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C E N E  E X P R E S S I O N

The COUP-TFs compose a family of functionally related 
transcription factors

Lee-Ho Wang, Nancy H. Ing, Sophia Y. Tsai, Bert W. O'Malley, and Ming-Jer Tsai

Department of Cell Biology, Baylor College of Medicine, Houston Texas

The chicken ovalbumin upstream promoter transcription factors (COUP-TFs) are members o f the 
steroid/thyroid hormone receptor superfamily and function in transcriptional regulation of a wide 
variety of genes. The COUP-TFs purified from HeLa nuclear extract by COUP-affinity chroma
tography are composed of multiple Mr forms. The Low Mr COUP-TFs (43,000, 44,000, 46,000, and
47,000 Mr) produce a relatively fast migrating complex (Cl) with DNA in electrophoresis mobility 
shift assays, while the high Mr forms (66,000, 68,000, 72,000, and 74,000 Mr) produce a slower mi
grating (C2) complex. The high Mr COUP-TFs were purified by gel filtration chromatography and 
independently formed the C2 DNA complex, probably acting as dimers. The high Mr forms are 
indistinguishable from the low Mr COUP-TFs in DNA binding and in enhancement of in vitro 
transcription from the ovalbumin promoter. The finding of multiple COUP-TF forms led us to 
clone a second low Mr COUP-TF, “COUP-TF2.” The COUP-TF2 sequence has very strong homol
ogy with COUP-TF1. The N-termini of COUP-TF1 and COUP-TF2 are least similar, but both con
tain glutamine-rich and proline-rich motifs, putative activation domains.

T he chicken ovalbumin upstream promoter 
transcription factor (COUP-TF) was first 

identified in HeLa and chick oviduct extracts 
by its binding to the distal promoter of the oval
bumin gene (Bagchi et al., 1987; Pastorcic et al., 
1986; Wang et al., 1987). It was found to bind 
an element (COUP) between -9 0  and -7 0  on 
the ovalbumin promoter that is similar to thy
roid and estrogen response elements (Pastorcic 
et al., 1986). The COUP-TF has also been shown 
to bind cis-elements involved in positive tran
scription regulation in the rat insulin II (Hwung 
et al., 1988; Hwung et al., 1988b), chicken VLDL 
II (Wijnholds et al., 1988), and human apolip- 
oprotein Al and CIII genes (Ladias and Kara- 
thanasis, 1991). It was also reported to bind 
to negative regulatory elements in the pro

opiomelanocortin (Drouin et al., 1989a; Drouin 
et al., 1989b) and HIV-1 (Cooney et al., 1991) 
promoters. The COUP-TF, along with a non- 
DNA-binding transcription factor, S300-II, was 
essential for in vitro transcription o f the oval
bumin gene (Sagami et al., 1986; Tsai et al., 
1987). An interaction between COUP-TF and 
the S300-II factor was demonstrated in electro
phoretic mobility shift assays (EMSAs) by Tsai 
et al. (1987). The COUP-TFs were purified from 
HeLa cell nuclear extract by COUP-affinity 
chromatography (Wang et al., 1989). Antisera 
and labeled concatenated COUP elements were 
used to screen a HeLa cell mRNA library in 
lambda g tll and identify a COUP-TF1 cDNA 
(Wang et al., 1989). Sequence analysis showed 
that the COUP-TF1 was a member of the steroid/
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thyroid hormone receptor superfamily (Beato, 
1989; Evans, 1988; Miyajima et al., 1988). The 
46 kDa translation product shares high levels 
of homology in the three regions (I, II, and III) 
with other members o f the receptor superfam
ily (O’Malley, 1990; Wang et al., 1989). Thus, 
COUP-TF1, identified initially as a transcription 
factor, joined the steroid/thyroid hormone re
ceptor superfamily.

During the characterization of COUP-TF, the 
heterogeneity o f the molecules became appar
ent. In EMSAs, two complexes formed on the 
COUP element (Wang et al., 1989). Addition
ally, SDS-PAGE analysis showed that several Mr 
species were present: a low Mr group (43,000,
44,000, 46,000, and 47,000 Mr), a 53,000 Mr band, 
and a high Mr group (around 68,000 Mr). The 
faster migrating complex in EMSAs (Cl) was 
shown to be the product o f low Mr COUP-TFs. 
Also, the COUP-TF1 clone encoded five peptide 
fragments sequenced directly from low Mr 
COUP-TFs. The aims o f the current work were 
to describe the proteins that bind to the COUP 
response element to form the slower (C2) EMSA 
complex, and to find new members of the 
COUP-TF family and determine their function. 
In this paper, we show by characterization of 
the high Mr forms that they are fully functional 
members o f the COUP-TF family. Also, we de
scribe the identification and sequence of an
other low Mr COUP-TF, “COUP-TF2.”

