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Identification of Two Factors Required for Transcription of the
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Two transcription factors, COUP and S300-II, were isolated and partially purified from HeLa cell nuclear
extracts. Both factors are required for the efficient transcription in vitro of the ovalbumin gene but not the
simian virus 40 early genes. COUP factor binds to the chicken ovalbumin upstream promoter (COUP) sequence
which lies between -70 to -90 base pairs upstream from the cap site. A series of competition experiments with
a band-shifting assay was carried out to determine the relative affinity of COUP box transcription factor for
various promoters. We found that a promoter DNA fragment isolated from the ovalbumin gene competes better
than those isolated from the ovomucoid, Y, and a-actin genes. In contrast, the simian virus 40 early genes, the
3-globin gene, and the adenosine deaminase gene promoters do not compete well in this assay. The molecular

weight of the COUP factor was estimated by S-300 column chromatography, glycerol gradient centrifugation
to be 90,000. However, two bands were observed in sodium dodecyl sulfate gel electrophoresis of cross-linked
COUP factor to a 32P-labeled oligonucleotide containing the COUP sequence. The protein moieties of the major
and minor bands were estimated to be 85,000 to 90,000 and 40,000 to 45,000, respectively. The S300-II factor
with an apparent molecular weight of 45,000 in an S-300 column is required for function in an in vitro
reconstituted transcription system. In contrast to the COUP factor, the S300-II factor does not have apparent
specificity for binding to the ovalbumin gene promoter. The S300-H factor may function by interacting with
RNA polymerase or other DNA-binding transcription factors.

The interactions between specific DNA sequences, regu-
latory factors, and RNA polymerase II play an important
role in modulating gene expression at the level of transcrip-
tion. Many studies with DNA templates containing specific
mutations have identified the cis-acting elements in DNA
such as the conserved TATA box and the regions further
upstream which are necessary for the efficient and accurate
initiation of transcription. Recently, the GGGCGG sequence
(GC box) located upstream of various genes was found to be
important for their expression since deletion or mutation of
this sequence resulted in a reduction or inactivation of their
expression (14, 22, 23). Furthermore, Tjian and co-workers
(7-10, 16, 19) have isolated a protein factor, SP1, which
binds to the GC box and is essential for the transcription of
this class of genes. Similarly, the CAAT box sequence
(GGTCAATCT consensus) which is cis linked and located
around 80 base pairs upstream from the RNA initiation site
of several genes (1, 11) has also been found to be important
for its expression (4, 6, 18). In this case, a protein binding to
that region has been identified in our laboratory and others,
but its function has not been defined (12, 17, 27).
We have recently demonstrated that the distal promoter

region of the chicken ovalbumin gene contains a duplicate
GTCAAA box (GGTGTCAAAGGTCAAACT) which is es-
sential for efficient and accurate transcription in both in vivo
and in vitro systems (21, 27). We named this repeated
sequence the chicken ovalbumin upstream promoter
(COUP) element. In addition, in vitro transcription of the
ovalbumin gene can be inhibited by the addition of an excess
of competitor DNA fragments which contain the COUP box
sequence. These experiments suggest the existence of a
trans-acting factor which enhances transcription by binding
to the COUP box sequence (27). Furthermore, footprinting
with exonucleases or DNase I confirmed the presence of a
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COUP box binding protein in HeLa nuclear extracts (12, 27).
The present study has been designed to characterize this
COUP box factor and to elucidate its functional activity in
transcription in vitro.

MATERIALS AND METHODS

Preparation of COUP transcription factors. Nuclear ex-
tracts from HeLa cells were prepared as described previ-
ously (27) and fractionated by using DEAE-Sephadex and
phosphocellulose columns by the modified method previ-
ously defined for whole-cell extracts (32). The nuclear ex-
tract (50 ml) was loaded on a 180-ml DEAE-Sephadex (A25;
Pharmacia) column preequilibrated with 20 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH
7.9)-20%o glycerol-0.1 mM EDTA-5 mM MgCl2-2 mM di-
thiothreitol (buffer A) containing 50 mM (NH4)2SO4. After
the column was washed with the same buffer, proteins were
eluted stepwise with 175 mM (NH4)2SO4 and 500 mM
(NH4)2SO4 in buffer A. They were designated as DE50,
DE175, and DE500, respectively. DE50 was dialyzed against
100 mM NaCl in buffer B (20 mM HEPES [pH 7.9], 20%o
glycerol, 0.2 mM EDTA, 2 mM dithiothreitol) and then
loaded onto a 50-ml phosphocellulose column (P11;
Whatman, Inc). The column was washed with 100 mM NaCl
in buffer B, and proteins were eluted stepwise with 350, 500,
and 1,000 mM NaCl in buffer B. Each fraction from the
phosphocellulose column was designated as P100, P350,
P600, and P1000, respectively. P600 was precipitated by the
addition of (NH4)2SO4 (60% saturation). This precipitate was
dissolved in 1.0 ml of buffer A and dialyzed against buffer A
containing 100 mM KCl to use for band-shifting, footprint-
ing, and reconstituted transcriptional assays. The P600 (1.0
ml) was further chromatographed on a 72-ml Sephacryl
S-300 column (Pharmacia) previously equilibrated with
buffer A containing 100 mM KCl. The fractions having
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binding activity (S300-I or COUP box factor) and transcrip-
tional activity (S300-II) were pooled. The S300-I fraction
was concentrated to 0.5 ml by using Sephadex G-200 and
then fractionated on a 33-ml S-300 column. The fractions
containing binding activity were pooled and then loaded on a
heparin-Sepharose CL6B (Pharmacia) column (1.0 ml) pre-
viously equilibrated with buffer A containing 100 mM KCl.
After the column was washed with the same buffer, elution
was carried out with a linear gradient of 50 to 400 mM KCl
in buffer A. Fractions having the binding activity were
pooled and dialyzed against buffer A containing 100 mM
KCl. The S300-1I fraction was also rechromatographed on a
33-ml S-300 column, and each fraction was assayed for the
transcriptional activity in the presence of DE175, DE500,
and S300-I fractions. Fractions having transcriptional activ-
ity (S300-IT) were pooled and stored at -70°C.

