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We describe the identification and DNA-binding properties of nuclear proteins from rat L6 myoblasts which
recognize an interspecies conserved 3' untranslated segment of proal(I) collagen cDNA. Levels of the two
prootl(I) collagen RNAs, present in L6 myoblasts, decreased drastically between 54 and 75 h after induction
of myotube formation in serum-free medium. Both mRNAs contained a conserved sequence segment of 135
nucleotides (termed tame sequence) in the 3' untranslated region that had 96% homology to the human and
murine procLl(I) collagen genes. The cDNA of this tame sequence was specifically recognized by nuclear
protein(s) from L6 myoblasts, as judged by gel retardation assays and DNase I footprints. The tame-binding
protein(s) was able to recognize its target sequence on double-stranded DNA but bound also to the appropriate
single-stranded oligonucleotide. Protein that bound to the tame sequence was undetectable in nuclear extracts
of L6 myotubes that did not accumulate the two collagen mRNAs. Therefore, the activity of this nuclear protein
seems to be linked to accumulation of the sequences that it recognizes in vitro. The collagen RNAs and the
nuclear tame-binding proteins reappeared after a change of medium, which further suggests that the RNAs and
the protein(s) are coordinately regulated.

It is generally assumed that interspecies conservation of
nucleotide sequences reflects strong evolutionary selective
pressure (15, 29). One type of conserved sequence element is
confined to the 3' untranslated regions (UTRs) of the mature
mRNAs of a number of genes. Examples of highly con-
served, gene-specific 3' UTRs are found in the genes of the
actins (15, 29, 30), c-fos (39), and proal(I) collagen (2; this
study). It is not clear why those 3' UTRs contain highly
conserved sequence segments of 150 nucleotides or more,
since known regulatory functions 3' UTRs are confined to
much shorter sequence motifs (24, 34). Thus, 3' UTRs have
been found to control mRNA stability of, for example, c-fos
(38), granulocyte-macrophage colony-stimulating factor (34),
and tubulin (7) and appear to be required for the posttran-
scriptional iron-dependent regulation of the transferrin re-
ceptor gene (27). Transcription can also be regulated via
sequences in the 3' UTR, as has been shown for the ,-actin
gene (8). Furthermore, multiple mRNAs with identical pro-
tein-coding regions but varying 3' UTRs are, for example,
transcribed from the L-type pyruvate kinase (L-PK) gene
(20). The different L-PK transcripts arise by use of different
polyadenylation sites. The physiological role of the 3'-UTR
variability, as well as sequence conservation, is, however,
not known. One way of approaching the problem is by
identifying DNA- or RNA-binding proteins that interact with
3' UTRs on DNA or RNA.

In this investigation, we searched for nuclear protein(s)
binding to conserved 3'-UTR DNA of genes that are ex-
pressed in myogenic rat L6 cells.
L6 myoblasts can be induced to form myotubes in serum-

free medium containing insulin (16, 28). Morphological de-
velopment from the mononucleated L6 myoblast to the
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multinucleated L6 myotube is accompanied by numerous
alterations of gene activity (12). Muscle-specific genes are
turned on in L6 cells, while certain nonmuscle genes are
turned off. Housekeeping functions remain unaltered or may
be modulated in degree of expression (12, 16). To study the
regulatory role of interspecies conserved 3' UTRs, we have
isolated cDNA clones corresponding to mRNAs which are
(i) regulated during L6 myotube formation and (ii) contain a
conserved 3'-UTR sequence segment. cDNA clones con-
taining sequences for the two proal(I) collagen transcripts
were chosen because these RNAs accumulate in L6 myo-
blasts, are down-regulated in L6 myotubes, and have an
interspecies-conserved 3'-UTR segment (this study).
We show that this DNA element, termed tame sequence,

is specifically recognized by nuclear protein(s) from L6
myoblasts. The tame-binding activity was absent from L6
myotubes in which proal(I) collagen RNAs were also unde-
tectable. However, these RNAs as well as the protein could
be reinduced by a change of medium.

MATERIALS AND METHODS

Cells. Growth of myogenic rat L6/C15 cells in Waymouth
medium with 15% fetal calf serum and initiation of myotube
formation in serum-free Dulbecco modified Eagle medium
containing bovine insulin (10 ,ug/ml) have been described
elsewhere (16, 28). For preparation of cytoplasmic RNA, L6
myoblasts were used at approximately 60% confluency.

