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We have previously reported that the rat brain creatine kinase (ckb) gene promoter contains an AT-rich
sequence that is a binding site for a protein called TARP (TA-rich recognition protein). This AT-rich segment
is a positively acting regulatory element for the ckb promoter. A similar AT-rich DNA segment is found at
the 3’ end of the 5’ muscle-specific enhancer of the rat muscle creatine kinase (ckm) gene and has been
shown to be necessary for full muscle-specific enhancer activity. In this report, we show that TARP binds
not only to the ckb promoter but also to the AT-rich segment at the 3’ end of the muscle-specific ckm en-
hancer. A second, weaker TARP-binding site was identified in the ckm enhancer and lies at the 5’ end of
the minimal enhancer segment. TARP was found in both muscle cells (C2 and L6 myotubes) and nonmuscle
(HeLa) cells and appeared to be indistinguishable from both sources, as judged by gel retardation and
footprinting assays. The TARP-binding sites in the ckm enhancer and the ckb promoter were found to be
functionally interchangeable. We propose that TARP is active in both muscle and nonmuscle cells and
that it is one of many potential activators that may interact with muscle-specific regulators to determine the

myogenic phenotype.

We have been using the cytoplasmic creatine kinase (ck)
genes as a model system to study differential gene regulation
(4). The muscle ck gene (ckm) is expressed most prominently
in differentiated skeletal and cardiac muscle tissue (51),
although there are reports of significant expression in some
nonmuscle tissues (21, 27). The brain ck gene (ckb) has wider
tissue distribution and is expressed at differing levels in
many tissues with the probable exception of liver (48).
During skeletal muscle differentiation, ckb is expressed in
myoblasts and is replaced by ckm when myoblasts fuse to
form myotubes (10, 25, 38).

Up regulation of the ckm gene during myogenesis is
controlled by at least two enhancer elements (47), one 5’
to the gene (24, 26) and one located in the first intron (47).
The 5’ enhancer is the most completely characterized and
appears to be composed of multiple regulatory elements
(24).

Recently, a number of related muscle-specific factors that
have the capacity to convert native 10T1/2 and a variety of
nonmuscle cell types to the myogenic phenotype have been
identified and cloned (7, 14, 17, 30, 39, 41, 52, 54). These
factors include myd (39), myoD (14), myogenin (17, 54) myf
5(7), and MRF4 (41). At least myoD, myogenin, MRF4, and
myf 5 are structurally related (41) and contain a conserved
helix-loop-helix motif believed to be important for het-
erodimer formation and DN A binding (36, 37). Together with
myd, they are candidates for transcription factors important
for tissue-specific expression of muscle-specific genes. Two
binding sites for myoD have been located in the ckm
enhancer (28). The 3’ most of these sites has also been
described as binding a factor called mefl (9). The exact
relationship of mefl to myoD and myogenin is unclear,
although they appear to be antigenically related (9). Thus, it
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seems likely that myoD and myogenin may play a key role in
ckm enhancer activity.

However, other elements in the ckm enhancer appear
important for complete enhancer function, and myoD-bind-
ing sites cannot function alone to determine muscle speci-
ficity. An AT-rich region at the 3’ end of the enhancer is
required in certain constructs for full enhancer activity (19,
24). This region, which we have previously termed E3, binds
a nuclear factor (24), although there is disagreement in the
literature as to whether this binding is muscle specific (9, 19,
24). Thus, the E3 region represents a potential candidate for
binding of factors that may interact with myoD-like mole-
cules to determine muscle specificity.

The ckb gene is turned off during skeletal muscle myogen-
esis, although it is coexpressed with the ckm gene in adult
cardiac tissue (10, 38, 48). The ckb promoter initiates tran-
scription by using a nonconsensus TATA box (23; G. Hob-
son, G. Molloy, and P. A. Benfield, submitted for publica-
tion). Upstream of this nonconsensus TATA box is a perfect
consensus TATA sequence that appears not to function as a
typical TATA box in vivo but rather serves as a cis-acting
positive regulator of the downstream nonconsensus TATA
box (23; Hobson et al., submitted). This upstream TATA
sequence binds a factor called TA-rich recognition protein
(TARP) that is distinct from TFIID. TARP is a candidate for
a positively acting transcription factor for the ckb gene (23).
The TARP-binding sequence shows sequence similarity to
the AT-rich sequence shown to be important for ckm en-
hancer function.

In this report, we examine the ability of TARP to interact
with sequences in both the ckm enhancer and the ckb
promoter. We also examine the possibility that these se-
quences represent common regulatory elements shared be-
tween the two genes and propose that TARP may be able to
interact with other regulators, e.g., myoD, and potentially
with itself to control muscle-specific transcription.
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CCTGGTTATAATTAACCTGGACACGTGGTTGCTOCC RAT E1
TTAACCTGGACACGTGGTTGCTOO000CC RAT MEDIUM E1
CTGGACAGCGTGGTTGCTOOCC RAT SHORTE1
TGCCTGGTTATAATTAACCTGGA RAT E3
AAGCTTGCTCTAAAAATAACTCTATCCC RATE3
TCAGOOCCTGGGGCAGOCCATACAAGG RATBOX a
COCTTGGCTCCATGAATGGCOCTOGG CArGy
GOGAAGGGGACCAATTAAGGCAAGGTGGC CArG2
CATCTTTTAAAAATAACTTTTCAAA MLC 173
AGGCTAAAAATAACCCCATGTCCAC MLC2
OOCTOCCTGGGGACAGOOOCTOCTGGC NON. SP.