Band-shifting assay. Deletion mutants (3') of the oval-
bumin gene constructed in our laboratory (L. Lopez, unpub-
lished data) were digested with ClaI and end labeled with
[a-32P]dCTP (3,000 Ci/mmol; ICN Pharmaceuticals, Inc.) at
the 3' end and then digested with AluI. Each 32P-labeled
DNA fragment (0.3 to 1 ng, 104 cpm) was incubated with a
protein fraction and the appropriate amount of unlabeled
Hinfl fragments of pBR322 at room temperature for 10 min
in a reaction mixture containing 10 mM HEPES (pH 7.9),
100 mM KCl, 1 mM dithiothreitol, 0.05 mM EDTA, 2.5 mM
MgCl2, 6% glycerol, and 2% Ficoll (Pharmacia Fine Chem-
icals). The resulting complexes were then separated from
protein-free DNA on a 5% polyacrylamide gel. The retarda-
tion of the mobility of DNA fragments was examined by
exposure of the gel to XPR-1 X-ray film (Eastman Kodak
Co.) with lighting plus intensifying screens.

Analysis of transcriptional activity. An in vitro reconsti-
tuted system and an RNase A mapping technique were used
to analyze the accurate transcription of the ovalbumin gene
as described previously (27). The reconstituted transcription
system contains DE175, DE500, and P600 or each S300-I
fraction as sources of transcriptional factors in 50 ,ul of
reaction mixture containing 1.25 ,ug of the pSVOG DNA, 500
,uM each of ATP, CTP, UTP, and GTP, 12 mM HEPES (pH
7.9), 3 mM MgCl2, 60 mM KCl, 1.5 mM dithiothreitol, 0.06
mM EDTA, 2 mM spermidine, and 12% glycerol. The
detailed construction of pSVOG has been described previ-
ously (21). The DNA template contains ovalbumin gene
sequences from position -221 to position +41. The reaction
mixture was incubated at 30°C for 45 min, and RNA synthe-
sis was stopped by the addition of sodium dodecyl sulfate
(SDS) to 0.05% and 250 p.g of proteinase K. The RNA
product was isolated and analyzed by RNase A mapping as
described previously (27).
DNase I footprinting. DNase I footprinting analysis of each

S-300 fraction was carried out as described previously (27).
For DNase I footprinting of the coding strand, pSVOG
(-161) was digested with ClaI, and the 3' end was labeled
with [32P]dCTP and then redigested with PvuII. This frag-
ment contains sequences from -161 to +120. The 32p_
labeled ClaI-PvuII fragment (1.4 ng) was incubated with 400
ng of pBR322 fragments and each protein fraction in a 20-,Il
reaction mixture containing 18 mM HEPES (pH 7.9), 90 mM
KCl, 4.5 mM MgCl2, 0.2 mM EDTA, 1.8 mM dithiothreitol,
and 18% glycerol at room temperature for 5 min. A 0.14-p.g
amount of pancreatic DNase I (DPFF; Worthington Diag-
nostics) was added, and after incubation for 30 s at room
temperature, the reaction was stopped by the addition of 100
,u1 of 10 mM EDTA-0.1% SDS-50 ,ug of proteinase K per
ml-1.5 ,ug of pBR322 and incubated at 37°C for 15 min. The

sample was prepared as described previously (27) and ana-
lyzed on 8% polyacrylamide-7 M urea sequencing gels.
UV cross-linking of the binding protein to an oligonucleo-