M aterials and m ethods

Purification of the COUP-TFs

The COUP-TFs in nuclear extracts o f HeLa cells 
(Invitron) were purified by three passes through 
a COUP-affinity column (Wang et al., 1989). 
High and low Mr COUP-TFs were separated by 
Superose 12 FPLC (Pharmacia) in buffer con
taining 20 mM HEPES, pH 7.9, 100 mM KC1, 
10% (v/v) glycerol, 5 mM MgCL, and 2 mM di- 
thiothreitol. The flow rate (0.2 ml per minute) 
and fraction size (0.25 ml) were the same for 
the COUP-TF purification as they were for Mr 
standards (lactate dehydrogenase, bovine serum 
albumin, ovalbumin, and carbonic anhydrase; 
Boehringer Mannheim).

Electrophoretic mobility shift assays (EMSAs)

The COUP-TFs (1 gl of Superose fractions) 
bound a 32P-end-labeled fragment o f the oval

bumin promoter (-2 6 9  to -44; see Sagami et 
al., 1986) and were analyzed on native 5% poly
acrylamide gels. Competitor oligonucleotides 
contained the ovalbumin COUP sequence (-7 0  
to -9 0 )  or a mutant sequence, with two base 
changes that abolish COUP-TF binding (Wang 
et al., 1987).

Renaturation of the individual high Mr COUP-TFs 
and amino acid sequencing of hERRI

Approximately 10 gg of affinity-purified COUP- 
TFs were separated on an SDS 10% polyacryl
amide gel. After Coomassie blue staining, the
74,000, 72,000, 68,000, and 66,000 Mr bands 
were individually electroeluted and renatured 
(Wang et al., 1987) before testing in EMSAs.

The 53,000 and the 46,000-47,000 Mr bands 
on the SDS-PAGE gel, described above, were also 
electroeluted. After CNBr cleavage and HPLC 
separation, peptides with the largest yields were 
sequenced as previously described (Wang et al., 
1987).

DNase 1 footprinting

Purified low and high Mr COUP-TFs (15 gl of 
Superose fraction 50 or 40, respectively) were 
incubated with the EMSA probe described 
above. The protein-DNA complexes were di
gested with 3 gg/ml DNase 1 (DPFF, Worthing
ton Diagnostics) for 1 minute at 20°C, and the 
DNA was purified and analyzed on an 8% poly- 
acrylamide/urea sequencing gel (Pastorcic et al., 
1986).

In vitro transcription

To construct the ovalbumin template for in vitro 
transcription with COUP-TFs, the ovalbumin 
promoter was excised by Cla I (at the -  219 posi
tion, blunt-ended and ligated to EcoR I linkers) 
and Rsa I (at -1 )  from a 5' deletion mutant oval- 
globin plasmid (Knoll et al., 1983). The -219  
to - 1  ovalbumin promoter segment was cloned 
into the EcoR I and Sac I sites of the G-free cas
sette vector p(C2AT)i9 (kindly provided by Dr. 
M. Sawadogo), after the latter site was blunt- 
ended. Transcription reactions were driven with 
crude fractions of HeLa nuclear extract (Sagami 
et al., 1986) lacking COUP-TFs unless provided 
by addition o f purified high Mr COUP-TFs de
scribed above. In the presence o f nucleotides 
(including 32P-UTP and 3-O-methyl GTP) and 
T1 RNase (Calbiochem), transcription from the 
ovalbumin promoter produced a 377-base prod-
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uct con tain ing  no G residues (Klein-H itpass et 
al., 1990). An in ternal control tem plate  called 
AdMLaoo, the  generous gift o f  Dr. Uli Schibler, 
was added  to each reaction  and  p ro d u ced  a 
200-base tran sc rip t from  the adenovirus m ajor 
late (AdML) prom oter. Transcripts from  the oval
b u m in  and  AdML prom oters were analyzed on 
7% acry lam ide/urea sequencing gels by au to 
radiography. C om petito r o ligonucleotides co n 
ta in ed  COUP (Wang et al., 1989) o r p rogester 
one response elem ents (PREs; see Klein-H itpass 
et al., 1990).