GAATGAATGGGCTATAAATAGCOGOCCAATGGGAGGCOGGOGACGC
CKBTATA

FIG. 1. Sequences of oligonucleotides used as probes or com-
petitors in gel retardation assays.

MATERIALS AND METHODS

Preparation of extracts. Nuclear extracts from C2 myo-
tubes and from HeLa cells were prepared according to the
procedure of Shapiro et al. (43). Nuclear extracts from L6
myoblasts and myotubes were prepared according to the
procedure of Dignam et al. (15). Extracts from brain tissue
were prepared as previously described (23).

Gel retardation assays. Gel retardation assays were per-
formed by a modification of the procedure of Singh et al. (44)
as previously described (23, 24). The ckm enhancer probe
was prepared as follows. Plasmid Xba 1.5 (24), which
contains 1.4 kilobase pairs upstream of the rat ckm transcript
start point linked to the bacterial chloramphenicol acetyl-
transferase (CAT) gene, was digested with BamHI and Stul.
In this way, a 159-base-pair (bp) fragment was generated that
ran from the BamHI site at —1301 to the Srul site at —1190
and included the entire minimal enhancer fragment. Frag-
ments and oligonucleotide probes were labeled by treatment
with polynucleotide kinase in the presence of [y->?P]JATP.
Alternatively, oligonucleotides were labeled by filling in two
complementary overlapping oligonucleotides, using the Kle-
now fragment of DNA polymerase in the presence of
[a->2P]dTTP.

Oligonucleotides used as competitors in gel retardation
assays are shown in Fig. 1.

In vitro transcription reactions. In vitro transcription reac-
tions were performed by using Hela nuclear extracts as
described previously (23). RNA products were analyzed by
primer extension as described below.

Preparation of constructs. Wild-type and mutant versions
of the ckb promoter were inserted upstream of the neomycin
resistance (neo) gene in the plasmid vector pNVD. Plasmid
pNVD is derived from pUCFLCAT (5) by replacement of the
CAT gene with the neo gene. In addition, the adenovirus VA
gene is inserted into the vector downstream of the neo gene
and in the opposite orientation. Transcription from the
adenovirus VA gene by RNA polymerase III provides an
internal control for transient gene transfer and in vitro
transcription experiments. Wild-type and mutant ckb pro-
moter segments were generated synthetically by ligation of a
series of synthetic oligonucleotides. These constructs will be
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described in detail elsewhere (Hobson et al., submitted).
Briefly, promoter segments were designed to insert upstream
of the neo gene between a 5’ HindlIII site and a 3’ Bgl/II site.
The construct was designed to include ckb promoter se-
quence from —195 to +4 in such a way as to reconstruct the
correct transcript start points for the ckb gene.

Constructs that link the wild-type and mutant ckm pro-
moter-enhancer segments upstream of the bacterial CAT
gene were prepared in pUCFL-CAT (5). A synthetic modular
enhancer was generated to facilitate mutation of individual
enhancer elements. Plasmid Xba 1.5 (24) was digested with
Aatll and BspMI. This digestion cuts at the BspMI site at
position —1120 in the ckm enhancer and also upstream of the
enhancer at the Aatll site at position 2617 in the pUC vector.
The enhancer was reconstructed in a triple ligation using two
pairs of oligonucleotides as follows.

Aatll 5-CCGAGATGCCTGGTTATAATTAACCTGGACACGTGGTTGC Xhol
TGCAGGCTCTACGGACCAATATTAATTGGACCTGTGCACCAACGAGCT-5'

Xhol ~ 5'~TCGAGCCCCCCAACACCTGCTGCC BspMI
CGGGGGGTTGTGGACGACGGACTG-5'

This places a synthetic Xhol site at position —1139 in the
enhancer and introduces four extra bases (shown in bold
type). These sites are introduced at a location where the rat
and mouse ckm enhancer sequences differ by four bases. In
this way, the spacing within the rat ckm enhancer is changed
to that reported for the mouse ckm enhancer (26). This
mutation has no effect on enhancer function (P. Benfield,
unpublished observations). A new enhancer is generated
that runs from —1031 to —1179 (—1184 in new spacing). The
Aatll site at —1179 and the Xhol site at —1139 are synthetic
and not found in the native enhancer. Introduction of these
restriction sites facilitates mutagenic manipulation of the 5’
end of the enhancer segment. The 5’ endpoint of this
enhancer segment is such that the simian virus 40B and
CArG homologies (24, 26, 47) are no longer present. Muta-
tions in the E3 region of this modular enhancer were created
by digestion with HindIII and BamHI to remove the native
E3 region. Synthetic oligonucleotides were then inserted
between the HindIIl (—1063) and BamHI (—1031) sites to
create desired mutations (see Fig. 7). The region between the
BamHI site at —1031 and the Nhel site at —480 was removed
by digestion with BamHI and Nhel, blunt ending with T4
DNA polymerase, and ligation with T4 DNA ligase. Simi-
larly, deletion of the entire E3 region was achieved by
digestion with HindIII, which cleaves at position —1063
upstream of the E3 region, and Nhel, blunt ending with T4
DNA polymerase, and ligation with T4 DNA ligase.