tide. A double-strand oligonucleotide containing the COUP
box (TCTATGGTGTCAAAGGTCAAACTTCTGA) with a
4-nucleotide overhang at each end was filled in with 100 ,uCi
each of [32P]dCTP, [32P]dTTP, [32P]dGTP, and [32P]dATP by
using the Klenow fragment to a specific activity of 5 x 108
cpm/,ug. The S300-I fraction (0.17, 0.33, or 0.66 p.g) was
incubated with 0.2 ng of 32P-labeled oligonucleotide and 500
ng of competitor Hinfl-pBR322 fragments at room tempera-
ture for 10 min. For cross-linking, samples were irradiated
with UV light (115-W Mineralight lamp UVGL-25; Ultra-
Violet Products, Inc.) for 20 min at a distance of 5 cm. The
resulting complexes were separated from the unbound DNA
on a 5% polyacrylamide gel and identifieI by exposure of the
gel to X-ray film. The gel slices containing the protein-DNA
complex were layered onto a 10% polyacrylamide-SDS
protein gel with a stacking gel and run with protein markers.
After electrophoresis, the gel was stained with Coomassie
brilliant blue R-250 to visualize the protein markers. The gel
was then dried and exposed to X-ray film at -70°C with
intensifying screens.

Glycerol gradient ultracentrifugation. A 200-pd portion
containing the S300-I fraction (4.3 tLg) and SP6 polymerase
(15 U) as an internal control was layered onto a 7 to 23%
glycerol gradient (4.4 ml) containing 20 mM HEPES (pH
7.9), 5 mM MgCl2, 0.1 mM EDTA, 0.1 M KCI, and 2 mM
dithiothreitol. Centrifugation was performed for 16 h at
45,000 rpm in an SW50.1 rotor (Beckman Instruments, Inc.).
Fractions of 6 drops (about 180 pLI) were collected and
analyzed for band-shifting activity and SP6 polymerase
activity. To make a standard curve, a mixture of 10 pug each
of sheep immunoglobulin G, bovine serum albumin, and
ovalbumin was sedimented under similar conditions as de-
scribed above except that the buffer did not contain dithio-
threitol. The sedimentation rates of the standards were
analyzed by running a sample of each fraction on an SDS gel
followed by staining with silver reagent.

RESULTS

Detection of a COUP box transcription factor by the band-
shifting assay. To facilitate the identification of the COUP
box transcription factor throughout its purification, we used
the band-shifting assay developed by Garner and Revzin (15)
and Fried and Crothers (13). Initially, we fractionated HeLa
nuclear extracts into three fractions on DEAE-Sephadex
(DE50, DE175, and DE500) by the method of Tsai et al. (32).
DE50 was then fractionated on a phosphocellulose column
by elution with 100 mM (P100), 350 mM (P350), 600 mM
(P600), and 1,000 mM (P1000) NaCl. The reconstituted
transcription indicated that at least three fractions, DE175,
DE500, and P600, were required for efficient in vitro tran-
scription of the ovalbumin gene. DE175 contains the major-
ity of the RNA polymerase II activity, while P600 was
absolutely required for accurate initiation. When each of
these six fractions was analyzed for its ability to bind to
DNA by using DNase I footprinting assays, we found that
most of the binding activity was contained in the P600
fraction (data not shown).
To utilize the band-shifting method to monitor the COUP

binding factor, we incubated 32P-labeled DNA fragments
with the P600 fraction to form protein-DNA complexes.
Incubations were carried out in the presence of increasing
amounts of competitor DNA (pBR322) to reduce nonspecific
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FIG. 1. (A) Binding of COUP box transcription factor to the
ovalbumin promoter DNA in the presence of nonspecific DNA. (B)
The end-labeled fragments contain sequences from -269 to -44 or
-269 to -103 of the ovalbumin promoter. Each labeled DNA
fragnent (0.3 to 1 ng, 104 cpm) was incubated with a constant
amount of P600 (2 pLg) and increasing amounts of unlabeled compet-
itor pBR322 under the conditions described in the text. Reactions
were analyzed for binding activity on a low-ionic-strength gel.

protein-DNA interactions. The protein-DNA complex was
then separated from protein-free DNA by virtue of the
retarded mobility of the complex during electrophoresis in a
native 5% polyacrylamide gel.
Two 32P-labeled ovalbumin DNA fragments were used in

these assays; one of the DNA fragments (-269 to -44)
contained the COUP sequence, and the other fragment
(-269 to -103) lacked this sequence (the duplicated
GTCAAA sequence is located between -83 and -71). In the
absence of competitor DNA, both DNA fragments bound to
numerous proteins present in the P600 fraction, and these
complexes failed to enter the gel (Fig. 1A). In the presence of
competitor DNA, binding of the P600 fraction to the DNA
fragment lacking the COUP sequence (-103) was not detect-
able, suggesting that the interaction of protein with this
fragment was nonspecific. In contrast, the migration of the
fragment containing the COUP sequence (-44) was retarded
in the presence of competitor DNA. Since the shifted band
was still detectable even at a nonspecific-to-specific DNA
ratio of more than 4000:1, it indicates the significantly higher
affinity of the P600 fraction factor for the COUP region of the
ovalbumin gene promoter sequence. The factor(s) present in
the P600 fraction was indeed a protein(s) since proteinase K
or 100°C treatment prevented the formation of a shifted band
(data not shown).
To identify the binding domain of the COUP transcription

factor present in the protein-DNA complex, we carried out
direct DNase I footprinting analysis of the complex. After
incubation of the transcription factor with the end-labeled
DNA (-44) probe of the ovalbumin promoter, DNase I was
added to digest the unprotected DNA region, and the prod-
ucts were separated by native polyacrylamide gel electro-
phoresis. The shifted protein-DNA band was extracted from
the gel and analyzed in a standard sequencing gel (Fig. 2). A
region between -65 and -90 on the noncoding strand was
protected from DNase I digestion. It was clear that the

shifted band contained a factor which bound to the COUP
box region of the ovalbumin gene promoter and that the
band-shifting method is a valid assay system for detecting
the COUP box binder.