Preparation of RNA and cDNA libraries and isolation of
cDNA clones. Cytoplasmic RNA from L6 cells and from
primary rat myotubes was isolated as described previously
(9, 16). Poly(A)+ RNA was selected on oligo(dT)-cellulose
(type II; Collaborative Research, Inc.; 1). cDNA production
from developing L6 myotubes and cloning into plasmid
vector pUR290 have been described elsewhere (16). The
cDNA library prepared from primary rat myotubes (4) and
cloned into lambda gtll (3) was a gift from John Merlie.
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cDNA pL6-3-1 was isolated from the L6 cDNA library by
differential colony hybridization (11), using first-strand
cDNA transcribed from RNA of L6 myoblasts and myo-
tubes, respectively (16). The other cDNA clone, pmtl4, was
isolated from the lambda gtll cDNA library which was made
of RNA from primary rat myotubes. A synthetic oligonucle-
otide (20-mer; 5'-TTGAGAGATGAATGCAAAGG) derived
from the sequence of clone pL6-3-1 was used for plaque
hybridization (18).
Sequence analysis. cDNA pL6-3-1 isolated from the L6

cDNA library was sequenced by the method of Maxam and
Gilbert (21). The insert fragment of cDNA clone pmt-14,
isolated from the lambda gtll cDNA library, was recloned
into plasmid vector pUC19 and sequenced by the double-
stranded dideoxy-chain termination method (32; Boehringer
Mannheim Biochemicals manual). Nucleotide sequences
were determined on both strands of the cDNAs.
RNA blotting, radionucleotide labeling of DNA probes, and

hybridization to RNA. RNA samples were size fractionated
by electrophoresis on 1% agarose-6% formaldehyde gels
(37), transferred to ZetaBind nylon membranes, and dried at
80°C for 2 h. DNA was labeled with 32P by random hexanu-
cleotide priming (10) to a specific activity of 109 cpm/,ug of
DNA. Hybridization ofDNA probes to RNA blots was done
essentially under standard conditions (18) except for the
fragment of cDNA Hf677 (6). This probe was hybridized
(39°C, 50% formamide) and washed (2x SSC [SSC is 0.15 M
NaCl plus 0.015 M sodium citrate], 0.1% sodium dodecyl
sulfate 50°C for 30 min) at reduced stringency. Usually,
membranes were washed at a final stringency of 0.1%
SSC-0.1% sodium dodecyl sulfate at 60°C for 30 min.
Rehybridization with probe pAG82 was always done after
the complete hybridization procedure with pL6-3-1 was
finished and after a first exposure to X-ray film. For rehy-
bridization with probe pAG82, the Northern (RNA) blots
were not dehybridized.

Preparation of nuclear extracts, gel retardation assays, and
DNase I footprint analysis. The experimental protocols de-
scribed below are modified from published procedures (22,
26). Fifteen monolayers (15-cm diameter) of L6 myoblasts at
75% confluency were washed twice with phosphate-buffered
saline and once with HB buffer (see below), followed by
addition of 5 ml of HB buffer with 0.5% Nonidet P-40. Cells
were lysed for 5 min on ice and harvested; nuclei were
pelleted at 2,000 x g for 5 min, suspended in PB buffer (see
below) to 108 nuclei per ml, and adjusted to 0.4 M KCl.
Nuclei were extracted for 30 min on ice and centrifuged at
15,000 x g for 30 min. Proteins in the supernatant were
precipitated with 45% ammonium sulfate, suspended in BB
buffer (see below), and dialyzed against BB buffer for 3 h.
Portions of 25 ,ul with a final protein concentration of 2 to 4
mg/ml were stored at -70°C. Nuclear extracts from myo-
tubes were prepared essentially as described above except
that 1% Nonidet P-40 was used and cell lysis was allowed to
proceed for 10 to 15 min, until 80 to 90% of the nuclei were
free (microscope check).
HB buffer consisted of 10 mM N-2-hydroxyethylpipera-

zine-N'-2-ethanesulfonic acid (HEPES)-NaOH (pH 8), 0.5
mM spermidine, 0.15 mM spermine, 1 mM EDTA, 0.25 mM
ethylene glycol-bis(q-aminoethyl ether)-N,N,N',N'-tetra-
acetic acid (EGTA), 50 mM NaCl, 2 mM dithiothreitol, 0.5
M sucrose, and 1 mM phenylmethylsulfonyl fluoride. PB
buffer was the same as HB buffer except that sucrose was
replaced by 10% glycerol (vol/vol). BB buffer consisted of 10
mM HEPES (pH 8), 100 mM NaCl, 0.1 mM EDTA (pH 8),
2 mM dithiothreitol, 25% (vol/vol) glycerol, and 1 mM

phenylmethylsulfonyl fluoride. Buffer for binding assays (see
below) was the same as BB buffer except that glycerol was
replaced by 4% (wt/vol) Ficoll (Pharmacia Fine Chemicals).
For the gel retardation assays, 0.5 ng of 32P-end-labeled

insert fragment (fill-in reaction) of the indicated cDNA
clones was added to 0.5 to 4 ,ug of nuclear protein in assay
buffer containing 1 ,ug of poly(dI-dC) DNA (Pharmacia; final
assay volume, 25 ,ul) and incubated at 25°C for 30 min. The
samples were then separated by electrophoresis on a 4%
polyacrylamide gel in 0.5x TBE (18) at maximal 6 V/cm for
6 h at 4°C. For retardation assays with oligonucleotides
labeled by T4 polynucleotide kinase (18), binding was al-
lowed to proceed in 50 mM instead of 100 mM NaCl.
Oligonucleotide-protein complexes were run on 5% poly-
acrylamide gels in 6.7 mM Tris hydrochloride (pH 7.5)-3.3
mM sodium acetate-1 mM sodium EDTA (35) at 4 V/cm for
3.5 h with constant circulation of the running buffer. The gels
were dried on 3MM paper (Whatman, Inc.) and exposed to
Kodak XAR-5 films (Eastman Kodak Co.) at -70°C.
For the footprint analysis, DNA-protein complexes (5 ng

