binding of nuclear proteins to the -1625/
-1501 DNA fragment (Fig. 5, probe 3). As shown
in Figure 9, oligonucleotides that include a
functional CTF/NF1 binding site (G7 and G9)
competed for the formation of the B2 complex
(lanes 3 and 4), while oligonucleotides contain-
ing a mutated CTF/NF1 binding site (G10 and
Gil; lanes 5 and 6) or no CTF/NF1 binding site
(G3; lane 2) did not compete for binding. This
result strongly suggests that there is a functional
CTF/NF1 binding site in the enhancer of HFTNnC,
and that the B2 complex represents the bind-
ing of members of the CTF/NF1 family to that
site. We noticed no significant change of signal
intensity for complex B1 when any of these oli-
gonucleotides was used as a competitor.

Identification of an A/T-rich nuclear protein
binding site

The specific bases that interact with nuclear pro-
teins to form complex Bl were identified by
methylation interference analysis using probe
1A (Fig. 5) labeled at either the Stu I (top strand)
or the Bgl Il site (bottom strand). Methylation
of one guanidine residue in each strand (at
bases -1534 and -1543) seemed to reduce
greatly, but not abolish, complex formation (Fig.
7B). These residues are part of the palindromic
sequence CTATATATAG. The two contact sites
defined by our footprinting analysis are marked
at the bottom of Figure 7B and in Figure 6.
We analyzed the specificity and sequence re-
quirements of the PABS-protein complex by
gel mobility shift assays in the presence of var-
ious competitor DNAs. The complex formed
with the PABS on probe 1A was inhibited by
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Figure 7. Methylation interference footprinting of B1 and B2 protein complexes. A. Complex B2 was footprinted

using probe 2 labeled at the Xba I site (top strand) and probe IB labeled at the Stu I site (bottom strand). Differences
in the sequencing ladder for free probe (F) and bound probe (B) corresponding to nucleotides whose methylation
interfered with complex formation are indicated by arrows and are marked by circles in the sequence. Stronger
and weaker interferences are distinguished by arrows without and with brackets and by filled and open circles,
respectively. B. Complex B1 was footprinted using probe 1A labeled at the Stu I site (top strand) or Bgl Il site
(bottom strand). The sequencing ladder derived from gel-eluted free probe (F) and bound probe (B) are compared.
Differences in the sequencing patterns are indicated by arrows. Methylation interference in the target DNA sequence

is indicated at the bottom of the figure.

itself (Fig. 10, lanes 2, 3, and 4) and by a double-
stranded 34-base oligonucleotide PABS-WT1
(Fig. 10, lane 5) that encompasses the PABS se-
quence (Fig. 8). A synthetic double-stranded oli-
gonucleotide, PABS-M1 (Fig. 8), in which the
two G/C pairs were changed to T/A pairs, com-
peted as well as the wild-type oligonucleotide
PABS-WT1 (Fig. 10, lane 6) and was able to form
B1 complexes (see below and Fig. 12). Oligonu-
cleotide CI (Fig. 8), containing human cardiac
a-actin sequences from —118/—92, including
CArG box 1 (Gustafson and Kedes, 1989), did not
compete (Fig. 10, lane 7). CArG boxes were orig-
inally defined by Minty and Kedes (1986) as en-
compassing the decamer CC(A or T)eGG, and
it has been shown that the core A/T-rich element
and all four flanking G/C pairs are required for

the element’sability to enhance transcriptional
activity of human a-actin genes (Gustafson et
al., 1988; Miwa et al., 1987; Phan-Dinh-Tuy et al.,
1988). Our results suggest that whereas meth-
ylation of either of the cytosines in the flanking
C/G pairs of the palindromic PABS interferes
somewhat with complex formation (Fig. 7B),
these bases are not essential for B1 complex for-
mation in vitro (Fig. 12). In addition, the ex-
periment confirmed that CArG boxes and the
PABS sequence are not functionally related. Fur-
thermore, since the distinct A/T-rich segment
of 6 bp presentin the CArG box of the Cl frag-
ment does not compete for B1 formation, it is
likely that the sequences of the A/T-rich core
segment of PABS, rather than just its A/T-
richness, contribute to the specificity of com-
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-1554 -1522
PABS-WTL: CTTGGGAATGTCTATATATAGGGGAAGGGGGCAT
CCTTACAGATATATATCCCCTTCCCCCGTAGATC
PABS-M1: CTTGGGAATGTATATATATATGGGAAGGGGGCAT
CCTTACAXATATATATQCCCTTCCCCCGTAGATC
PABS-M2: CTTGGGAATGTCTACCGGTAGGGGAAGGGGGCAT
CCTTACAGATGGCCATCCCCTTCCCCCGTAGATC
AAAA
-1562 | -1529
PABS-WT2: GAGCTTTCCTTGGGAATGTCTATATATAGGGGAA
CTCGAAAGGAACCCTTACAGATATATATCCCCTT
-1598 | -1566
DABS-WT. TGGGGGAGGCCTTATTTAGCTTGGCCCAGCCCT
ACCCCCTCCGGAATAAATCGAACCGGGTCGGGA
DABS-M1! TGGGGGAGGCCTTCCGGAGCTTGGCCCAGCCCT
ACCCCCTCCGGAAGGCCTCGAACCGGGTCGGGA
AAAA
G3: AATTCACCAGAAAGGGGGAGGGGTGGGCTGGCGA
GTGGTCTTTCCCCCTCCCCACCCGACCGCTCTAG
G7: AATTCCCCTCAGCAGAGGGCAGGGCGCCAAGCCTTA
GGGGAGTCGTCTCCCGTCCCGCGGTTCGGAATCTAG
c1: AATTCGAAGGGGACCAAATAAGGCAAGGTGGA