Isolation of COUP transcription factor from HeLa nuclear
extracts. For further purification of the COUP transcription
factor, the P600 fraction was applied to a Sephacryl S-300 gel
filtration column. Samples from the fractions of the S-300
column were incubated with 32P-end-labeled DNA fragment
containing a 3' end at -44. In the presence of a constant
amount of the labeled DNA fragment and pBR322 competi-
tor, these assays identified a specific DNA-binding macro-
molecule which eluted between fractions 41 and 50 (Fig. 3A).
As a control, when the -103 fragment was used in the
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FIG. 2. DNase I footprinting of the COUP box transcription
factor-DNA complex. A 12-,ug amount of the P600 fraction was
incubated with 3 ng (1.2 x 10i cpm) of end-labeled DNA fragment
(-44) in the presence of poly(dI-dC) (20 ,ug) under the same
conditions as described in the text. At the end of the incubation
period, DNase I was added to a final concentration of 3 Rg/ml and
incubated at room temperature for 1 min. The reaction was termi-
nated by the addition of EDTA to 10 mM. As a control, end-labeled
DNA was digested in the absence of protein under identical condi-
tions. Samples were loaded on a 5% polyacrylamide gel and protein-
DNA complexes identified were excised from the gel. The DNAs
were eluted by incubating gel slices in 1 ml of 0.5 M ammonium
acetate containing 0.1% SDS, 0.1 mM EDTA, and 10 1±g of protein-
ase K at 37°C overnight with shaking. The eluents were extracted
with phenol-chloroform-isoamyl alcohol (25:24:1 [vol/vol]) and ap-
plied on an Elutip-d column, precipitated with ethanol, and then
analyzed on an 8% sequencing gel.
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binding assay, no shifted band could be detected (Fig. 3A).
Similarly, when DNase I footprinting assays were carried
out, the same fractions that had the band-shifting activity
also had the ability to protect the COUP sequences (-65 to
-92) from DNase I digestion (Fig. 3B). However, the
reconstituted transcription assays did not correlate exactly
with the band-shifting and footprint activity in that a peak of
transcriptional activity was detected at around fraction 51
(Fig. 3B and C). These results suggested that the P600
fraction might contain two separate activities, a COUP
sequence specific binding activity and an additional factor
necessary for transcription.
To verify the presence of these two distinct factors,

fractions with the COUP binding activity (S300-I) and frac-
tions with the transcriptional activity (S300-II) were

rechromatographed on another S-300 column (Fig. 4). By
using band-shifting and DNase I footprinting analysis, we

detected the COUP binding activity only in those fractions
obtained by rechromatography of S300-I (Fig. 4A and B).
Each fraction alone did not have any transcriptional activity
in the reconstituted system. However, when transcription
assays were carried out in the presence of fraction 57

FIG. 3. Analysis of binding and transcriptional activities of the
COUP box transcription factors in the S-300 fractions. (A) Assay for
the presence of the COUP box transcription factor in the first S-300
column fractions. A 1-,ul volume of each of the indicated fractions
containing 0.2 to 0.6 ,ug of protein was incubated with 0.6 ng of
32P-end-labeled fragment -269 to -44 (top) or -269 to -103
(bottom) of the ovalbumin promoter, and 1 p.g of HinfI-digested
pBR322 DNA fragments. (B) Sephacryl S-300 gel filtration of P600.
The P600 fraction was loaded on a Sephacryl S-300 column (72 ml),
and each 20 drops was collected. Relative activity of transcription
(@-O) was estimated by densitometric scanning of the lower
exposure autoradiogram shown in panel C. Protein (-- -) was
estimated by Bradford assays. DNase I footprinting analysis was

also carried out, using 18 ,ul of each fraction. (C) Analysis of
transcriptional activities of the S-300 fraction. An in vitro reconsti-
tuted transcriptional system was carried out with 2.5 1.d of DE175,
1.5 ,ul of DE500, and 15 ,u1 of each S-300 fraction as sources of
transcription factors and the ovalbumin gene (pSVOG) as a template
under the conditions described in the text. The RNA product was

analyzed by RNase A mapping as described in the text. The arrow
shows the position of the accurately initiated transcript (120
nucleotides).

obtained from rechromatography of the S300-II fraction
(Fig. 4C), we found a peak of activity around fractions 41
and 42. To avoid the contamination of COUP binding factor
in the S300-IT fractions, in this particular experiment we

used fraction 57, which was located on the distal side of the
peak fractions having the COUP binding activity. The tran-
scriptional activity correlated well with the binding activity
as measured by DNase I footprinting and band-shifting
techniques. Thus, both S300-I and S300-IT are required for
efficient transcription of the ovalbumin gene.