Gene transfer. HeLa cells (a kind gift of Richard Morim-
oto) were grown in monolayer culture in Dulbecco modified
Eagle medium with 10% fetal calf serum and 50 pg of
gentamicin per ml. Calcium phosphate-mediated gene trans-
fer was performed as previously described (20, 53). Cells
were plated at a density of 10° cells per 100-mm dish and
allowed to grow for 48 h before transfection. Calcium
phosphate-precipitated DNA (15 pg per dish) was pipetted
on the cells (two dishes per construct) and allowed to remain
for 18 h. The DNA was removed from the cells by feeding
with fresh medium; 24 h later, RNA was harvested for
analysis.

Gene transfer into C2 myogenic cells (55), harvesting of
cell extracts, and CAT assays were performed as previously
described (24). Each construct was assayed at least three
times. Transfer experiments were performed by using 20 pg
of test plasmid DNA plus 5 pg of plasmid pCH110 (Pharma-
cia, Inc., Piscataway, N.J.) as an internal control. Plasmid
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pCH110 contains the simian virus 40 promoter-enhancer
combination driving the B-galactosidase gene. B-galactosi-
dase activity was measured as described previously (24).
[*#C]chloramphenicol and its acetylated forms were sepa-
rated by thin-layer chromatography (18) and quantitated by
using the AmBis radioanalytic imaging system (AmBis Sys-
tems, San Diego, Calif.).

RNA isolation and analysis. RNA was prepared according
to Chirgwin et al. (11) and quantitated by measuring the A,¢,.

Primer extension analysis was carried out essentially as
described by Hobson et al. (23). A 0.1-ng (100,000-cpm)
sample of 5'-32P-end-labeled oligonucleotide 5'-CGTGCAA
TCCATCTTG-3' (bases 26 to 41 from the translation start
site of the neo gene) or oligonucleotide 5'-CGCCATGATA
CCCTTGCG-3’ (bases 32 to 49 from the transcription start
site of the VA gene) was mixed with 10 or 20 pg of RNA in
a total volume of 6 ul of 10 mM Tris hydrochloride (pH
8.0)-1 mM disodium EDTA. The mixture was heated above
70°C in a water bath and slowly cooled to room temperature.
The reaction was then adjusted to 0.5 mM each dATP,
dCTP, dGTP, and dTTP-10 mM Tris hydrochloride (pH
8.0)-10 mM MgCl,-50 mM KCl-1 mM dithiothreitol-11 U of
reverse transcriptase (Dupont, NEN Research Products,
Boston, Mass.) in a total volume of 10 pl and incubated at
42°C for 1 h. The reaction mix was adjusted to 150 mM NaCl
and ethanol precipitated. The precipitate was suspended in
formamide load dye. Half of each sample was electro-
phoresed on an 8 M urea-7% polyacrylamide sequencing gel.
Products were quantitated by using an AmBis radioanalytic
imaging system.

Footprinting. DNase I footprinting experiments were per-
formed on the ckb promoter by a modification of the proce-
dure of Babiss et al. (2) as previously described (23). A
Hinfl-Ps:t1 fragment was used as a probe. This fragment was
5' end labeled on the noncoding strand, using polynucleotide
kinase and [y->?P]JATP. Reactions contained 12 to 30 pg of
L6 myoblast or myotube extract and 5 pg of sonicated
Escherichia coli DNA as competitor. The final DNase I
concentration was 10 pg/ml.

RESULTS

We have previously defined a minimal 5’ enhancer seg-
ment for the rat ckm gene. This 159-bp enhancer segment
includes at least three nuclear protein-binding domains (E1,
E2, and E3) that can be identified by DNase I footprinting.
Binding to the El1 core region can be detected in gel
retardation assays using nuclear extracts from many
sources. With use of HeLa nuclear extracts and the entire
minimal enhancer segment as a probe, a retarded species
was detected that could be abolished with a synthetic
oligonucleotide that corresponds to the E1 core sequence.
Higher-resolution gel retardation assays revealed that this
retarded species was composed of a closely spaced triplet of
bands (Fig. 2). To investigate the origin of these bands,
competition experiments were performed with several
shorter oligonucleotides derived from the E1 core region. All
three bands were removed in the presence of an oligonucle-
otide derived from the entire E1 core region (Fig. 2, lanes 2
to 4). Shorter oligonucleotides derived from the 3’ end of the
E1 core (rat medium E1 and rat short E1) competed for only
the two faster-migrating components (Fig. 2, lanes 5 to 9).
Conversely, an oligonucleotide derived from the 5’ end of
the E1 core (rat E3’) competed for only the most slowly
migrating band (Fig. 2, lanes 13 to 15). These results sug-
gested that the E1 core region represented binding sites for
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at least two proteins. Consistent with this conclusion, incu-
bation with a mixture of oligonucleotides E3’ and E1 short
(Fig. 2, lane 16) resulted in removal of all three bands. The
rat E3' sequence contains within it an AT-rich stretch similar
to that found in the E3 binding region at the 3’ end of the
minimal enhancer. To determine whether these two se-
quences were related in their ability to bind nuclear proteins,
the rat E3 oligonucleotide was used as a competitor in the gel
retardation assay shown in Fig. 2. This oligonucleotide
competed for the slowest-migrating retarded band (Fig. 2,
lanes 10 to 12) in a manner similar to that described for rat
E3’ (Fig. 2, lanes 13 to 15). For both E3 and E3’, competition
for the slowest-migrating band resulted in increased intensity
of the two faster-migrating bands. Competition with increas-
ing amounts of each oligonucleotide suggest that the rat E3
sequence is about 10-fold stronger in its binding capacity for
this factor than is rat E3’.