ofDNA; 20 to 60 jig of protein) were allowed to form at 25°C
for 30 min and were then treated with 50 ng of DNase I for
3 min in a volume of 250 ,ul at 25°C. The reaction was
stopped by addition of EDTA and storage on ice. The
proteins were extracted from the samples with phenol-
chloroform (1:1, vol/vol), and the remaining DNA was
analyzed on a DNA-sequencing gel.

RESULTS

cDNA clone pL6-3-1 was detected in a cDNA library
prepared from RNA of L6 cells collected 72 h after induction
of myotube formation (16). The library was screened differ-
entially with first-strand cDNA transcribed from RNA of L6
myoblasts and L6 myotubes, respectively. pL6-3-1 (0.165
kilobase pairs [kbpl hybridized with myoblast-derived but
not with myotube-derived first-strand cDNA. cDNA pmt-14
(1.2 kbp) was isolated from a lambda gtll cDNA library
made from RNA of primary rat myotubes (3, 4; see Materials
and Methods). Primary rat myotube cultures prepared as
described previously (4) still contained proal(I) collagen
mRNAs (unpublished observation). pL6-3-1 and pmt-14
were further characterized in Northern blot experiments and
by nucleotide sequence analysis as described below.
Sequence analysis and comparisons, identification of the

collagen RNAs, and definition of the tame element. The
nucleotide sequences of cDNAs pL6-3-1 (165 bp; Fig. lb)
and pmt-14 (Fig. lc) were determined and compared with
sequences listed in the EMBL Data Library. Both cDNAs
contained sequences that were nearly identical to sequences
of the proal(I) collagen RNAs from humans (2, 5) and mice
(23; Fig. lc). This homology covered C-terminal amino acid
codons as well as about 230 nucleotides downstream of the
stop codon and was taken as an indication that cDNAs
pL6-3-1 and pmt-14 contained rat proal(I) collagen se-
quences. Frequently, 3' UTRs are the most specific probes
for individual mRNAs and have, for example, been used to
distinguish the different actin isoforms (29).
The proal(I) collagen RNAs were expected to have sizes

of about 5 and 6 kb, as inferred from the lengths of the
human transcripts (5). The two RNAs of about 5 and 6 kb,
detected in Northern blot experiments by cDNA pL6-3-1
(Fig. la and 2), met this expectation. An oligonucleotide
derived from the coding part of cDNA pmt-14 as well as a
fragment from the protein-coding region of the human
proal(I) collagen cDNA Hf677 (6) were also hybridized to

VOL. 9, 1989



2830 HERGET ET AL.

5'TC.AATTTCCC C.kA.AGACCCAA .AAAkTTCGGAG
)3 .ALGT-AAAG CGGTTTTCGGC TTTAEmT.

Bi

1 2 3
kb

6- 1 ;^

6....- Am&
-'%

5-

41.

ACAATTTTAC ATGGtCCTCTTG GA.AACA.tTTT
3 AALAATC TACCTGCAAAT TAAA

62
Al

TTTTCCTTTG C.kTTC.kTCTC TC AACTTAG
AAAACCAAAC GTAAGTAGAG .GCTTTG.AATC

T1TTTTATCTT TGACCAACTG -kACGTGACCA
AAkkAAT ACG.L.AACTGGCTTGAC TTGCACTGGT

A2
AAAACCAAAA GT C .A7A.AA
TTTTGGTTTFT CQ ACGT.ACGTT GGCAATGGTTT

b
N A-

-28S -

18S-

ai

- hours
1 3 6 12 18 24

pL6-3

Cyt.C Oxid.
pAG82

b

.AL.k.kALAALA.AL.-.A 4L.x.k.k.A.

TTTTTTTTT 1 1I1TTT

ITC CTT TCT CCA CCA CCT CCC TCC T-TC GTG TAA
2 GGA - -A GAC ATT GGC -T--
3 rc- T -C GAC GTT GGC --r--F C

1' F L S P P P -A C F A

2' G L D G P A C F A

3' G F D A G P A C F L

1 CCA ITC TGG TTC CCT CCC -CC C AG CCC AkCT TTC

2 T
3 -- -CT --C A A

F pL6-3-1
GAA ACA GAC CAA CAA CCC AkA CTC AAT TTC CCC

-- -- ^ G --- G

4A.4^ TTG GGA GAC AAT TTT ACA TGG AC TI'G GAA
--T A-- - T --- - CC
--- -- ---- c

CUT TGC AUT CAT CTC TC.A ALAC 114 GTT TTT AITC
c

AAC GTC ACC AAA AAC CAA AAG TGC ATT C AA CCT TAC

A--

protein coding stop
V

'A+KB
IK

ACT CCC ICC ATC
----c-

0 10 20 30 40 50 60 70 80
hours after fusion

FIG. 2. Northern blot analysis with RNA from L6 cells. (a)
CCC C A 4CC CTG Hybridization of DNA pL6-3-1 to 3 ,ug of poly(A)- and 3 p.g of poly
-- - - - (A)' RNA from L6 myoblasts. The 6-kb RNA was primarily