Similarly, S300-II fractions alone supported only a low
level of transcriptional activity (Fig. 4C), but the addition of
fraction 41 of S300-I, which contained the COUP binding
factor, resulted in a significant increase in the transcriptional
activity of the S300-II fractions (Fig. 4C and D). These
results indicated that at least two distinct transcription
factors were contained in the P600 fraction which could be
separated by chromatography on a gel filtration column. One
is the COUP box transcription factor which has a molecular
weight of about 90,000 in its native form (estimated by S-300
gel filtration and assuming the factor has a globular struc-
ture). By using the same assumptions, the other factor,
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FIG. 4. Analysis of binding and transcription activities of frac-
tions rechromatographed in a Sephacryl S-300 column. (A) Assay
for the presence of the S300-I transcription factor in the
rechromatographed S:300 fractions. Each of the indicated fractions
containing 0.15 to 0.45 ,ug of protein (1.5 Rl) was incubated with 0.6
ng of a 32P-end-labeled DNA fragment (-269 to -44) in the presence
of 500 ng of Hinfl-pBR322 fragments and analyzed as described in
the legend to Fig. 1. (B) Rechromatography of fraction I on a second
S-300 column. A 7.5-,u volume of each rechromatographed S300-I
fraction was analyzed for transcription of pSVOG in the reconsti-
tuted system containing 2.5 Il of DE175 and 1.5 Rl of DE500 in the
absence (@-*) or in the presence (0-0) of rechromatographed
S300-II (fraction 57, 15 ,ul) obtained from the rechromatography of
the S300-II fraction. DNase I footprinting analysis also was carried
out with 18 ,ul of each fraction. Protein (----) was estimated by
Bradford assays. (C) Rechromatography of the S300-II fraction on a
second S-300 column. A 15-pI volume of each fraction was analyzed
for its transcriptional activity in the reconstituted system in the

S300-II, has a lower molecular weight (about 45,000). Each
factor appears to be necessary for efficient transcription of
the ovalbumin gene. We should emphasize that in the
absence of the S300-I fraction some basal level of transcrip-
tional activity was still observed.
The S300-I fractions having binding activity to the COUP

sequence were pooled and purified further through a
heparin-Sepharose column. The bound protein was eluted
with a linear gradient of KCl from 0.05 to 0.4 M in buffer A.
The COUP binding activity was eluted at a salt concentra-
tion around 0.3 M KCl (data not shown). The COUP and
S300-II factors isolated this way were substantially purified
but still contained several bands in an SDS silver-stained gel.
The minimal purification of the COUP box transcription
factor was 300-fold from the HeLa nuclear extract. The level
of purification of the COUP box factor was estimated by
quantitation of the shifted band by using each protein
fraction. The estimated purity of the COUP box binding
protein at this stage was 1 to 10%, assuming that the COUP
box transcription factor has a molecular weight of 90,000 and
that one COUP box binding protein binds to one molecule of
DNA probe. We should emphasize that this is a minimal
estimation since some of the COUP binders certainly bind to
the competitor DNA and are not detected.

Characterization of the COUP binding protein. The molec-
ular weight of the COUP box transcription factor was
estimated to be about 90,000 by a gel filtration column. In
addition, we carried out glycerol gradient ultracentrifugation
to estimate the molecular weight of the COUP box factor
(Fig. SA). The activity of COUP box factor was localized in
fractions by the band-shifting assay. As an internal standard,
SP6 polymerase was cosedimented, and each fraction was
analyzed for polymerase activity. The molecular weight
estimated this way was ca. 85,000. Thus the "native" COUP
box binder is more or less a globular structure. To identify
the COUP box transcription factor on an SDS-polyacryl-
amide gel, we used a 32P-labeled oligonucleotide (24-mer)
containing the COUP box DNA sequence as a probe to label
the COUP factor. After cross-linking the protein to the
oligonucleotide with UV irradiation, the protein-DNA com-
plexes were separated from protein-free oligonucleotides on
a 5% polyacrylamide gel. The gel slices containing the
protein-DNA complex were excised and analyzed on a 10%
polyacrylamide SDS gel. Three bands were seen (Fig. 5B).
The low band corresponds to free DNA, and the intensity of
the upper two bands increased with increasing amounts of
the S300-I fraction. The molecular weights of these bands
were estimated to be about 60,000 to 105,000. Since the
attached oligonucleotide has a molecular weight of about
12,000, the molecular weight of the major protein band was
estimated to be 42,000 and that of the minor band was
estimated to be 87,000 on this SDS protein gel. Similarly, in
a control experiment, we cross-linked nonspecifically SP6
RNA polymerase (98,000) to the same oligonucleotide under
the identical conditions except that no competitor Hinfl-
pBR322 DNA fragments were added during the formation of
the cross-linked complex. In this way, we found that the
nonspecific complex of SP6 RNA polymerase-oligonucle-