We have previously described a protein, TARP, that
recognizes an AT-rich sequence in the rat ckb promoter (23).
The TARP-binding site appears to be a positively acting cis
regulatory sequence for ckb expression (Hobson et al.,
submitted) and is similar to the E3 and E3’ sequences in the
ckm §' enhancer. To investigate the relationship between
TARP and the two E3 regions, gel retardation experiments
were performed, using either the ckm E3 region oligonucle-
otide or the ckb TARP-binding oligonucleotide (CKBTATA)
as a probe. Retarded species B, and B, were generated on
each probe with both HeLa and C2 myotube extracts (Fig.
3). The shifted bands generated with each extract were
similar on each probe. However, band B, generated with C2
myotube extracts showed significant smearing. This smear-
ing is very common in myotube extracts and varies between
extracts. It may result from modification events, such as
TARP proteolysis, occurring in myotube extracts or from
the presence of multiple binding activities.

We compared the ability of a variety of synthetic oligonu-
cleotides to compete for binding of each extract to each of
the two probes. No competition was observed with box a,
CArG,, or CArG,. Box a represents a sequence reiterated
within the ckm promoter (25). The two CArG sequences
represent two functional CArG boxes in the human cardiac
actin promoter (32, 34). Several oligonucleotides, however,
did compete effectively for B; binding with each extract on
each probe. These included the rat ckm E3 sequence, the ckb
promoter TARP recognition sequence, and an AT-rich se-
quence from the chicken myosin light-chain 2 promoter
(LC2). The LC2 sequence corresponds to the distal pro-
moter element shown to be necessary for muscle-specific
regulation of the cardiac myosin LC2 promoter (1, 8).
Weaker competition was observed with the E1 core se-
quence that contains within it the E3 sequence and with an
AT-rich segment found within the rat myosin light-chain 1/3
3’ enhancer (LC1/3) (16).

To test further the relationship between the activity that
recognizes the enhancer E3 region and the ckb TATA
sequence, titrations with each of the competing oligonucle-
otides were performed (Fig. 4). Either the E3 or the
CKBTATA oligonucleotide was used as a probe. Nuclear
extracts were derived from HeLa cells. Three retarded
bands, B,, B,, and B,, were generated. B, and B, appeared
to be nonspecific (Fig. 3 and 4) and probably resulted from
single-stranded DNA-binding proteins that recognize con-
taminating single-stranded DNA in the oligonucleotide
probes but not in fragment probes. However, band B, could
be competed for by the oligonucleotides tested in a manner
indicative of specific binding. All of the oligonucleotides
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FIG. 2. (A) Gel retardation assay performed by using a 159-bp fragment derived from the rat ckm 5’ enhancer as a probe. The probe
represents a fragment derived by restriction of the 5’ upstream region with BamHI and Stul and runs from —1031 to —1190. Positions of
retarded bands that represent binding to the E1 and E3 regions of the enhancer are indicated on the right. The gel retardation assay was
performed in the presence of cold oligonucleotides (B). (C) Sequences of the cold oligonucleotides. The sequence of the nonspecific
oligonucleotide is shown in Fig. 1. The molar excess of oligonucleotide is indicated in the top portion of panel B. med, Medium; sh, short;

Non. Sp., nonspecific.

tested (LC1/3, LC2, CKBTATA, and E3) showed the same
titration profiles on both probes. The LC2, CKBTATA, and
E3 oligonucleotides showed equivalent competition profiles.
However, like the E3’ sequence, the LC1/3 oligonucleotide
was approximately 10-fold weaker in its ability for compete
for this binding activity (Fig. 4; compare lanes 2 and 3 with
lanes S and 6). A list of known TARP-binding sites is shown
in Fig. 5 together with a preliminary consensus sequence for
TARP binding.