Identification and sequencing o f COUP-TF2 cDNA

T he EcoR 1-Fok I fragm ent (694 bp) o f COUP- 
TF1 cDNA (Wang et al., 1989), w hich contains 
the  N -term inal dom ain , the DNA binding  d o 
m ain, and  p a rt o f  the  p resum ptive  ligand b in d 
ing dom ain , was labeled by nick transla tion  and  
used as a p ro b e  to screen a H eL a cell cDNA 
library  in lam bda gtlO, kindly p rov ided  by Dr.
C. Hauser. L am bda plaques transferred  to nylon 
m em branes were incubated  w ith p ro b e  and  
washed as previously described  (Ritchie et al., 
1990). Positives were subcloned  into the EcoR I 
site o f  pGEM7 (Promega). O ne clone with a d if
fe ren t M bo II restric tion  m ap from  the COUP- 
TF1 clone was sequenced  by the chain  te rm i
n a tio n  m eth o d  (Sanger et al., 1977) using  Se- 
quenase enzym e (U nited  States B iochem icals). 
Sequencing was perfo rm ed  on cDNA fragm ents 
in  M 13m pl8 using  the universal p rim er o r 
specific oligonucleotide primers. Approxim ately 
80% o f the sequence was d e te rm in ed  on  bo th  
DNA strands (see Fig. 6).

Results

The COUP-TF family comprises high and low M r 
members. Proteins from  H eLa nuclea r ex
tracts were purified  by affinity-chrom atography 
on  a colum n con tain ing  oligonucleotides o f the 
ovalbum in COUP sequence. T he COUP-TF 
p re p a ra tio n  b o u n d  to a rad io labeled  COUP 
elem ent in two d istinct com plexes in an EMSA 
(Fig. 1, left panel.) T he C2 com plex m igrated  
m uch m ore slowly than  the C l com plex. Both 
C l and  C2 complexes were efficiently com peted  
by a 25-fold m olar excess o f un labeled  COUP 
oligonucleotide, b u t were unaffected by a m u
tan t COUP oligonucleo tide at the  sam e co n 
cen tra tion  (Cooney et al., 1991). T he low Mr 
COUP-TFs, rep resen ted  in the C l com plex,

1 16-----
9 4 ---- -

High
C O U P - T F s ( C 2 )

— H E R R 1  
L o w

C O U P -  T F s ( C  1)

6 8 -

4 4 - ]

Figure 1. P urified  COUP-TFs are  com posed  o f  m ultip le  
Mr form s an d  p ro d u ce  com plexes w ith  C O U P DNA o f 
two d istinct m obilities. Left panel: E lec trophore tic  m obil
ity sh ift (EMSA) analysis o f  COUP-TFs. A pproxim ately  
30 ng o f  CO U PTFs, p u rified  from  H eL a n u c lea r ex tract 
by COU P affinity chrom atography, bo u n d  a rad io labeled  
fragm en t o f  th e  ovalbum in  p ro m o te r ( -2 6 9  to -4 4 ) . 
T he  two C O U PT F specific com plexes, C l an d  C2, are  
visible on  th e  au to rad io g rap h  o f  th e  native 5% poly
acry lam ide gel, as is th e  free p ro b e  seen below. Right 
panel: Sodium  dodecyl sulfate-PAGE analysis o f  pu rified  
COUP-TFs. T h ree  h u n d re d  ng o f  p u rified  C O U PT Fs 
(above) were separa ted  and  silver-stained on a 10% poly
acry lam ide gel. T he  p ro te in  bands observed  fall into 
th ree  classes: low Mr C O U PTFs, responsib le  fo r th e  C l 
com plex in th e  left panel; h igh  Mr COUP-TFs, re sp o n 
sible fo r th e  C2 com plex; an d  hE R R l, a relatively  weak 
C O U P-binding  p ro te in .

b o u n d  th ree  to five tim es m ore p ro b e  th an  the 
high Mr COUP-TFs in C2, signifying th e ir  p re 
dom inance in this cell type.

T h e  Mr heterogeneity  o f  the  p u rified  H eLa 
COUP-TFs is ap p a ren t from  SDS-PAGE (Fig. 1, 
rig h t panel). T he low Mr COUP-TFs ap p ea r as 
two doublets, a t 47,000 and  46,000, and  44,000 
and  43,000 Mr. H igh Mr C O U PTFs m igrate in 
fou r m ajor bands o f  74,000, 72,000, 68,000, and
66,000 Mr. O th e r bands seen on  the  gel in 
clude h um an  estrogen recep to r-related  p ro te in  
(hERRl) at 53,000 Mr, w hich will be described  
later, and  a m in o r low Mr ban d  o f unknow n 
identity.

Gel filtration chromatography separates high and 
low M r COUP-TFs and reveals th a t they exist as 
dimers. Since the  low and  h igh  Mr COUP-TFs 
differed significantly in size on d en a tu rin g  gels, 
sep a ra tio n  o f native form s was a ttem p ted  by 
gel filtra tion  chrom atography. T he high Mr 
form s e lu ted  first, as seen in the  EMSA analysis 
o f fractions 40 to 44 (Fig. 2), and  were fully 
capable o f fo rm ing  the C2 com plex. T he low 
Mr COUP-TFs e lu ted  later, over a less well-
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Figure 2. D im ers o f  h igh  an d  low Mr COUP-TFs in d e 
pendently  form  C2 and  C l complexes, respectively. H igh 
an d  low Mr C O U PT Fs w ere sep a ra ted  by gel filtra tion  
chrom atography, and  even-num bered fractions were ana
lyzed by EMSA. T he  h igh  Mr COUP-TFs fo rm ed  th e  C2 
com plex  on DNA, w hile th e  low Mr COUP-TFs fo rm ed  
C l, as ind ica ted . E lu tion  o f  Mr s tan d ard s from  th e  co l
u m n  ind ica ted  th a t th e  native form s o f  h igh and  low 
Mr CO U PTFs are approxim ately  130,000 and  90,000 Mr, 
respectively.