absence (O-) or in the presence (0-C) of rechromatographed
S300-I (fraction 41, 7.5 ,ul) under the same conditions as described in
the text. (D) In vitro transcription of the ovalbumin gene with
S300-I1 fractions in the absence (-) or presence (+) of the COUP
box transcription factor (S300-I, fraction 41). The reactions were
carried out as described in the text.
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FIG. 5. (A) Glycerol gradient analysis of the COUP box tran-
scription factor. COUP box transcription factor was sedimented as

described in the text. A 5-,u volume from each fraction was assayed
for COUP box binding activity as described in Fig. 1. SP6 polymer-
ase (98,000 molecular weight) activity was measured by the proce-
dure of the supplier. The molecular weight standards were detected
by silver staining of the SDS-polyacrylamide gel: OV, Ovalbumin
(44,000); BSA, bovine serum albumin (68,000); IgG, sheep immu-
noglobulin G (158,000). (B) Identification of the COUP box binding
factor on an SDS-polyacrylamide gel by UV cross-linking. A cross-

linked COUP box transcription factor-32P-oligonucleotide complex
was formed by using UV irradiation in the presence of 500 ng of
Hinfl-pBR322 DNA fragments and separated from protein-free
oligonucleotide in an acrylamide gel as described in the text. The gel
slices containing the protein-DNA complexes were loaded onto a
10%o polyacrylamide-SDS gel and analyzed. Lanes: 1, 0.17 ,ug of
COUP box transcription factor cross-linked to 0.2 ng of 32p_
oligonucleotide by UV irradiation; 2, 0.33 ,ug of COUP box tran-
scription factor cross-linked to 0.2 ng of 32P-labeled oligonucleotide
by UV irradiation. 3, 0.66 ,ug of COUP box transcription factor
cross-linked to 0.2 ng of 32P-oligonucleotide by UV irradiation; 4,
0.66 ,ug of COUP box transcription factor and 0.2 ng of 32p_
oligonucleotide. Arrows indicate protein-DNA complexes.

otide moved as a 115,000-molecular-weight complex (data
not shown). These results indicate that the native S300-I
factor may exist as a dimer of 40,000- to 45,000-molecular-
weight subunits.

Specificity of the COUP box transcription factor. To deter-
mine the specificity of the COUP box transcription factor for
various promoter sequences, a series of competition studies
was performed with band-shifting assays by using unlabeled
promoter DNA fragments of several genes as competitors
(Fig. 6A to C). The binding of the COUP box transcription

Ov GL

r r
tK

I

FIG. 6. (A and B) Effect of DNA competitors on the binding of
the COUP box transcription factor to the ovalbumin promoter. In
these experiments, the COUP box transcription factor (0.25 ,ug) was
incubated with the labeled DNA fragment of the ovalbumin pro-
moter (-269 to -44, 0.6 ng), with an increasing amount of each
unlabeled specific competitor DNA and 500 ng of Hinfl-pBR322
fragments and analyzed in the band-shifting assay under the same
conditions as described in the text. The DNA fragment of the
ovalbumin gene (OV) which was used as a competitor contains
upstream sequences from -753 to -56 was prepared as described
previously (27). The fragment of the SV40 early genes contains from
-340 to +150 (PvuII-PvuII 490-base-pair fragment), and the aden-
osine deaminase gene (ADA) contains from ca. -150 to + 1,200
(EcoRI to EcoRl 1.35-kilobase fragment). The HindIII-HindIlI
fragment (-1,600 to +263, 1.9 kilobases) of the ovomucoid gene
(OM) and the PstI-HindIII fragment (-1,456 to +619, 2.1 kilobases)
of the Y genes also were prepared as competitor DNAs. (C) Effect
of the 0-globin gene promoter on the binding of the COUP box
transcription factor to the ovalbumin promoter. The competition
experiments in the band-shifting assay were carried out under the
same conditions as described for panels A and B. The DNA
fragment of the 3-globin gene (GL) used as a competitor is from
-205 to +75 (NcoI-Hinfl, 280-base-pair fragment). Minus signs
indicate no specific competion in the reaction mixture.

OV ADA

7.5 15 7 5 15

y

13 20

auIm.E

MOL. CELL. BIOL.

J! ;4-W :,.-:



TWO FACTORS REQUIRED FOR OVALBUMIN GENE TRANSCRIPTION 4265

S300-1I- + - +

Sj]V40
FIG. 7. COUP box transcription factor is required for the

ovalbumin gene but not for the SV40 early gene transcription. The
transcription of the ovalbumin and SV40 early genes was examined
by using an in vitro reconstituted system with 2.5 ,ul of DE175, 1.5
R1l of DE500, 5 ,ul of S300-II (fragment 52) in the absence (-) or in
the presence (+) of the COUP box transcription factor (6 ,ul,
fragment 42) as described in the text. A 1.25-,ug amount of pSVOG
was used as a template for the synthesis of ovalbumin and SV40
RNA. The detailed construction ofpSVOG and the [32P]RNA probe
made from pSPOG and pSPSV were described in our previous paper
(27). The arrow and the bracket indicate the position of the RNase
A mapping products. The correctly initiated transcripts from the
ovalbumin gene and the SV40 early genes will protect 120 nucleo-
tides and 60 to 70 nucleotides of probe, respectively.