We next tested whether the E3 region of the ckm enhancer
and the ckb TATA TARP-binding site were functionally
interchangeable. We have previously shown that the ckb
gene is expressed in HeLa cells; 200 bp of ckb promoter
support expression in transient gene transfer assays in HeLa
cells and in in vitro transcription assays using HeLa cell
nuclear extracts. We have linked 200 bp of ckb promoter to
a neo reporter gene in the plasmid vector pNVD. Constructs
were prepared that replaced the CKBTATA TARP-binding
site with the E3 region from the ckm enhancer so that the
spacing of elements within the ckb promoter was main-

tained. Similarly, a linker scan mutation was created in the
ckb promoter so that the TARP-binding sequence was re-
placed by a Cla linker (Fig. 6¢). These constructs were
introduced into HeLa cells to test their ability to support
expression of the neo gene. RNA was harvested, and neo-
mycin-resistant RNA and VA control RNA were analyzed
by primer extension (Fig. 6a). The level of transcription of
the neo gene relative to that of the VA gene is shown in Fig.
6b.

The linker scan mutation that destroys the ckb TARP-
binding site (P. Harlow and P. A. Benfield, unpublished
data) resulted in a two- to fivefold drop in relative transcrip-
tion of the neo gene. Replacement of the ckb TARP-binding
site by the enhancer E3 sequence restored ckb promoter
activity. A similar result was obtained when these constructs
were used as substrates for in vitro transcription reactions
using HeLa cell nuclear extracts (Fig. 6¢ and d).

A similar replacement experiment was performed on the
ckm enhancer. The E3 enhancer segment was replaced with
either of two different linkers, Mut E3a and Mut E3b, or with
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FIG. 3. Gel retardation assay performed by using [>*?P]kinase end-labeled synthetic oligonucleotides E3 and CKBTATA as indicated. The
experiment was performed by using nuclear extracts from C2 myotubes or from HeLa cells as shown at the bottom. Incubations were carried
out in the presence of 3 ug of nonspecific poly(dI-dC) alone or together with a 1,000 excess of cold oligonucleotide as indicated above each
lane. Only the portions of the gel containing retarded bands are shown. Band B, appears to be derived from nonspecific binding to the probe.

Band B, is derived from specific binding to the oligonucleotide probes.

the ckb TARP-binding region in such a way that the spacing
of elements within the enhancer was maintained (Fig. 7a).
The ability of each of these enhancers to support muscle-
specific up regulation of the ckm promoter linked to a
reported CAT gene was tested by introduction into differen-
tiating C2 myogenic cells (Fig. 7b).

The wild-type enhancer supported muscle-specific up reg-
ulation of the ckm promoter. Mutation or deletion of the E3
region resulted in significant loss of enhancer activity. Con-
versely, replacement of the E3 region with the ckb TARP-
binding region resulted in restoration of enhancer activity.
This finding suggests that the ckb TARP-binding region can
functionally replace the E3 region in the ckm enhancer.

We have previously shown by footprinting analysis that
TARRP activity appears to be present in nuclear extracts from
both brain tissue and HeLa cells (23). The results presented
here (Fig. 3) suggest that TARP is also present in muscle
cells. As a further confirmation of this possibility, we per-
formed DNase I footprinting experiments on the ckb pro-
moter, using nuclear extracts from brain and from L6
myoblasts and L6 myotubes (Fig. 8). Identical areas of
protection covering the ckb upstream TATA box were
observed with all three extracts, again suggesting that
TARP-like activity is present in multiple cell types, including
muscle.

DISCUSSION

We have previously described a factor, TARP, that rec-
ognizes an AT-rich segment in the ckb promoter region.

MLC, Myosin light chain.

Although this AT-rich segment is a perfect consensus TATA
box, the protein TARP that binds to it appears to be distinct
from the classic TATA box-binding factor TFIID (23, 40,
42). TARP shows a different temperature inactivation profile
from TFIID and chromatographs differently on ion-exchange
columns (M. T. Mitchell and P. A. Benfield, unpublished
observations). The TATA box function for the ckb promoter
is provided by a nonconsensus TATA box that lies about 20
bp downstream of the perfect consensus TATA box (Hobson
et al., submitted). The upstream TATA sequence that binds
TARP can serve as a TATA box and assemble a transcrip-
tion initiation complex in vitro (23, 33). However, we have
been unable to show that it is normally used as a TATA box
in vivo (23). Rather, this sequence appears to serve as a
positive cis-acting regulatory element for the ckb promoter
at the downstream nonconsensus TATA box, and therefore
TARP is a candidate for a positively acting transcription
factor.

A similar AT-rich region (E3) at the 3’ end of the rat ckm
S’ minimal enhancer appears necessary for full enhancer
function and is a binding site for a nuclear factor (24). We
have shown in this report that the TARP protein that
recognizes the ckb promoter also recognizes this E3 region.
Furthermore, a second, 10-fold-weaker TARP-binding site is
found at the 5’ end of the minimal enhancer. In fact, we have
shown that removal of both E3 and E3' results in almost
complete loss of enhancer function (J. H. Patterson and
P. A. Benfield, unpublished observations). The ckb TARP-
binding site can substitute for E3 to restore enhancer func-
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FIG. 4. Gel retardation assay performed by using [*2Plkinase
end-labeled synthetic oligonucleotides E3 and CKBTATA as indi-
cated. The experiment was performed by using nuclear extracts
from HeLa cells as shown at the bottom. Incubations were carried
out in the presence of 3 ug of nonspecific poly(dI-dC) alone or
together with increasing concentrations of cold oligonucleotides
LC1/3 (MLC1/3), LC2 (MLC2), ckb TATA (CKB TATA), and rat
E3 as shown at the top. Only bands retarded in the gel are shown.
Bands B, and B, appear to be derived from nonspecific binding to
the probe. Band B, is derived from specific binding to the oligonu-
cleotide probes.