C detected in the poly(A)+ fraction; the 5-kb RNA was detected
mainly in the poly(A)- fraction but was also found in the poly(A)+
fraction. (b) Northern blot analysis with probe pL6-3-1 of poly(A+)-

AAA 4GC CAA enriched cytoplasmic RNA (5 pig per lane) from L6 cells at 0 (lane
---A---Mb [myoblasts]), 1, 3, 6, 12, 18, 24, 36, 54, and 75 h after induction

CTC-of myotube formation. Two bands, of 5 and approximately 6 kb,
were found up to 54 h after induction of myotube formation. After
hybridization to pL6-3-1, the blot was rehybridized with probe

A AC AUT TTT TTC pAG82, which contains cDNA sequences of the mouse cytochrome
- - c oxidase (25, 33), and exposed to Kodak XAR-5 film at -70°C for

-- - -- 3 days. (c) Quantitation of the procl(I) collagen mRNAs relative to
the cytochrome c oxidase control by densitometry (model 620 video

TTT GAC CAACTG densitometer; Bio-Rad Laboratories). IA and 'B are the densities of
the collagen mRNAs; IK is the density of the cytochrome c oxidase
mRNA. The relative amounts of the collagen mRNAs were calcu-
lated by integrating the peaks of ('A + IB) and IK.

cytoplasmic RNA of L6 cells (Fig. la). These two probes
detected the same 5- and 6-kb RNAs. We conclude from
these Northern blot results and from the nucleotide se-
quence analysis that cDNAs pL6-3-1 and pmt-14 were de-
rived from prooxl(I) collagen mRNAs.
For the gel retardation and DNase I protection experi-

ments described below, we used the 3'-UTR segment that
was most highly conserved among rat, human, and murine

3-UTR

l s polyadenylation 2nd
v signal 57

--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.

RNA:-Skb-i__-,6kb--

FIG. 1. (a) Northern blot analysis with RNA from L6 cells.
Probes were an oligonucleotide derived from the protein-coding
region of pmt-14 (5'-TAGGTCTTCAAGCAAGAGGACCAAGCT
TCC-3'; lane 1), cDNA pL6-3-1 containing the tame sequence (lane
2), and the protein-coding region of the human proal(I) collagen
cDNA clone Hf677 (6) (lane 3; the 3' UTR was cut off at the EcoRI
site); positions of the 5- and 6-kb RNAs are indicated. (b) Double-
stranded nucleotide sequence of cDNA pL6-3-1. The boxed nucle-
otides indicate the sequences that were protected in the DNase I

protection assay (see also Fig. 6). (c) Comparison of rat cDNA
pmt-14 sequences (1) with murine (2) and human (3) proal(I)
collagen sequences. The boxed sequence is the 135-nucleotide-long
tame sequence. The beginning of the pL6-3-1 sequence relative to
the pmt-14 sequence is indicated. (d) Schematic representation of
the tame sequence in the proal(I) collagen gene and sequences of
the two 5- and 6-kb transcripts, as inferred from both the human (5)
and mouse (23) genes. Note that in both species there is no intron in
the 3' UTR.
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prooxl(I) collagen RNAs. This was a segment of 135 nucleo-

tides with 96% homology in the rat (represented in cDNAs

pL6-3-1 [Fig. lb] and pmt-14 [Fig. lc]), human, and mouse

(Fig. lc) sequences. Henceforth, for reasons of conve-

nience, we call this conserved 3'-UTR segment the tame

sequence. Its location in the collagen gene and in the

transcripts is schematically shown in Fig. ld.
Down-regulation of the the two collagen RNAs during L6

myotube formation. Poly(A)+-enriched, cytoplasmic RNA

from L6 cells was prepared at 1, 3, 6, 12, 18, 24, 36, 54, and

75 h after induction of myotube formation and from L6

myoblasts. Northern blots were performed and probed with

32P-labeled cDNA pL6-3-1 (Fig. 2b). Two collagen RNAs of
5

and about 6 kb were detected up to 54 h after induction of

myotube formation and had decreased at approximately 75

h. Subsequent hybridization of this Northern blot with

cDNA pAG82 containing coding sequences of the mouse

cytochrome c oxidase subunit 1 (25, 33) showed that L6

cells, although they were kept in serum-free medium, con-

tained this mRNA, which is essential for normal cell func-

tion. This finding indicated that the decrease of the two

collagen RNAs identified with cDNA pL6-3-1 was not re-

lated to nutritional deficiencies of myotube-forming L6 cells.