factor to the COUP box region of the ovalbumin gene
promoter (-269 to -44) was totally competed with
ovalbumin DNA fragment (-753 to -56) at a molar ratio of
competitor-to-labeled fragment of 13 but not with the simian
virus 40 (SV40) early gene promoters (-340 to +150) (Fig.
6A) at the same or higher molar ratios. Similarly, the
promoter fragment of the adenosine deaminase gene (ADA)
which lacks a GTCAAA sequence had no effect on the
binding of the COUP box transcription factor to the
ovalbumin promoter (Fig. 6A). In contrast, DNA fragments
of the ovomucoid gene and the Y gene competed for binding
(Fig. 6B), although at a lesser efficiency than that of the
ovalbumin promoter. The ovomucoid gene promoter has a
GTCCAACGAT sequence at the position of -56. The Y
gene promoter has a TGGCAAAGAC sequence at the
position of -81 and also has a TGCCAAACTG sequence at
-77 in a reverse orientation. Similarly, the rat insulin genes
I and II and the chicken a-actin gene promoter fragments
also competed for the binding to COUP box transcription
factor but at an even lower efficiency (data not shown).
Sequence comparison of these genes shows that there are
similar sequences ofGNCAAAGA at the -50 to -90 region
for binding to COUP box factor. These results suggest that
the COUP box transcription factor is specific for a group of
genes which contain the COUP box consensus within their
promoter. In addition, these results indicate that different
promoters may have different binding affinities for the COUP
box transcription factor because of variations in their sur-
rounding sequences.

Since the COUP box sequences have some sequence
similarity to the CAAT consensus GGCCAATCT, we also
carried out competition experiments with the chicken 1-

globin gene promoter as a competitor. The 1-globin gene
promoter contains a perfect CAAT consensus at the -77 to
-72 position. The 1-globin gene promoter, even at a molar
ratio of 40:1, has no effect on the binding of COUP box
transcription factor to its binding site (Fig. 6C). In contrast,
the ovalbumin gene promoter completely abolished this
binding at a sixfold molar ratio of competitor. This result
indicated that the COUP box transcription factor is not the
same factor that bound to the CAAT consensus of the
3-globin gene.
Next, we carried out reconstituted transcription assays by

using the ovalbumin gene and the SV40 early genes as

templates. As expected, the presence of the COUP box
transcription factor in a reconstituted system stimulated the
transcription of the ovalbumin gene (Fig. 4C and 7). On the
other hand, the transcription of the SV40 early genes which
contains no GGNCAAAGAG consensus in its promoter was
not affected by the presence of the S300-I fraction. These
results once again suggest that the factor in the S300-I
fraction may be required for the transcription of genes which
contain the COUP box consensus in their promoter se-
quence but not for genes lacking it.

DISCUSSION

In the present paper, we describe the fractionation of
HeLa cell nuclear extracts and the isolation of two transcrip-
tion factors, COUP box factor (S300-I) and S300-II. DNase
I footprinting analysis demonstrated that SI binds specifi-
cally to the promoter region of the ovalbumin gene (COUP).
This binding site contains a direct repeat of the GTCAAA
sequence.

Several lines of evidence suggested that the COUP box
transcription factor is a necessary factor for efficient tran-
scription of the ovalbumin gene. First, COUP binding activ-
ity was copurified with the transcriptional activity through a
number of steps of purification. Both band-shifting and
DNase I footprinting data indicated that the binding activi-
ties correlate well with the transcriptional activity in S-300
and heparin-Sepharose column chromatography. Second,
our reconstituted transcription studies revealed that the
isolated COUP box transcription factor is required for effi-
cient transcription of the ovalbumin gene. In contrast, the
transcription of the SV40 early genes lacking this sequence
in its promoter does not require the COUP box transcription
factor. In addition, other promoter DNA fragments contain-
ing the related sequence, such as ovalbumin, ovomucoid, Y,
chicken a-actin, and rat insulin genes, can compete for the
binding of the COUP box transcription factor, whereas
promoter DNA fragments lacking the sequence, such as the
SV40 early genes and the adenosine deaminase gene, cannot
compete for the binding of this factor. Finally 5' deletion
mutants which have the COUP box transcription factor
binding site deleted have also lost their transcriptional activ-
ity (27). Taken together, these results suggest that the
binding of COUP box transcription factor to the ovalbumin
gene upstream promoter sequence is a necessary prerequi-
site for efficient transcription.

In the present paper, we report the isolation of another
transcription factor, S300-II. This S300-II factor is also
essential for the transcription of the ovalbumin gene. The
footprinting and band-shifting data indicated that S300-II
alone does not bind to the COUP region of the ovalbumin
gene promoter. The S300-II factor might function by inter-
action with RNA polymerase II or other transcription fac-
tors. In this aspect, it is interesting to note that by using an
anti-RNA polymerase antibody affinity column we identified
a transcription fraction (SE) which interacts with RNA
polymerase (31). This protein fraction can be substituted by
the P1000 or P600 fraction from which COUP box and
S300-II factors were isolated. Thus, the S300-II factor may
associate with RNA polymerase II. If this is the case,
S300-II could be considered somewhat analogous to the
r-like factors in procaryotic RNA polymerase transcription
systems. Further studies are needed to understand these
molecular events.