AACCCAGACATGTGGCTGCTCC
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tion. Thus, in the ckm enhancer, TARP-binding sites con-
tribute to expression in muscle.

The observation that removal of the E3 regions from the
rat ckm enhancer leads to a dramatic loss in enhancer
activity suggests that the remaining myoD-binding sites are
alone insufficient to generate full muscle-specific enhancer
activity. Rather, proteins of the myoD family may work in
combination with other proteins that may not necessarily be
muscle specific. TARP is a candidate for such a protein.

Alternatively, the enhancer may drive muscle-specific
activation in response to several different trans-acting fac-
tors. The effect of deletion of TARP-binding sites in the ckm
enhancer it less dramatic when larger segments of enhancer
or promoter are tested (24; P. A. Benfield and R. Horlick,
unpublished observations). Thus, other elements may be
present in the enhancer-promoter region of this gene that can
substitute for TARP. This latter observation may account for
the variability in reports describing the effects of E3 deletion
on ckm enhancer function. Buskin and Hauschka (9) observe
a much less dramatic effect of E3 deletion on mouse ckm
enhancer function. This difference may result from subtle
differences in the enhancer constructs tested.

TARP-binding sites have been found in at least two other
muscle-specific genes, the cardiac myosin LC2 gene pro-
moter (1, 8) and the enhancer for the rat skeletal muscle
LC1/3 gene (16). In the cardiac myosin LC2 gene, the
TARP-binding sequence forms the distal promoter element
shown to be essential for up regulation of this promoter
during myogenesis (8). Furthermore, these authors report
that the distal promoter element site alone can confer
muscle specificity to the tk TATA box. The function of the
sequence in the rat skeletal muscle LC1/3 enhancer remains
to be determined. Although the ckb gene is not muscle
specific, it is expressed along with ckm in adult cardiac
muscle and also in smooth muscle (48). So far, we have not
detected TARP-binding sites in any gene that is not ex-
pressed in at least one type of muscle. These observations
suggest that TARP sites may play an important role in
muscle gene regulation.

Mouse E1l (-)

CCTGGTTATAATTAACCTGGACACGTGGTTGCTCCC Rat El

TTAACCTGGACACGTGGTTGCTCCCCCC Rat

CTGGACACGTGGTTGCTCCCC Rat

TGCCTGGTTATAATTAACCTGGA
AAGCTTGCTCTAAAAATAACTCTATCCC
GAATGAATGGGCTATAAATAGCCGCCA
CCAGGCTAAAAATAACCCCATGTCCAC
CATCTTTTAAAAATAACTTTTCAAA

GCTAAAAATAACC
TT T T G T

GAATGAATGCGCTTAAATTTGAGGCCA

medium E1 (-)
short El1 (-)
Rat E3'

Rat E3

Rat ckb TARP

Chicken cardiac MLC2
Rat skeletal MLC 1/3

CONSENSUS

Adeno EIIRe T2 (-)

FIG. 5. Sequences with and without TARP-binding sites. The sequences are presented so as to align similar sequences. The origin of each
sequence is shown on the right. (—), Sequences that do not bind TARP. Data supporting the binding or lack of binding to mouse E1, rat mutant
TARP, and adenovirus (adeno) EIIAe T2 are not shown. A consensus sequence for TARP binding has been derived and is shown in the
second line from the bottom. The adenovirus EIIAe promoter shows striking homology to the rat and human ckb promoters (13, 23). The T2
sequences lies in the equivalent position in the adenovirus promoter to the ckb TATA sequence. However, it does not constitute a binding
site for TARP, as judged by the gel retardation assay. MLC, Myosin light chain.
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FIG. 6. Schematic representation of the rat ckb promoter neo constructs is shown in panel e. Major potential regulatory elements
(CCAAT, TATAAATA, and TTAA) are boxed. The transcript start point is indicated by a bent arrow. Sequence changes made in the
E3replace construct and linker scan mutant (LS13) are indicated. These constructs were tested in a transient transfection assay in HeLa cells
as described in Materials and Methods. RNA was harvested, and neo and VA control RNAs were assayed by primer extension (a). The
relative transcription of the neo gene in different mutant constructs with respect to wild type was determined as test neo/test VA divided by
wild-type (WT) neo/wild-type VA (b). The constructs (¢) were tested by in vitro transcription using HeLa cell nuclear extracts. RNA
generated was analyzed by primer extension (c). The migration positions of products derived from ckb promoter-driven neo transcripts (CKB)
and VA RNA (VA) are indicated by arrows on the left. (d) Relative transcription of the neo gene relative to that of the VA control; Results
are averages of two experiments. In vivo results for LS13 varied between 0.2 and 0.5, and those for E3replace varied between 0.92 and 1.5.
However, the two results varied in parallel. Similarly, the in vitro results for LS13 varied between 0.16 and 0.4 and those for E3replace varied

between 0.57 and 0.9, again in parallel.