Hybridization to pAG82 also revealed the integrity of the

RNA samples tested.
Furthermore, quantitation of the collagen mRNAs relative

to the cytochrome c oxidase control by densitometry (Fig.

2c) showed that the level of the proal(I) collagen mRNAs

was rather constant between 0 and 54 h of myotube devel-

opment and then appeared to decrease sharply between 54

and 75 h after induction of myotube formation. This drastic

decrease was reproducible in L6 cells that had -90% of

nuclei in myotubes. L6 cells that were less differentiated had

higher levels of collagen mRNAs (unpublished observa-

tions). Most likely, this variability in collagen expression

was the reason why cDNA pL6-3-1 was isolated from

myotube-forming L6 cells. Percentage of fusion was checked

in sister plates at 96 h after induction of myotube formation,

when development of L6 myotubes in culture was complete.

Because of the observations described above, RNA and

nuclear extracts were subsequently used from L6 myotube

cultures that had .90% of nuclei in myotubes. The data

shown in Fig. 2b and la are also in agreement with previous

analyses (12) showing that collagen proteins are present in

L6 myoblasts and become undetectable during L6 myotube

formation.
Comparison of the hybridization patterns of poly(A)-- and

poly(A)+-enriched cytoplasmic L6 RNAs to pL6-3-1 (Fig.

2a) showed that a substantial if not major fraction of the 5-kb

RNA was present in the poly(A)- fraction as well as the

poly(A)+ fraction. The 6-kb RNA, however, was primarily

found in the polyadenylated form (Fig. 2a).

Recognition of the tame sequence by regulated nuclear

proteins from L6 cells. Nuclear extracts were prepared from

L6 myoblasts. A 0.5-ng sample of 32P-end-labeled pL6-3-1

insert DNA, representing the tame sequence, was added to 4

,ug of nuclear protein; complexes were allowed to form at25°C for 30 min and then subjected to electrophoresis on 4%

polyacrylamide gels. These gel retardation experiments (Fig.

3, lanes 2 and 3) showed that nuclear factors from L6

myoblasts bound to the tame sequence. Binding of these

myoblast factors could be inhibited by specific competitor

DNA containing the tame sequence (Fig. 3, lanes 4 to 6) but

not by unrelated DNA fragments such as pUC18 DNA (Fig.

3, lane 19). pUR290 plasmid polylinker itself, which flanks
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FIG. 3. Retardation assays with nuclear extracts from L6 myo-

blasts, using the 250-bp insert fragment of cDNA pL6-3-1 (tame plus
linker sequences of pUR290; lanes 2 to 6 and 19), the 350-bp insert
fragment of cDNA pL6-411/2, containing the TGGCA-binding site
(lanes 7 to 11), the 345-bp HindIII-PstI simian virus 40 promoter
fragment of plasmid pSV2CAT (lanes 12 to 16), and the EcoRI-
HindIII linker fragment of plasmid pUR290 (lanes 17 and 18).
Binding of nuclear L6 proteins to the pL6-3-1 fragment was inhibited
by specific competitor DNA (lanes 4 to 6) but not by unrelated,
linearized pUC18 DNA (lane 19). Molar excesses of competitor
DNA over probe DNA (0.5 ng; 1,000 cpm) were 5-, 10-, and 50-fold
for pL6-3-1 (lanes 4 to 6), 10-, 20-, and 100-fold for pL6-411/2 (lanes
9 to 11), and 8-, 16-, and 80-fold for pSV2CAT (lanes 14 to 16). The
linker fragment of pUR290 was not retarded (lane 18). Size marker
was pBR322 DNA digested with Hinfl (lane 1). The gel was exposed
to Kodak XAR-5 film for 12 h.

the isolated pL6-3-1 cDNA insert, was not recognized by
nuclear L6 proteins (Fig. 3, lanes 17 and 18).

Positive-control experiments were performed with the
TGGCA-binding site (also called nuclear factor 1-binding
site; 17) which is present on cDNA pL6-411 subclone 2
(pL6-411/2; 16) and does not compete with pL6-3-1 (data not
shown). Nuclear extracts also worked with these recognition
sequences (Fig. 3, lanes 7 to 11). Previous studies have
shown that L6 muscle cells contain high amounts of TG
GCA-binding protein (T. Herget et al., unpublished obser-
vations). A second positive-control experiment was done
with the EcoRI-PstI fragment from plasmid pSV2-CAT,
containing the simian virus 40 promoter-enhancer element
(14; Fig. 3, lanes 12 to 16). This fragment was also shifted in
the gel retardation experiments.
Treatment of the DNA-protein complexes with either

proteinase K or RNase A showed that protein factors were

responsible for the reduced electrophoretic mobility of the
tame-positive DNA fragment (data not shown).
Tame-DNA-binding activity and proll(I) collagen RNAs

are undetectable in L6 myotubes but can be coordinately
reinduced. Nuclear proteins were also prepared from myo-

tubes at 80 h (Fig. 4) and at 100 h (data not shown) of
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FIG. 4. Retardation assays with nuclear extracts of L6 myo-
tubes. Nuclear extracts (0.5, 2.5, and 4 ,ug) were incubated with
DNA fragments from pL6-3-1 and pL6-411/2 (see legend to Fig. 3).
Nuclear extracts were prepared from L6 myotubes at 80 h after
induction of myotube formation in serum-free medium without
medium change (Mt-MC) or with medium change without serum at
80 h and preparation of extracts at 100 h (Mt+MC) of myotube
development. Both nuclear protein extracts retarded insert DNA
from pL6-411/2 (lanes 12 to 17). Insert DNA pL6-3-1 bound only to
proteins of the Mt+MC extract (lane 7 to 11) and not to proteins of
the Mt-MC extract (lane 2 to 6).