defined peak  (fractions 46 to 54), at least partly  
because o f th e ir high concentration  in the s ta rt
ing m ateria l. T he low Mr COUP-TFs form ed 
the C l com plex in the EMSA.

Since the low Mr COUP-TFs have been shown 
to be dim ers by glycerol g rad ien t cen trifugation  
and  UV-crosslinking on DNA (Sagami et al., 
1986), we investigated w hether high M, form s 
exist as dim ers. T he native high Mr COUP-TFs 
m igrated  as 130,000 M, m oieties and  the low 
Mr form s as approx im ately  90,000 M, in gel 
filtration  chrom atography. T hese values are ap 
proxim ately  double the respective Mrs o f the 
d en a tu red  COUP-TFs on SDS-PAGE. Because 
only one EMSA com plex is seen in the purified  
p rep ara tio n s o f  high and  low Mr COUP-TFs 
(fractions 40 and  50, respectively), the  high and 
low Mr form s ap p e a r to b in d  DNA in d ep en 
dently  to form  C2 and  C l com plexes. T he sim 
plest explanation  o f the  d a ta  is th a t the  high 
M, COUP-TFs exist in so lu tion  as d im ers with 
o th e r m em bers o f  th e ir  Mr class, as previously 
shown fo r the low M, COUP-TFs.

The high M r COUP-TFs are indistinguishable 
from  the low  M r COUP-TFs in b ind ing to  the 
ovalbumin COUP element. To define which high 
Mr C O U PTFs were active in b ind ing  to the 
COUP elem ent, ren a tu ra tio n  experim ents were 
p erfo rm ed . P reparative SDS-PAGE was used to 
separate  the high Mr COUP-TFs. Four bands,
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Figure 3. Ind iv idua l form s o f  th e  h igh  Mr C O U PTFs 
b in d  C O U P specifically. Ind iv idua l bands o f  th e  h igh 
Mr COUP-TFs were e lec troe lu ted  from  a p repara tive  
SD S-polyacrylam ide gel, ren a tu red , an d  tested  in an 
EMSA. T he  resu lts from  only one h igh Mr COUP-TF 
are shown because all fou r were equivalent. T he C2 com 
plex (with brackets at right) was efficiently red u ced  by 
th e  ad d itio n  o f  10-fold and  50-fold m o lar excesses o f 
u n lab e led  C O U P o ligonucleo tide  (COUP), b u t no t by 
a 50-fold m o la r excess o f  m u tan t CO U P o ligonucleo 
tide  (m COUP).

visualized by light Coom assie staining, were in 
dividually  elu ted , renatu red , and  tested  by 
EMSA. All fou r p roduced  diffuse com plexes b e 
cause o f the  harsh  trea tm en t o f  the proteins, 
b u t they m igrated as C2 com plexes like the ones 
shown in Fig. 3. T he com plexes were specific 
for COUP, as shown by com petition  w ith u n 
labeled COUP oligonucleotides. M utant COUP 
oligonucleotides, to which COUP-TFs are u n 
able to bind, d id  no t affect the complexes.

T h e  b ind ing  characteristics o f high Mr 
COUP-TFs were fu r th e r exam ined to see if they 
resem bled those o f the low Mr COUPTFs. H igh 
and  low M, COUP-TFs, separa ted  by gel filtra
tion  chrom atography, d em onstra ted  identical 
DNase I foo tp rin ts on  a rad io labeled  COUP se
quence from  -9 0  to -7 0  on the ovalbum in p ro 
m oter (Fig. 4). F ootprin ts from  b o th  high and



T h e  C O U P -T F  fa m ily  o f  t r a n s c r ip t io n  fa c to rs 211

COUP

Figure 4. T he high and  low Mr COUP-TFs have id en ti
cal DNase 1 foo tp rin ts  over th e  ovalbum in  C O U P ele
m ent. Pu rified  h igh and  low Mr C O U PT Fs were b o u n d  
to th e  end-labeled  -2 6 9  to - 4 4  fragm en t o f  th e  oval
bum in  p rom oter. D uring  D N ase 1 trea tm en t, they p ro 
tec ted  iden tical areas on the  cod ing  s tran d  o f  th e  oval
b um in  p ro m o te r  over th e  C O U P e lem en t ( - 9 0  to  -7 0 ; 
-7 0  is tow ard th e  bo ttom  o f  th e  figure), as seen on  this 
au to rad io g rap h  o f  a sequencing  gel. T he  D N ase 1 d i
gestion  o f  th e  p ro b e  in th e  absence o f  COUP-TFs is 
show n at left, fo r com parison .

low Mr COUP-TFs were elim inated  w ith a 
25-fold m olar excess o f un lab e led  COUP o li
gonucleotides, b u t were unaffected by m u tan t 
C O U P co m p etito r (da ta  n o t shown).