GCTTCCCCTGGTTTATTCCGTTCCACCTCTAG

Figure 8. Oligonucleotide pairs employed as probes or
as competitor DNAs in gel mobility shift experiments.
Sequences that correspond to HFTnC sequence elements
are underlined. Base changes in mutant oligonucleo-
tides of proximal and distal A/T-rich binding sites (PABS-
MI, PABS-M2, DABS-M1) relative to the wild-type oli-
gonucleotide pairs (PABS-WT1, DABS-WT) are marked
by arrowheads. Oligonucleotides G3, G7, and Cl con-
tain human cardiac a-actin 5'flanking sequences -316/
-290, -430/-400, and -118/-92, respectively (Gustaf-
son and Kedes, 1989).

plex formation. As described below, mutations
in this A/T core prevent B1 complex formation
(see Fig. 12).

A distal A/T-rich site appears to form a
complex with the same nuclear factor

Since the DNA segment in probe 2 (Fig. 5) does
not embody the PABS sequence, but does give
rise to a complex with identical mobility to
Bl, we suspected the presence of an additional
site in the enhancer that might be forming a
DNA-protein complex with the same nuclear
factor. Indeed, the sequence overlapping the
Stu | site contains an A/T-rich nonamer flanked
by G/C pairs, CTTATTTAG, and represents area-
sonable candidate for a putative PABS-related
sequence. The overlap of this putative site with
the Stu I restriction site (see Fig. 5 bottom) might
also explain why no footprint was detectable

Gahlmann and Kedes

FG9 GlIO™*

AGAGGGCAGGGCGCCAA
TCTCCCGTCCCGCGGTT u
L] am

Figure 9. The HFTnC enhancer binds nuclear factor
CTF/NF1. C2 cell nuclear extract was incubated with
probe 3 (see Fig. 5) in the presence of 3 ng of sonicated
salmon sperm DNA and 300 ng of the following com-
petitor oligonucleotide pairs: Lane 1, no competitor;
lane 2, G3 (see Fig. 8); lane 3, G7 (see Fig. 8); lane 4,
G9 (= double point mutant of G7); lane 5, G10 (= double
point mutant of G7); lane 6, Gil (= quadruple point
mutant of G7); lane 7, no competitor. The oligonucleo-
tides used as competitors carry an intact (+) or mutated
(-) CTF/NF1 binding sites: G3, no CTF/NF1 site; G7,
CTF/NF1(+); G9, CTF/NF1(+); G10, CTF/NF1(-); Gil,
CTF/NF1(-). The binding characteristics of these oli-
gonucleotide pairs were defined previously (Gustafson
and Kedes, 1989; T. Gustafson and L. Kedes, unpublished
results).

between the Stu | and Sty | sites when probe
1A was used, and why no low mobility complex
was observed with probe IB, which terminates
at the Stu I site, or with a Stu /Sty | subfrag-
ment (not shown).