However, TARP-binding sites also function in nonmuscle
cells. The ckb promoter is active in HeLa cells, and mutation
of the TARP-binding site leads to a diminution of promoter
activity. Again, the TARP-binding site from the ckm en-
hancer can substitute for upstream TATA element in this
promoter to restore complete promoter activity.

The positive action of TARP-binding sites can be demon-

strated in vitro with HeLa cell nuclear extracts, suggesting
that TARP may be a positively acting transcription factor.
Like many transcription factors, it appears to be able to
function in both a promoter and an enhancer context (29, 45,
46).

The TARP-binding site has an AT-rich core, although
mutations in this core are tolerated. However, TARP does



VoL. 10, 1990 TARP-BINDING REGULATORY ELEMENTS 4833
a)
-1183 1139 -1063 -1031 —480 +8
(Aat 1D (Xho ) Hind Il Bam HI Nhe |
| Bgt 1t
— E3' | E1 | E2' | E4 E2 E3 \/ ckm promoter CAT é
E3 TITGCTCTMMATMCGCGAG\C\C
Mut E3a TTGGGCTGCATCGATATACTAGC
Mut E3b TTGGGCTGCATCGATACGCCTCC
b) E3-ckb TTGGGCTATAAATAGCCGCCTCC
E3 E3 X7 \
E3 X3 ,
S myoblasts
E3 o ox12 myotubes
E3 kB B2 xeu
EF x2 B
I T T T T

40% 60% 80% 100%

Relative CAT Activity

FIG. 7. (a) Construction of mutants in the rat 5’ ckm enhancer. ckm promoter-enhancer CAT constructs were generated that contained the
following elements. The ckm promoter from the Nhel site at —480 to a synthetic Bg/II site at +8 was linked to the CAT gene. Upstream was
placed the minimal 5’ ckm enhancer from the BamHI site at —1031 to a synthetic AatII at —1183. This enhancer also contains a synthetic X/ol
site at —1139 (see Materials and Methods). The sequence of the wild-type D3 region contained in this construct is shown at the bottom. Also
shown are the sequences of two mutants, Mut E3a and Mut E3b, and of a third mutant that replaces the E3 region with the upstream TATA
region of the rat ckb promoter (E3-ckb). The transcript start point is indicated by a bent arrow. (b) Results of gene transfer experiments using
the constructs depicted in panel a. Each construct is shown schematically on the left. The region shown diagrams the enhancer region in each
of these constructs. The E3 and E3’ regions are boxed and shown separately. Mutations in the E3 region are shown. A further mutant in which
the entire E3 region is removed was also tested. This mutant was derived by cleaving plasmid Xba 1.5 CAT with HindIII (—1063) and Nhel
(—480) and religation after blunt ending with DNA polymerase. CAT activities are shown as arbitrary units. Induction ratios varied from 5
to 10 for the wild-type enhancer, from 1 to 3 for each of the mutant enhancers, and from 9.4 to 12 for the CKBTATA replace construct. The

results shown are from a single transfection.

not bind to AT-rich sequences in general or to all TATA
boxes (Benfield, unpublished observations). Rather, se-
quences outside the AT-rich region appear to be important
for binding. In this respect, its binding specificity appears to
differ from that of previously described AT-rich-binding
proteins (42, 45). A C residue at the 3’ end of the consensus
sequence is invariant in all the TARP sequences shown in
Fig. 5, although it is changed to a G in the equivalent
sequence from chicken ckb (T. Wirz and J.-C. Perriard,
personal communication). Similarly, a C residue at the 5’
end of the AT-rich core is invariant in all of the strong
TARP-binding sequences.

Another AT-rich sequence that appears to be important
for muscle gene regulation is the CArG box. This sequence
binds a factor that is probably identical to the serum re-
sponse factor (6). A second muscle-specific CArG box-
binding factor has also been described (49, 50). Binding of
TARP is not competed for by any functional CArG box (Fig.
3; R. Horlick, unpublished observations). Thus, TARP is

distinct from the factors that recognize CArG-related se-
quences.