The high M r COUP-TFs function as positive reg
ulators in transcription.To d eterm ine if the high 
M, COUP-TFs were functional in tran sc rip 
tional regulation, high Mr COUP-TFs devoid o f 
low Mr forms, p rep a red  as described  above, 
were used in an in vitro transcrip tion  assay. T he 
p ro te in  com ponents d riv ing  tran scrip tio n  in 
the  assay were reco n stitu ted  from  partia lly  p u 
rified fractions o f FfeLa nuclear extract that con
ta in ed  the S300-II factor and  general tran sc rip 
tion  factors (e.g., TATA-binding factor), b u t no 
COUP-TFs. Cell-free tran sc rip tio n  o f the oval
b um in  tem plate  was en h an ced  m ore th an  
10-fold by the ad d itio n  o f high Mr COUPTFs

o.
= >  l i t

C o m p e t i t o r :  — — O  cr
o  CL
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Figure 5. T he h igh Mr C O U PTFs are  activators o f  tra n 
sc rip tio n  from  th e  ovalbum in  p rom oter. T h e  pu rified  
high Mr CO U PTFs activated tran scrip tion  o f  a 377-base 
G -free cassette u n d e r  th e  con tro l o f  th e  ovalbum in  p ro 
m o ter ( -2 1 9  to -1 ) . Each assay in c luded  frac tions o f  
FleLa n u c lea r ex trac t co n ta in in g  RNA polym erase, its 
cofactors, and  S300-II. Also ad d ed  were n uc leo tides (in 
clud ing  32P-UTP), buffers, and  the in ternal con tro l tem 
p la te  pAdMLaoo, w ith the  adenov irus m ajo r la te  p ro 
m o ter d irec tin g  the  fo rm atio n  o f  a 200-base G-less 
tran scrip t. Specific tran scrip ts  from  ovalbum in  (OV) 
an d  adenov irus m ajo r la te  (AdML) p ro m o te rs  are  seen 
a t a p p ro p r ia te  positions on  th is au to rad io g rap h  o f  a 
sequencing gel. T he specificity o f  the  C O U PTF enhance
m en t o f  tran sc rip tio n  was tes ted  w ith 50-fold m o lar ex
cesses o f  C O U P o ligonuc leo tide  (COUP) o r  p ro g es te r
one response elem ent-containing oligonucleotides (PRE).

(Fig. 5). The specificity o f the response was proven 
by the  in h ib itio n  o f transcrip tiona l en h an ce
m ent with COUP oligonucleotides, b u t not with 
u n re la ted  progesterone response elem ent oligo
nucleotides. In  contrast, the  activity o f the 
AdML p ro m o ter tem plate, included  as an in te r
nal control, was no t affected by the o ligonucle
o tide  com petito rs. It should  be no ted  th a t tra n 
scrip tio n  from  AdML is very low in the  absence 
o f  the  COUP-TF fraction  (first lane) because it 
requ ires USF (Sawadogo et al., 1988), a m inor 
co n tam in an t p resen t in  the high Mr COUP-TF 
p rep ara tio n . T he d ifferen tial effect o f  the  o li
gonucleo tide co m p etitio n  ind icates th a t the 
high Mr COUP-TF indeed  has positive tra n 
scrip tional activity on the ovalbum in prom oter.
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hERRI copurifies with COUP-TFs. A 53,000 Mr 
protein was consistently copurified with COUP- 
TFs on COUP-affinity chromatography (Fig. 1). 
It appeared to be a moderately abundant pro
tein with significant affinity for COUP and was 
present after three cycles o f COUP-affinity 
chromatography in the presence o f non-specific 
DNA competitor. To determine how this pro
tein was related to the COUP-TFs, the 53,000 
Mr polypeptide was electroeluted from a pre
parative gel, cleaved by CNBr, and two peptides 
separated by HPLC were sequenced:

1. (M)LKEGVRLDRVRGGRQKYKXRPEVDPLPFPG 
and

2. (M)EVLVLGVAQRSLPLQDELAFAEDL.