We tested the ability of C2 cell nuclear ex-
tracts to interact with this putative distal A/T-
rich binding site (DABS) contained in a BstN |-
Sty | fragment (see Fig. 11). As indicated from
the data presented in Figure 11, this fragment,
designated 7B, forms a nuclear protein-DNA
complex that is specifically inhibited by itself
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Figure 10. Sequence-specificity of PABS-protein com-
plex formation. Probe 1A (lanes 1-7) or probe IB (lanes
8 and 9) as depicted in Figure 5 was mixed with nuclear
extracts from C2 cells and incubated with 3 ng of son-
icated salmon sperm DNA in the presence of the fol-
lowing competitor DNAs: lane 1. no competitor; lanes
2, 3, 4: 10, 100-, and 1000-fold excess, respectively, of
unlabeled fragment 1A (self-competition); lane 5: PABS-
WT1 (200 ng; approximately 3000-fold excess); lane 6:
PABS-M1 (200 ng; approximately 3000-fold excess);
lane 7: oligonucleotide CI (300 ng; approximately 4500-
fold excess), which comprises nucleotides -118 to -92
of the human cardiac a-actin promoter, including CArG
box 1 (Gustafson and Kedes, 1989); lane 8: unlabeled
fragment IB, 250-fold excess (self competition); lane 9:
no competitor DNA.

and three PABS binding fragments but not by
a synthetic oligonucleotides carrying a mutation
in the A/T-rich core of either the PABS or DABS
binding site. These mutant double-stranded oli-
gonucleotides, PABS-M2 and DABS-M1, were
constructed by replacing four A/T pairs in the
core by four G/C pairs (CCGG,; see Fig. 8). Taken
together, these results suggest that both the
DABS and PABS bind the same nuclear factor(s),
which requires an intact but degenerate A/T-
rich core in its target DNA for binding.

The relative affinities of the DABS and PABS
sites for nuclear factors were assessed in a series
of competition experiments. Probe 7A encom-
passing PABS was incubated with C2 cell nu-
clear extracts in the presence of either 30 ng
or 300 ng of various competitor duplex oligo-
nucleotides. Three oligonucleotide competitors,
PABS-WT1, PABS-WT2 and DABS-WT, had no
mutations in their binding sites. Oligonucleo-
tide PABS-M1 had changes in the G/C-flanking
bases of the PABS sequence, while oligonucleo-
tide PABS-M2 had four adjacent bases altered
in its A/T-rich core. All these oligonucleotide
sequences are presented in Figure 8 As seen
in Figure 12, and as expected, all competitor
DNAs except PABS-M2 competed. PABS-WT1
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Xbal Bs,NI Stul Sti/l Bglll
| | |

Probe 7B

Figure 11. Gel shift analysis demonstrating that the A/T-
rich element in both PABS and DABS are critical for
complex formation. Probe 7B (BstN I-Sty | fragment)
was incubated with C2 cell nuclear extract in the pres-
ence of 400 ng of competitor DNA in each lane, as in-
dicated. The sequences of competitor oligonucleotide
pairs used in this experiment are presented in Figure 8.

and PABS-WT2 competed the most efficiently.
PABS-M1 was less efficient as a competitor at
lower concentration (30 ng), indicating that mu-
tations in flanking G/C pairs of PABS have a
mild but noticeable effect on the binding affinity.
DABS-WT was least effective as a competitor,
showing that DABS has weaker nuclear factor
binding affinity than PABS. These results cor-
relate with the results of the initial gel shift
analysis (Fig. 5), in which B1 formation was sig-
nificantly lower with probe 2.

The PABS-binding protein does not appear to
be cell type-specific

We compared nuclear extracts from C2 myo-
blasts, L8, and HeLa cells to test for differences
in the ability to form PABS-protein complexes
of cell lines that express HFTnC constructs (C2)
versus cell lines that do not express HFTnC con-
structs, such as L8 and HelLa (Fig. 4; Gahlmann
and Kedes, 1990). Two wild-type PABS sequences
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Competitors

30 ng - + + - + - + - +

300 ng - - * - .

Figure 12. Comparison of binding affinities of DABS
and PABS wild-type and mutant oligonucleotide pairs
to nuclear factors in complex Bl. The formation of
DNA-protein complex Bl by proximal A/T-rich bind-
ing site (PABS) contained in DNA fragment 7A and C2
cell nuclear extracts was competed for with different
concentrations of oligonucleotide pairs, as indicated.

(PABS-WT1 and PABS-WT2) and two PABS-
mutant sequences (PABS-M1 and PABS-M2; see
Fig. 8) were used. The result is shown in Figure
13. Both PABS-WT1 and PABS-WT2, as well as
PABS-M1, gave rise to Bl complexes in gel shift
assays, while PABS-M2 did not reveal complex
formation with any of the nuclear extracts
tested. Bl complex patterns with the set of four
oligonucleotides were indistinguishable for each
cell line. Thus, this assay gives us no indication
(but does not exclude the possibility) of cell line-
specific differences between PABS-binding nu-
clear factors in HFTnC expressing and non-
expressing cell lines. However, the PABS-binding
activity is consistently enriched in C2 cells (also
see Fig. 5) compared to HelLa and L8 cells.