TARP-binding sites appear to contribute to muscle speci-
ficity. Gossett and co-workers (19) have described two
factors, mbfl and mef2, that bind the E3 region of the mouse
ckm enhancer. These give rise to different mobilities in gel
retardation assays. The factor mbfl is found most promi-
nently in myoblasts, and mef2 appears to be myotube
specific. Since TARP is not muscle specific, it appears to be
different from either of these two activities. It is possible that
the activity of the AT-rich segment in the ckm enhancer
results from a muscle-specific activity such as mef2. How-
ever, our evidence strongly indicates that binding to the
TARP sequence is not a muscle-specific phenomenon and
furthermore that factors that recognize this sequence, pos-
sibly TARP, are functional in nonmuscle cells. This latter
observation is of interest given the recent reports that the
ckm gene may be expressed in sources other than muscle
cells, e.g., brain (21, 27). Although the locations of se-
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FIG. 8. Results of DNase I footprinting on the ckb promoter,
using nuclear extracts derived from brain tissue, L6 myoblasts, and
L6 myotubes. The probe used was a Hinfl-PstI fragment from the
rat ckb promoter end labeled on the noncoding strand with polynu-
cleotide kinase (see Materials and Methods). The sequence in the
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indicates the direction of transcription. The upstream TATA region
and the downstream CCAAT box are boxed. Lane D, Digestion with
DNase I in the absence of nuclear extract.
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quences responsible for this expression are not known, it is
interesting that the ckm and ckb genes contain a common
regulatory element.

The presence of two binding sites for TARP within the
minimal enhancer is of interest. Several protein-binding sites
are duplicated within the minimal enhancer segment. Two
binding sites for myoD are found in this enhancer (28). These
sites are presumably crucial to muscle-specific regulation of
the ckm gene, and it has been shown that mutation of the
right myoD (mefl)-binding site leads to a dramatic loss of
enhancer function (9). Like the TARP-binding sites, these
sites do not bind myoD with equal affinity (28). Also, a
protein that binds A GC-rich sequence (E2) has been iden-
tified (24). This protein also has two binding sites within the
ckm enhancer. Finally, a protein that recognizes the se-
quence TGCCTGG in the acetylcholine receptor (ACR) &
subunit promoter has been described (3). A related binding
sequence (ACRE) is also present twice in the ckm minimal
enhancer segment. In the ACR gene, the cis-acting element
responsible for muscle-specific up regulation maps to a
reiterated array of this sequence rather than to a nearby
myoD-binding site (3). A summary of potential protein-
binding sites in the ckm enhancer is presented in Fig. 9.
Recently, Mueller and Wold (35) have used in vivo footprint-
ing on the mouse ckm enhancer to show that the enhancer
appears to be unoccupied before myotube formation. Upon
differentiation, several sites in the enhancer become pro-
tected (Fig. 9). Included in these sites is the 3’ E3 TARP-
binding site. This finding further supports the importance of
this site in ckm muscle-specific enhancer function. It is of
interest that the El-binding protein recognizes a sequence
that overlaps the left myoD-binding site (28). However, it is
presumably distinct from myoD in that it is not muscle
specific.

The significance of the duplication of these sites is uncer-
tain. Duplicated myoD-binding sites are associated with
many muscle-specific genes. However, we have shown for
the rat ckm enhancer that removal of the left myoD-binding
site results in a fully functional enhancer (Patterson and
Benfield, unpublished data). Therefore, unless there is an-
other myoD-binding site as yet undetected in this region, two
myoD-binding sites would appear not to be necessary for
muscle-specific enhancer function.

In conclusion, we have shown that TARP recognizes
sequences in the ckm enhancer and ckb promoter that are
important for regulated expression of these two genes. The
TARP recognition sequence is functional in nonmuscle cells
but contributes to expression in muscle cells. Since TARP
activity appears to be ubiquitously present, it is suggested
that its action on transcription depends on the context in
which binding sites are found. In the context of the ckm
enhancer, it contributes to muscle-specific transcription.
This may be similar to the situation that has been described
for kB elements that can function synergistically with NF1
elements to activate gene expression in nonlymphoid cells
(22). However, in the context of the ckb promoter, in
combination with CCAAT sequences, TARP elements are
functional in nonmuscle cells. Alternately, a second activity
is present that is muscle specific and interacts with the same
TARP-binding site to generate muscle-specific expression.
In the latter scenario, a mechanism would have to exist to
prevent activation in nonmuscle cells. This situation would
then be analogous to the situation existing for genes contain-
ing octamer-binding sites that are differentially activated by
the tissue-specific and cell-specific octamer-binding factors
(29, 45, 46).
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FIG. 9. Summary of possible binding activities that have been described to recognize the ckm enhancer or the ckb promoter. The
approximate locations of binding sites are indicated by the numbers. Proposed binding activities are enclosed in ellipses. ACRE refers to a
muscle-specific binding activity that has been described to recognize a similar element in the acetylcholine receptor, although binding to the
ckm enhancer has not been demonstrated. This element in the acetylcholine receptor gene has been shown to be necessary for muscle-specific
activation of this gene, E1BP refers to a protein that recognizes the core E1 region. E2BP recognizes a GC-rich region that occurs twice in
the enhancer. CKB CAT represents a CCAAT-binding activity that that recognizes the CCAAT sequences in the ckb promoter. Asterisks

indicate regions shown by in vivo footprinting analysis to be protected (35).
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ADDENDUM IN PROOF

While this manuscript was in press, a correction for
reference 3 was published. The correction [Nature (London)
345:364, 1990] indicated that although the ACRE element is
necessary for muscle-specific regulation of the murine ace-
tylcholine receptor o subunit promoter, there is no evidence
that the cis-acting regulatory region described that lacks a
MyoD1-binding site (—148 to —95) is sufficient to confer
muscle-specific expression.
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