These corresponded exactly to sequences of 
the human estrogen receptor-related protein 1 
(hERRI), a molecule cloned and named for its 
resemblance to the estrogen receptor (Giguere 
et al., 1988), from amino acids 241 to 270 and 
363 to 387, respectively. The renatured hERRI 
protein from SDS-PAGE does bind the COUP 
sequence and forms a complex o f slightly less 
mobility than Cl, but only under conditions 
of low non-specific competitor DNA (Hwung 
et al., 1988a; Wang et al., 1987). Therefore, 
although hERRI is present in material puri
fied by COUP-affinity chromatography, it inter
acts more weakly with the element than do the 
proteins responsible for the Cl and C2 com
plexes. The biological significance o f this mole
cule in COUP-TF dependent gene regulation 
is unknown.

A second low Mr COUP-TF, "COUP-TF2," is closely 
related to COUP-TF1. The heterogeneity o f the 
Mr of the low COUP-TFs on SDS-PAGE was re
markable and indicated the possibility of mul
tiple COUP-TF family members’ arising from 
different genes and/or splicing variants. There
fore, a cDNA probe from COUP-TF1 encoding 
the N-terminal domain and the conserved re
gions I and II was used to identify COUP-TF 
clones in a lambda gtlO cDNA library made 
from HeLa cell mRNA. One positive clone, sub
cloned into the plasmid pGEM 7, produced dis
tinct MboII restriction fragments compared to 
COUP-TF1 clones. The clone, COUP-TF2, was 
sequenced and its translation product inferred, 
beginning with the AUG at base 1214 (Fig. 6). 
The purine (G) three bases upstream of this AUG 
is characteristic o f a strong translational start

site (Kozak, 1984). The 5' untranslated region 
is very long and contains no other significant 
open reading frames. Sequencing o f a CNBr- 
cleaved peptide from the 46,000 and 47,000 Mr 
COUP-TFs revealed the COUP-TF2 sequence 
from amino acid 155 to 167, confirming the iden
tity o f the COUP-TF2 clone. The cDNA for 
COUP-TF2 was incomplete at the 3' terminus 
because o f the absence o f a stop sequence. The 
COUP-TF2 sequence was identified as the same 
as that o f apolipoprotein regulatory protein-1 
(ARP-1) that binds a COUP-like element (Lad- 
ias and Karathanasis, 1991). The ARP-1 sequence 
showed that our COUP-TF2 clone lacked 63 
amino acid residues at the C-terminus.

In Figure 7, we compare the amino acid se
quence of COUPTF2, completed at the C-termi
nus by 63 amino acids o f the ARP-1 sequence 
(Ladias and Karathanasis, 1991), with that of 
COUP-TF1. The inferred COUP-TF2 amino acid 
sequence was very similar to that o f COUP-TF1, 
with 87 % overall identity. The region contain
ing the greatest mismatch of amino acids in the 
alignment (Fig. 7) was N-terminal to the DNA 
binding domain, with only 43 o f 96 residues 
(45%) of COUP-TF2 identical to those of COUP- 
TF1. The remainder of the sequence was 96% 
identical, including the three domains con
served throughout the steroid/thyroid hormone 
receptor superfamily: region I (DNA-binding 
domain), 98% with a single conservative amino 
acid change (T to S); region II, 95%; and region 
III, 100%. The molecular mass predicted for 
COUP-TF2 (45.6 kDa) was just slightly below that 
for COUP-TF1 (46.2 kDa).