Discussion

The data presented here suggest that the muscle-
specific transcription of the HTnCf gene does
not easily conform to the usual paradigm of
muscle-specific gene expression. Muscle genes
described to date contain muscle-specific reg-
ulatory elements, either enhancers or com-
pound promoters, that confer muscle-specificity
to heterologous test genes. For example, muscle-
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Extract: c2 Hela L8

Figure 13. Comparison of Bl complex formation with
PABS wild-type (WI, W2) and mutant oligonucleotides
(MI, M2) as probes. The sequences of these four oli-
gonucleotide pairs are presented in Figure 8 Nuclear
extracts from C2, HelLa, and L8 cells were tested.

specific enhancers have been described, includ-
ing the enhancers of the genes for mammalian
muscle creatine kinase (Horlick et al., 1989;
Jaynes et al., 1988; Sternberg et al., 1988), rat
myosin light chain 1/3 (Donoghue et al., 1988),
quail troponin I (Yutzey et al., 1989), chicken
acetylcholine receptor a-subunit (Wang et al.,
1988), and human skeletal a-actin (Muscat and
Kedes, 1987; Muscat et al., 1992). In all of these
cases, the enhancer allows muscle-specific ac-
tivation of a heterologous promoter. Other
muscle-specific genes that do not contain pre-
dominant tissue-specific enhancers do carry
muscle-specific compound promoters. The hu-
man cardiac a-actin gene has a number of
muscle-specific upstream regulatory sequence
elements that seem not to represent or contain
classical enhancers (Miwa and Kedes, 1987) but
do include serum response factor, Spl, MyoDi,
and CTF/NF1 binding sites (Sartorelli et al.,
1990). Thus, multiple, interdigitated promoter
regions seem to be critical for cardiac a-actin
gene expression (Chow and Schwartz, 1990; Gus-
tafson and Kedes, 1989; Muscat et al., 1987; Sar-
torelli et al., 1990). Similarly, the regulation of
MHC genes seems to be achieved by 5' flanking
elements in which multiple elements interact,
butno enhancer element has yetbeen identified
(Bouvagnet et al., 1987).

In the case of the human myoglobin gene,
its tissue-specific enhancer worked only when
attached to the myoglobin basal promoter and
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its particular TATA box element (Devlin et al,,
1989), providing evidence for the ability of a
muscle-specific enhancer and its basal promoter
to communicate. Unlike the situation with the
HFThC enhancer, however, the myoglobin en-
hancer is itself muscle-specific and does not func-
tion in other cell types. Our observations on
HFTnC gene expression also support the notion
that critical communication between enhancer
and promoter is responsible for tissue-specificity
of transcription. However, the HFTnC mecha-
nism appears to be novel, since cooperation of
a particular enhancer and promoter is required
to repress activity in non-muscle cells, even
though either element can function vigorously
with a heterologous partner. This mechanism
of muscle-specific gene regulation does not con-
form to the usual paradigm, ie., activation in
muscle cells, but rather appears to be governed
by restriction of activity in non-muscle cells.
It seems likely, but is yet unproved, that differ-
ent transcription factors interact with and ac-
tivate the enhancer and promoter in muscle
versus non-muscle cell environments.

We have begun to analyze the nuclear factors
that can bind to the enhancer elements from
muscle and non-muscle cells (that is, from cells
that differentially express the test genes) in
order to look for specific features of the bind-
ing patterns that may help to explain this novel
mode of control of muscle genes. We detected
three binding sites for nuclear factors within
the human fast-twitch TnC enhancer element:
a CTFINF1 binding site and two AfTrich bind-
ing sites (DABS and PABS) with different affini-
ties for binding of the same nuclear factors. The
two A/Trich sequence elements in the human
fast TnC enhancer resemble an internal regu-
latory element, CATTTTTAG, in the quail Tnl
gene (Yutzey et al., 1989). An A/Trich element
(CTAAAAATAG) is also detectable in the mouse
fast TnC enhancer fragment (Parmacek et al.,
1990). The relationship between these elements
and the PABS/DABS elements remains to be de-
termined.