development in serum-free medium. The protein in these
extracts had no detectable affinity to the tame sequence
when assayed in gel retardation assays. However, when the
medium of the myotube cultures was changed to fresh
medium without serum, nuclear proteins recognizing the
tame sequence were again detectable (Fig. 4, lanes 7 to 11).
Control experiments with the nuclear myotube extracts
demonstrated that proteins from all of these preparations
retained the fragment with the TGGCA-binding site (Fig. 4,
lanes 12 to 18).

In parallel, some dishes of the L6 cell preparations de-
scribed above were used for isolation of cytoplasmic RNA in
order to correlate the accumulation of the proal(I) collagen
RNAs with the activity of the tame-DNA-recognizing pro-
teins. The RNA samples were analyzed in Northern blots
with 32P-labeled cDNA pL6-3-1 as the probe. Reinduction of
the tame-recognizing activity was accompanied by reaccu-

mulation of the proal(I) collagen RNAs containing the tame
sequence (Fig. 5a). Control hybridization with plasmid
pAG82 showed that the cytochrome c oxidase mRNA was

detected in all three RNA samples equally well (Fig. 5b).
This and the result of Fig. 1 demonstrated that the reduction
of collagen RNAs and tame-binding activity was not due to
nutritional deficiencies of the L6 cells. Thus, the coordinate
accumulation and decrease of collagen RNAs and tame-
binding activity strongly indicated a functional relationship
between the two activities (see Discussion).

Determination of sequences recognized by the tame-binding
protein(s). DNase I protection experiments were performed
to locate the binding sites of the nuclear L6 proteins within
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FIG. 5. Northern blot analysis of total cytoplasmic RNA (10 p.g

per lane) from L6 myotubes at 100 h after induction of myotube
formation in serum-free medium without medium change (Mt;
equivalent to Mt-MC in Fig. 4) and with change to medium
containing insulin (Mt+ins.; equivalent to Mt+MC in Fig. 4) or fetal
calf serum (Mt+ FCS) at 80 h of development. (a) Hybridization of
the blot to 32P-labeled cDNA pL6-3-1; (b) rehybridization of the
same blot to cDNA pAG82 of the mouse cytochrome c oxidase
subunit 1.

the tame sequence. The results (Fig. 6) indicated the protec-
tion of four sequence motifs, Al, A2, Bi, and B2, within the
tame element from DNase I digestion. The protected nucle-
otides are marked in the pL6-3-1 sequence (Fig. lb). There
are two footprints on each strand. Remarkably, the corre-
sponding regions on the complementary strands are not
protected. The protection below Bi (Fib. 6b) was not
reproducible in different assays and thus was regarded as
nonspecific.
We compared the protected regions with published bind-

ing sites. Homology was found in two cases. (i) In the
protected motifs Al and A2, six of seven and five of seven
nucleotides, respectively, were identical to the M-CAT
heptamer 5'-CATTCCT-3', which is required for skeletal
muscle-specific activity of the cardiac troponin T gene
promoter (19). (ii) The sequence 5'-TCTCCCA-3' (motif Bi
in Fig. 1 and 6) was identified as a partial complementary
sequence of a TFIIIA recognition site present in the internal
control region of the Xenopus 5S rRNA gene (31). However,
it is not clear whether the homology of these recognition
sites reflects any functional similarity of the binding pro-
teins.
Tame-DNA-binding protein(s) also recognizes the sequence

on single-stranded DNA. Since we found protection of only
one of the tame-DNA strands in the DNase I footprint
experiments (Fig. 6), we tested whether the tame-binding
protein would also recognize single-stranded DNA. For this
purpose, we synthesized oligonucleotide A (5'-CATTCATC
TCTCCATTCAACCTTAC), which was derived from the
windows Al and A2 protected on the sense strand in the
footprint (Fib. lb and Table 1). This oligonucleotide was
used in gel retardation assays with nuclear proteins from L6
myoblasts. In these experiments (Fig. 7), assay conditions

MOL. CELL. BIOL.