Two remarkable features o f the amino acid 
sequence are proline-rich and glutamine-rich 
areas N-terminal to the DNA-binding domain. 
Regions such as these have been identified as 
transactivation motifs in other transcription fac
tors (Mitchell and Tjian, 1989). The proline- 
rich region in the N-terminal area o f COUP- 
TF2 has 15 out o f 56 proline residues (27%), 
while COUP-TF1 has 11 out o f 53 prol ine (21 %) 
over the aligned area. These levels o f proline 
concentration are similar to the 25% levels seen 
in the transactivation domains o f the members 
of the CTF/NF-1 transcription factor family (Mer- 
mod et al., 1989). The glutamine content of 
COUP-TF2 is more than 20% over a 64-amino 
acid stretch just N-terminal to the DNA bind
ing domain, while that o f COUP-TF1 over the 
aligned area is 15.5%. These levels are not quite
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Figure 6. A second low Mr COUP-TF, COUP-TF2, has been cloned and sequenced. In the upper panel, the sequenc
ing strategy is shown for the COUP-TF2 sequence. Sites for generating restriction fragments are pictured, along 
with the ATG translation start site and the DNA binding domain (boxed). Arrows denote sequencing information 
obtained, and circles indicate where specific oligonucleotide primers were used. A bar showing the relative size 
o f 100 bases is at the lower right for reference. Shown below is the 2216-base sequence o f a COUP-TF2 cDNA, iden
tified by screening a lambda gtlO HeLa cell cDNA library with a COUP-TF1 probe. The inferred amino acid sequence 
is shown under the base sequence. The sequences are numbered at left for convenience. The DNA-binding domain, 
determined by homology to COUPTF1, is boxed.
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CGGGCCGTACTGCCTTTTTTCCCCTCTTTCATTCTTTCTCTCCGTCTTTTTCTCCCCCCTCTGCGCACGAAGGATGTGCTTCTAGGTGGTGATCTGCCCTCCTCTCTCTCTTTTATCATT
TCTCCCCCTCGCCGGCGAGTTGACTCTTTCCCTATGTGTGTGAGGCGGCGGCGGGAGCAGGAGCAGCAGCGGCTCCGGCGGCGGCAGCAGCGGCAGCAGCGACTTCAGCGGCGGCGGCGG
CGCTAGACGCAGCGGCTCCGGGCCCGACCCGGCGGCTTCGGCGGCGGCTCCGGCGGCAGCGGCGGCCCGGGCGGCCCGGAGGGAACGGCGAGCGGCCTCCACCCACGACTGCGGGCGGCG
GCGGCCGGAGAGAGCGAGGCGCGCGCCGGACGCCCGGGGCAGGCGGCGGCGGCGGCGGCCCAGCGCCAGGACGACGCCGCGCAGCGCCCGACGCGGACCACTTTCATGCTGATTCCCCCG
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GAAACAAACAAAACAAACACACCCGGCCAGACAAGCCATCCACAAAACTTTGCAAAAGCAAAAACAAAAAAGGAAAAACTAACCAACCTCAACCAACCACCCCCCGAGCCACCCOGGGCG 
CCCTCCCGCGCCCTCTTGCACCCTCGCACACACAAAAGGCGGCGCGCCGGAGCCCGAGACCCGGGGAGTCGCCGCCGCCCCGCCGCCGCCCGCAGCCAGGGGAGCAGGAAGTCCGGACGC 
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Figure 7. The COUPTF2 protein is highly homologous to COUPTF1. The amino acid sequence o f COUP-TF2 is 
aligned with that o f COUP-TF1 to show the high level o f positions with identical residues (indicated by a dash in 
the COUPTF1 sequence). Spacing to optimize the alignment is designated by dots. The three conserved regions 
o f the steroid/thyroid hormone receptor superfamily are boxed, with the most N-terminal being the DNA binding 
domain (region I), followed in order by regions II and III. Amino acid residues are numbered at right for convenience.

as high as the 25% glutamine sequences o f the 
Spl factor, proven to be transactivation domains 
(Courey et al., 1989; Courey and Tjian, 1988).

Also of note are consensus sites for phosphor
ylation, both by proline-directed kinase (-S/T-P- 
at amino acids 39, 42, 51, 278, and 299) and by 
protein kinase A (-K/R-X-S- at amino acids 87 
and 106). These two kinases have been impli
cated in the phosphorylation and activation of 
the progesterone receptor (Denner et al., 1990a; 
Denner et al., 1990b). All o f the noted sites are 
conserved between COUP-TF2 and COUP-TF1. 
Three o f five possible sites for the proline- 
directed kinase are within 13 residues of each 
other in the middle o f the N-terminal domain. 
The two possible protein kinase A sites are 
within the DNA binding domain, toward its 
N-terminus.

Discussion

Two major classifications of COUP-TFs are pro
posed, based on their Mr in SDS-PAGE and the 
mobility of the complexes they form with COUP 
elements in EMSAs. The low Mr COUP-TFs 
(47,000, 46,000, 44,000, and 43,000 Mr) form the

faster Cl complex, and the high Mr COUP-TFs 
(74,000, 72,000, 68,000, and 66,000 Mr) form the 
C2 complex. Separation of the four high Mr 
forms of COUP-TFs demonstrated that each 
could form C2 complexes independently with 
COUP elements in EMSAs. The low Mr COUP- 
TFs, similarly renatured from SDS-PAGE, could 
likewise form Cl complexes (Wang et al., 1989). 
The hERRl protein copurifies with the COUP- 
TFs and binds to COUP elements more weakly.