The binding site for CTF/NF1 was originally
described by Sippel and co-workers (Borgmeyer
etal., 1984) as TGGCANNTGCCA. It is now well
established that CTF/NF1 represents a group
of factors present in HeLa cells that are encoded
by at least three genes (Rupp et al., 1987; San-
toro et al., 1988) and that can activate both tran-
scription and replication (Jones et al., 1987).
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In our gel mobility assays, complex B2, which
appears to be formed by CTF/NF1, was more
heterogeneous with HeLa cell extracts than with
muscle cell extracts. This suggests that a differ-
ent, and possibly more heterogeneous, subset
of CTFINF1 is expressed in HeLa cells than in
muscle cells. There seems to exist an additional
liver-specific nuclear factor that is evolution-
arily related to the CTF/NF1 factor subset pres-
ent in HeLa cells (Paonessa et al., 1988). At this
point there is no evidence for a muscle-specific
form of CTF/NF1. The nuclear factors giving
rise to complex B2 are similarly abundant in
C2 and L8 cells. In contrast, the nuclear factor(s)
contained in complex Bl is markedly more
abundant in C2 cells, which are the only cells
that express the TnC test gene. This raises the
possibility that factor concentrations or ratios
may be critical for the transcriptional activity
of the human fast TnC gene. But it is not clear
to us how different levels of factors in muscle
and non-muscle cells could lead to the observed
TnC basal promoter-dependent repression in
non-muscle cells. Similarly unknown are whether
differences between CTF/NF1 isoforms are crit-
ical for differential HFInC expression, and
whether this group of factors or the factors bind-
ing to the A/Trich sites interact with additional
factors as part of the regulatory mechanism.
One possibility is that different sets of positively
acting factors are present in different cell types.

Several regulatory sequences that have been
described in other genes resemble the PABS
and DABS sequences we observed in the HFThC
enhancer. Currently, we cannot exclude the pos-
sibility that DABS and PABS may be targets for
high mobility group (HMG) proteins, which have
been shown to bind to short stretches of 5 or
more AT residues (Solomon et al., 1986; Wegner
etal., 1989). This seems unlikely, however, since
no noticeable competition was found when a
CArG box oligonucleotide, which also contains
an A/T hexamer core, failed to compete even
when used in high concentrations (Fig. 10,
lane 7). This result also confirmed that PABS
and DABS are not functionally related to CArG
box elements.

A 10 bp motif in the MCK enhancer, TAAAAA
TAAGC, is the binding site for MEF2, a protein
that may be enriched in differentiated myocytes
(Cserjesi et al., 1991; Gossett et al., 1989; Yu et
al., 1992; Yu and Nadal-Ginard, 1989). Deletion
of the element results in a'dramatic decrease
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of enhancer activity. Such MEF2 sites are found
in MCK genes of the mouse, human, and rat;
in the chicken cardiac MLC2 promoter; and in
the rat MLC1/3 enhancer (Braun et al., 1989;
Donoghue et al., 1988; Gossett et al., 1989; Hor-
lick et al., 1989). The DABS site does bind MEF2,
as judged by competition for binding of myo-
tube nuclear extracts with the MCK MEF?2 site
(J- Raju and L. Kedes, unpublished data). MEF2
is encoded by a member of an alternatively
spliced, multigene family that is expressed in
many cell types and whose proteins appear to
share similar DNA target site sequences (Yu et
al., 1989). Thus it is likely that the complexes
we observe in HeL.a and myoblast nuclear ex-
tracts are formed by MEF?2 or its nuclear protein
relatives. The function of the HFTnC enhancer
elements in non-muscle cells probably depends
on transcription factors in addition to MEF2
or MEF2-related proteins. Such observations sug-
gest that the same sequence elements are used
by different transcription factors in differ-
ent cellular contexts. This possibility is enhanced
by our preliminary data that site-specific muta-
tions in an MEF?2 site cripple transcription in
both muscle and non-muscle cells (H. Prentice,
T. Prygoszy, and L. Kedes, unpublished data).
Such observations also make it unlikely that the
transcriptional activity we observe is due to ran-
dom readthrough of transcription.

Certainly the presence of MEF2 in C2 myo-
tubes might play an important role in HFTnC
expression. Similarly, the presence of MyoD
DNA target sites (E-boxes; Davis et al., 1990) in
the enhancer and promoter may also be im-
portant for expression in myogenic cells. How-
ever, since non-muscle factors are capable of
activating the enhancer, the restriction of HFInC
expression to muscle cells must be based on a
mechanism involving interactions of the HFTnC
enhancer with its promoter. Although the basal
promoter can be used to support high-level tran-
scription in non-muscle cells, this occurred
when it was linked to a strong viral SV40 en-
hancer. It cannot be excluded that this non-
specificity is due only to the promiscuity and
exceptional strength of the viral enhancer. In
either event, the muscle-specificity of the HFTnC
gene must be imposed by restriction of en-
hancer activity to muscle cells either by the pro-
moter or by interactions between the enhancer
and promoter. Experiments to distinguish these
possibilities are under way.
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