Since HeLa cells contain the COUP box transcription
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factor which can bind the function with chicken genes, it
indicates the high degree of conservation of the protein
factor and the COUP box sequence in eucaryotes. Recently,
we also identified a similar factor in oviduct nuclear extracts
which binds specifically to the COUP box of these same
genes (unpublished data). This oviduct fraction containing
the COUP box binding factor can substitute for the HeLa
cell S300-I fraction in the in vitro transcription of the
ovalbumin gene. While we were preparing the present paper,
Jones et al. also reported a factor (CTF) in HeLa cells that
binds to the CAAT box region of the herpesvirus thymidine
kinase gene (20). Similarly, Graves et al. (17) and Cohen et
al. (5) have identified a CAAT box binding factor in soluble
rat liver extracts and murine erythroleukemia cell extracts.
Since the COUP box has some sequence homology to the
CAAT box consensus (GTGTCAAAGG versus GGCTCA
ATCT), it was possible that the COUP transcription factor is
the same as those reported. However, DNA fragments
containing the CCAAT sequence from the chicken ,B-globin
gene promoter cannot compete for the binding of S300-I to
the COUP box sequence of the ovalbumin gene promoter. In
addition, we also detected the binding activity to the I-

globin gene in fractions of the first S-300 column which
separated from the fractions containing the binding activity
to the COUP box (data not shown). These results suggest
that the COUP box binding protein is different from the
CAAT box binding protein for the P-globin gene. Thus, it is
likely that the COUP box transcription factor represents
either another class of transcription factors or a distinct
subclass of a larger family of CAAT box transcription factors
which differ either by peptide sequence or posttranslational
modification.

Several reports have suggested that common transcription
factors are shared by several genes. These include the TATA
box transcription factor, which has been shown to be re-

quired by TATA box-containing genes (28; R. G. Roeder,
personal communication). The factor SP1 is required by
genes containing the GGGCGG (GC box) sequence (7-10,
16, 19), the CAAT box transcription factor is required by
genes containing CCAAT box (5, 17, 20), and the heat
shock-specific transcription factor is required by heat shock
genes (25, 26, 30, 33, 34). Most recently, the transcription
factor MLTF was shown to bind to the upstream element in
the adenovirus major late promoter as well as to several
other gene promoters (3, 24, 28). We demonstrated that the
COUP box transcription factor is required for a class of
genes containing the COUP box-related sequences. Such
factors are common to multiple genes but appear to be
specific for different classes of genes. It is interesting that the
herpesvirus thymidine kinase gene contains at least three
classes of transcription regulators which use the TATA,
CAAT, and GC boxes; all of these three elements are
essential for transcriptional activity (17, 19). Thus, it is
probable that all three trans-acting factors (i.e., SP1, TATA,
and CAAT box transcription factors) contribute toward its
expression in vivo.

How trans-acting factors regulate the tissue-specific ex-

pression of genes is unknown at present. The results of
Brown (2) may shed some light on this important question.
Oocyte 5S genes are expressed only in oocytes but not in
somatic tissues. In contrast to the common expectation, this
developmentally specific expression of oocyte 5S genes is
controlled by a common transcription factor, TFIIIA, which
exists in both cell types. Through a differential binding
affinity of TFIIIA to somatic and oocyte genes and by
variations in the concentration of TFIIIA in oocyte and

somatic cells, the specific expression of oocyte genes ap-
pears to be achieved.

It is reasonable to assume that similar types of gene
regulation may exist also in polymerase II-transcribed genes.
If this is the case, COUP box transcription factors which
have differential affinity for a class of eucaryotic promoters
may play an important role in the tissue-specific expression
of this same gene set. In this regard, it is interesting that a
factor has been detected which binds specifically to the
octanucleotide sequence AT1TTGCAT of the immunoglob-
ulin genes (29). This octanucleotide sequence has been
determined to be important for the tissue-specific expression
of immunoglobulin genes. However, this factor can be
detected in both B and HeLa cell extracts. Although the
exact role of this binding factor in the tissue-specific expres-
sion of immunoglobulin genes is yet to be defined, it is
possible that tissue-specific expression may not require that
such binding factors be expressed only in the homologous
cell. As mentioned earlier, six "common" transcription
factor (TATA box, CAAT box, GC box, heat shock MLTF,
and COUP transcription factors) have already been identi-
fied cell extracts. It is possible that there are many more
common transcription factors existing in eucaryotic cells.
Since different genes use different sets ofcommon regulatory
elements,it is conceivable that through the differential utili-
zation of a defined set of common regulatory elements and
by variation in the level of their trans-acting factors,
eucaryotes promote both the rate and selectivity of gene
expression.
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