:



NUCLEAR PROTEIN IN MYOGENIC CELLS 2833

b pL6-3-1
anti- sense strand

FIG. 6. Footprint analyses. Nuclear extracts of L6 myoblasts
(20, 40, and 60 p.g) or 20 jig of bovine serum albumin were incubated
with 10 ng (105 cpm) of pL6-3-1 insert fragment labeled at the sense

(a) or antisense (b) strand. The protein-DNA complexes were

treated with 50 ng of DNase I at 25°C for 3 min. The protected
nucleotides were localized in comparison with the sequence ladder
obtained from sequence determination of either strand by the
method of Maxam and Gilbert (21). The DNA fragment shown in
panel a corresponds to the RNA; that in panel b is complementary
to the RNA. The protected nucleotides are shown in Fig. 1.

were different from those for the experiments shown in Fig.
3 and 4, since protein binding to oligonucleotides was good
in acetate buffer but very weak in TBE, which seems to be
better for resolution of complexed fragments. Therefore, the
competition experiments, in which oligonucleotides and
plasmid fragment were used together, were done under
conditions optimized for protein binding to oligonucleotides.
The single-stranded oligonucleotide A was retained by

nuclear factor(s) from L6 myoblasts (Fig. 7a). In contrast,

oligonucleotide A', which was complementary to A, did not
bind to nuclear L6 protein(s) (Fig. 7a). Competition of
binding to oligonucleotide A could be achieved both with
oligonucleotide A and with the double-stranded tame-DNA
fragment. In agreement with these results, oligonucleotide
A, but not A', could compete with the double-stranded
tame-DNA fragment for the binding proteins (Fig. 7b). Thus,
the tame-recognizing factor(s) was able to find its target on
double-stranded as well as on single-stranded DNA.
On the basis of the results shown in Fig. 7a and b, we

determined whether windows Bi and B2 were also specifi-
cally recognized on single-stranded DNA. Nuclear extracts
from L6 myoblasts were incubated with 32P-labeled oligonu-
cleotides Bi, B2, B1', and B2', the latter two being comple-
mentary to Bi and B2. Oligonucleotide B1 was weakly and
oligonucleotide B2 was strongly shifted by protein(s) from
L6 myoblasts (Fig. 7c, lanes 8 and 10). Sequences comple-
mentary to Bi and B2 were not recognized by this protein(s)
(Fig. 7c, lanes 9 and 11). This result supports the idea that
footprints Bi and B2 were specific. In contrast to the results
for oligonucleotide A, containing windows Al and A2 (Fig.
7c, lane 2), retardation assays with oligonucleotides Bi and
B2 (Fig. 7c, lanes 8 and 10) did not give rise to two distinct
bands.
To obtain further evidence that both windows Al and A2

could be recognized by tame-binding protein(s), we mutated
these sites simultaneously [oligonucleotide A(ml, m2)] or at
either site separately (oligonucleotides A(ml) and A(m2); for
details, see Table 1]. Mutation of either site, Al or A2, still
allowed retardation of the oligonucleotides (Fig. 7c, lanes 6
and 7). However, the upper of the two bands seen with
oligonucleotide A (Fig. 7c, lane 2) disappeared in both cases.
Mutation of both windows completely abolished binding
(Fig. 7c, lane 5). These results support the idea that each of
the windows, Al and A2, can be independently occupied by
tame-binding protein(s).

Finally, it was shown that retardation of oligonucleotide A
was very much reduced with nuclear extract from L6 cells at
80 h of myotube development (Fig. 7c, lane 3). This obser-
vation is in agreement with the idea that the same tame-
binding protein(s) binds on double-stranded as well as on
single-stranded DNA.

DISCUSSION
In this report, we show that a conserved 3'-UTR segment

of the proal(I) collagen gene, called tame DNA, is recog-

TABLE 1. Design of synthetic tame oligonucleotides derived from footprints in DNase I protection analyses

Oligonucleotide Window Sequence of window Sequence of oligonucleotides (5'-+32)b

A Al CATTCATCTCTC
CATTCATCTCTCCATTCAACCTTAC

A2 CATTCAACCTTAC
A(ml,m2) Al and A2 mutated GAAAGAGGTCTCQAAGAiAGC7FTTAC
A(ml) Al mutated GAAAGAGGTCTCCATTCAACCTTAC
A(m2) A2 mutated CATITCATCTCTCGAAAGAGAiCTTAC
A' Complementary to A GTAAGGTTGAATGGAGAGATGAATG
Bi Bi TCTCCCA TCTCCCAATTTTTGGCC
Bi' Complementary to Bi GCCAAAAAITGGGAGA
B2 B2 GTlTTCCA GTTTT-CCAGTTTTCCAGTTTTCCAd
B2' Complementary to B2 TGGAAAACTGGAAAACTGGAAAAC

a See Fig. lb.
b Mutated oligonucleotides are underlined.
c Window Bi plus downstream sequence.
d Three times window B2.