Because the COUP-TFs appear in multiple 
bands in EMSA and SDS-PAGE analyses, we 
sought to clone novel members o f the COUP- 
TF family from a HeLa cell cDNA library. We 
cloned a second low Mr member, COUP-TF2, 
with a COUP-TF1 cDNA probe. The same se
quence was recently cloned from a human pla
cental cDNA expression library by tracking a 
regulatory protein for the apolipoprotein Al 
gene promoter (Ladias and Karathanasis, 1991). 
Our COUP-TF cDNA, although lacking some 
3' coding region, contains 873 more nucleotides 
in the 5' untranslated region. Only one nucleo
tide (T at position 1150) is different in the ARP-1 
cDNA (C at 278). With the missing C-terminal 
amino acids supplied by the ARP-1 sequence,
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the COUP-TF2 sequence was compared to that 
of COUP-TF1. These two COUP-TFs are highly 
homologous. The COUP-TF2 and COUP-TF1 
molecules differ primarily in their N-termini, 
where activation domains exist for the steroid/ 
thyroid hormone receptors, raising the possi
bility that COUP-TFs may have different trans
activation capabilities. Our laboratory has pre
viously identified genomic clones for both 
COUP-TF1 and COUP-TF2 (Ritchie et al., 1990), 
and the genes are located on human chromo
somes 5 (Miyajima et al., 1988) and 15 (Ladias 
and Karathanasis, 1991), respectively. Interest
ingly, the COUP-TF genes encode both Zn 
fingers of the DNA binding domain in the same 
exon (Ritchie et al., 1990). This feature, unique 
among the steroid/thyroid hormone receptors, 
suggests that the COUP-TFs are ancient and pos
sibly ancestral members of the superfamily.

The first level o f control o f COUP-TF action 
is the expression o f COUP-TF genes. Using 
COUPTF1 cDNA probes, we detected no COUP- 
TF mRNA in Jurkat cells, where the C2 com
plex and high Mr COUP-TFs are predominant 
in EMSAs (A. Cooney, unpublished results). This 
suggests that the high Mr COUP-TFs may be 
produced from yet another gene. Although we 
have no sequence data to indicate structural 
relationships, we could not distinguish the high 
Mr COUP-TFs from the low Mr forms in func
tion, both in in vitro transcription and in COUP 
binding. The COUP-TF family may be like that 
of the thyroid hormone receptors, comprising 
several members which differ in transcrip
tional activation properties and are differen
tially expressed in tissues during development 
(Glass et al., 1989; Hudson et al., 1990; Izumo 
and Mahdavi, 1988; Rentoumis et al., 1990).

Steroid and thyroid hormone receptors are 
modulated in their activity by binding their re
spective ligands (Beato, 1989; Evans, 1988). The 
presumptive ligand binding domains of COUP- 
TF1 and COUP-TF2, which align with the ligand 
binding domains of the other superfamily 
members, span the conserved regions II and 
III o f the steroid/thyroid hormone receptor 
superfamily. The Drosophila “seven-up” hom- 
ologue o f the COUP-TFs, required for correct 
neuronal differentiation (Mlodzik et al., 1990), 
shares 92% homology with COUP-TF1 and 
COUP-TF2 in the putative ligand binding do
main. Although no ligand has been identified, 
the conservation of these domains indicates

that these may be important in the activity of 
COUP-TFs.

Many members o f the steroid/thyroid hor
mone receptor superfamily act as dimers (Tsai 
et al., 1988). Thyroid hormone receptors can 
form dimers with themselves and heterodimers 
with retinoic acid receptors, which have vari
ous effects on transcription (Forman et al., 1989; 
Glass et al., 1989; Graupner et al., 1989). Low 
Mr COUP-TFs were shown to be dimers by glyc
erol gradient centrifugation and by UV-cross- 
linking on DNA in a previous study (Sagami 
et al., 1986). In this study, native COUP-TFs 
eluted from gel filtration chromatography at
130,000 and 90,000 Mr, approximately double 
the Mrs seen by SDS-PAGE. Also, the individ
ual members o f the high Mr COUP-TFs bind 
DNA, presumably as dimers, as do the low Mr 
COUPTFs. There is no evidence for heterodimer 
formation between low and high Mr COUPTFs, 
such as a complex o f intermediate mobility to 
Cl and C2 in EMSAs. In vivo, dimerization be
tween COUP-TFs may regulate their transacti
vation functions.

Another means o f regulating transacting fac
tor function involves protein-protein inter
actions with other transcription factors. The 
COUP-TFs interact with a non-DNA-binding 
transcription factor called S300-II (Tsai et al., 
1987). Several other DNA-binding transcription 
factors have been found to require “mediators” 
(Kelleher et al., 1990), “adaptors” (Berger et al., 
1990) or “coactivators” (Pugh and Tjian, 1990) 
for activity. Both transfected and endogenous 
steroid hormone receptors have been shown 
to compete with each other for a functionally 
limiting factor, so that each interfered with the 
transactivation of the other (Meyer et al., 1989). 
Limiting amounts o f a factor, such as S300- 
II, could control the action o f COUP-TFs on 
transcription.

The COUP-TFs are unique members o f the 
steroid/thyroid receptor superfamily: they are 
widespread, powerful DNA-binding transcrip
tion factors composed of multiple gene prod
ucts. It is important to understand how the 
specific COUPTFs, described here, regulate tran
scription of a variety of genes to affect cell 
growth and development.
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