a pL6-3-1
sense strand
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FIG. 7. Gel retardation assays with 32P-labeled oligonucleotides A (see below; panel a, lanes 1 to 7) and A' (panel a, lanes 8 to 10) and
pL6-3-1 insert fragment (b). Buffer conditions were different from those used in the experiments shown in Fig. 3 and 4 (see also Materials and
Methods and Results). Nuclear extracts were prepared from L6 myoblasts. Competitor DNA was added to the reaction mixtures as indicated.
Lane M in panel a is a 32P-labeled DNA size marker (Bethesda Research Laboratories ladder). (c) Confirmation of the DNase I footprints (see
Fig. 6) by gel retardation assay with 32P-labeled oligonucleotide probes. Synthetic oligonucleotide sequences were derived from the protected
windows Al and A2 (A; lane 1 to 3), Bi (lane 8), and B2 (lane 10). A' (lane 4), B1' (lane 9), and B2' (lane 11) are oligonucleotides
complementary to A, Bi, and B2, respectively. Furthermore, oligonucleotide A was mutated in different ways. In A(ml,m2) (lane 5), both
Al and A2 were mutated; in A(ml) (lane 6), window Al was mutated; and in A(m2) (lane 7), window A2 was mutated. Details of the synthetic
oligonucleotides are given in Table 1. Nuclear extracts were prepared from L6 myoblasts (Mb; lanes 2 and 4 to 11) and from L6 myotubes
(Mt; lane 2) at 80 h after induction of differentiation. DNA-protein complexes were formed in the presence of 1,500 ng of poly(dI-dC) DNA.
Exposure to Kodak XAR-5 film was at -70°C for 40 h.

nized by regulated nuclear protein(s) from myogenic L6
cells. Both the tame-DNA-recognizing nuclear proteins and
the proal(I) collagen RNAs were readily detectable in L6
myoblasts but not in L6 myotubes. This observation sug-
gests that the collagen RNAs and the binding proteins are

coregulated. The finding that the tame-binding activity was
recoverable from the nucleus may indicate that it is involved
in regulation of proal(I) collagen expression by direct inter-
action with the tame sequence at the DNA level. The two
bands seen in the gel retardation experiments (Fig. 3 and 7)
could indicate that two identical protein molecules interact
with two target sites on one DNA molecule. The fact that in
vitro the protein(s) showed protection of one strand in
double-stranded tame DNA (Fig. 6) and shifted the appro-
priate single-stranded oligonucleotides (Fig. 7) raises the
possibility that the tame-recognizing factor(s) bind to RNA
as well as to DNA. Such a property has been already
reported for transcription factor TFIIIa (13, 36). It will be
important to identify the nature of the tame-binding target in
vivo.

Mechanistically, it is difficult to imagine a protein binding
to double-stranded DNA and protecting only one of the
strands and not its direct complementary sequence against
DNase I attack (Fig. 6). Perhaps the tame-binding protein(s)
has the intrinsic property of recognizing its target in double-
stranded DNA and separating the two strands in order to
bind to a single-stranded molecule. No special DNA topol-
ogy would be required for this activity, since linear DNA
was used in the DNase I footprint analyses.

It has been reported that two procxl(I) collagen RNAs of

about 5 and 6 kb exist in human (5), mouse (23), and rat (Fig.
1 and 2) cells. As shown in human (5) and mouse (23) cells,
these two RNAs differ in the lengths of their 3' UTRs, a

result explained by the differential use of two polyadenyla-
tion signals that are about 1 kbp apart (23). It is interesting to
note that the protected regions Al and A2 on the sense
strand of the tame sequence (Fig. 1 and 6) are located close
to the polyadenylation signal of the smaller transcript, which
was determined in both mouse (23) and human (5) cells.
Thus, the tame-binding protein(s) is possibly involved in the
decision as to whether an individual transcript is going to be
5 or 6 kb long by directing the polyadenylation machinery to
either the proximal or distal site. The physiological impor-
tance of this decision may be reflected by the fact that the
differential use of the collagen polyadenylation sites is main-
tained during evolution.

Furthermore, the differential use of polyadenylation sites
has been also reported for other gene products, such as the
L-PK transcripts (20). In this case, it seems that the ratio of
the different L-PK mRNAs which are specified by the length
of the 3' UTR is even regulated in a developmentally and
tissue-specific manner (20). Nevertheless, the functional
significance of these multiple L-PK transcripts remains
unclear, since they have similar half-lives and appear to be
translatable with comparable efficiencies (20).

It was also demonstrated that a complete medium change
at 80 h of L6 myotube development led to reappearance of
the tame-binding protein(s) as well as of the collagen RNAs.
Nutritional problems were unlikely be the reason for this
phenomenon. It seems conceivable that L6 cells secrete and
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accumulate a factor in the supernatant that is able to repress
expression of the prooxl(I) collagen RNAs and tame-recog-
nizing activity, for instance by binding to the L6 cell surface
(autocrine regulation). Removal of such a factor by a change
of medium would then result in reexpression of the collagen
RNAs and tame-binding proteins(s) (Fig. 4 and 5).

Perhaps the most important result to emerge from this
work is the coordinate accumulation and disappearance of
the collagen RNAs and the tame-DNA-binding activity.
Clearly, the binding protein(s) must be inactivated either by
degradation or by modification. At present, we are attempt-
ing to purify sufficient amounts of the protein to raise
antibodies with which these questions can be addressed.
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