
ultracentrifugation on sucrose density gradients 
(42). The Golgi fraction was collected, diluted with 
4 volumes of 87.5 mM KOAc, 1.25 mM Mg(OAc),, 
and 20 mM Hepes (pH 7.4) and sedimented at 
16,000g for 10 min. The membrane pellet was 
washed with transport buffer (0.25 M sorbitol, 70 
mM KOAc, 1 mM Mg(OAc),, 20 mM Hepes (pH 
7.4)], then resuspended in 4 ml of transport buffer 
plus PIC. The Golgi membranes were divided into 

0.1-ml samples, frozen in liquid nitrogen, and 
stored at -80°C. 
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to function as transcriptional coactivators 
and whether competition for this interac- 
tion accounts for the inhibitory effects of 
E1A on other CBP- and p300:dependent 

Riki Kurokawa, Daniel Kalafus, Marie-Helene Ogliastro, factors such as nuclear receptors. 
Chrissa Kioussi, Lan Xu, Joseph Torchia, Michael G. Rosenfeld, We compared the ability of E1A to in- 

Christopher K. Glass hibit CBP-stimulated transcriptional acti- 
vation bv RARs and STATl (9). Com~lete 
inhibitidn of RAR activity re&ired about 

CREB binding protein (CBP) functions as an essential coactivator of transcription factors 10 times the amount of E1A than was re- 
that are inhibited by the adenovirus early gene product EIA. Transcriptional activation quired for STAT1, suggesting differential 
by the signal transducer and activator of transcription-1 (STATl) protein requires the use of the C/H3 domain (Fig. 1B). We 
ClH3 domain in CBP, which is the primary target of E1A inhibition. Here it was found that therefore examined the ability of wild-type 
the ClH3 domain is not required for retinoic acid receptor (RAR) function, nor is it involved CBP and a CBP mutant lacking the C/H3 
in E1A inhibition. Instead, E1A inhibits RAR function by preventing the assembly of domain (CBPAC/H3) to setve as coactiva- 
CBPnuclear receptor coactivator complexes, revealing differences in required CBP tors of RAR and STATl. Overexpression of 
domains for transcriptional activation by RAR and STAT1. wild-type CBP potentiated STAT1-depen- 

dent transcription, whereas CBPAC/H3 was 
inactive (Fig. 1B). However, CBPAC/H3 
was nearly as effective as wild-type CBP in 

Analysis of the mechanisms by which the STATl by competing for this interface, stimulating RAR activity (Fig. IB), indicat- 
adenovirus E1A oncoprotein inhibits cellu- other transcription factors that are inhibit- ing that the C/H3 domain is not required 
lar differentiation and promotes dysregu- ed by ElA, such as CREB and nuclear for CBP to serve as a coactivator of RAR, 
lated growth has contributed to the identi- receptors, do not interact with this region. We tested the ability of E1A to inhibit 
fication and functional characterization of E1A inhibits CREB function by preventing the stimulatory effects of CBPAC/H3 on 
cellular regulatory proteins that include Rb, the association of a complex of RNA poly- RARdependent transcription. E1A was as 
p107, CBP, and p300 (1, 2). CBP and the merase I1 and RNA helicase A with the effective ,in Inhibiting the coactivator func- 
related p300 function as coactivator pro- C/H3-E1A interaction domain (8). These tion of CBPAC/H3 as it was in inhibiting 
teins for several transcription factors, in- observations raise the questions of whether wild-type CBP (Fig. 2A), and glutathione 
cluding CREB (cyclic AMP response el- recruitment of complexes containing RNA Stransferase (GST)-E1A fusion proteins in- 
ement-binding protein) (3), AP-1 (4), nu- polymerase I1 to the C/H3-E1A binding site teracted with CBPAC/H3 almost as effec- 
clear receptors ( 5 ) ,  and STAT proteins (6). is a general requirement for CBP and p300 tively as with wild-type CBP [Fig. 2B and 
CBP and p300 interact with regulatory pro- 
teins through a series of conserved domains Fig. ,. ne retindc acid recep- * 
(Fig. 1A), with the cysteine-histidinerich tor (WR) and  STAT^ exhibit dif- o LD T $2 5 
region (C/H3) (2) mediating direct interac- ferential requirements for the - a rn N 

tions with EIA, STATl; cFos, p/CAF, and CM3 domain of CBP. (A) CBP CBP - HAT 
RNA helicase A (4, 6-8). Although E1A interaction domains. The KIX LK'X, RTR CAEB Bromo WP, NToA 

E l A  
may inhibit the activities of cFos and (kina~e-inducible interaction) STAT'a S T A l l a  RNA hellcase A 

domain mediates interactions STAT1 a 

with phosphorylated CREB and B R. Kurokawa, M.-H. Ogliistro. C. K. Glass, Divisions of STAT1. CM3 is a cysteine-his- Cellular and Molecular Medicine and Endocrindogy and 
Metabolism, Department of Medicine, University of Cali- tidineAch region that mediates a 

fomia. San Diego, 9500 Gilman Dlive, La Jolla, CA interactions with several factors, 
92093-0651, USA. including ElA, STAT1, and 
D. Kalafus, D'N~s~o~s of Cellular and Molecular Medicine complexes of RNA heli- A a- 
and Endocrinology and Metabolism and Biomedical Sd- and R~~ merase ll. re- 

* CBP-WT CBP-WT g- P ,,- 
ences Graduate Program, Department of Medicine. Uni- m 
versity of Sari Diego, 9500 Gilman Drive, La gion in CBP that interacts with a~ 
Jolla, CA 92093-0651, USA. nuclear receptor coactbators is a: 0 - : ; : ; : : : : ; : ; : ! :  ! : ! :  

C. Kioussi, J. Torchii, M. G. Rosenfeld. Howard Hughes indicated as NCoA. Numbers 0  .2 .4 .6 .8 1.0 0  .2 .4 .6 .B 1.0 0  .2 .4 .6 .8 1.0 

Medical Institute, Department of Medicine. University of above CBp indicate endpoints [El A] Pg [CBp] P9 [CBP] Pg 
Cali*ornia, Sari Diego, 9500 Gi'man Drive, La JOllav CA of CBP deletion mutants. (B) Effects of increasing amounts of 12s ElA on CBP-stimulated activities of 92093-0651, USA. 
L. Xu, Biomedical Sciences Graduate Program, and the RAR (far left) and STATl and coactbator functions of wild-type CBP and CBPACM3 molecules for 
~~~~d ~~~h~ ~edical  Institute, Department of ~ e d i -  the RAR and STATl (middle and far right). HeLa cells were transfected with a luciferase reporter gene 
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( 1 O)], indicating the presence of additional 
E1A interaction domains within CBP (1 1 ). 
To localize the additional E1A interaction 
domains, a series of CBP and p300 fragments 
were expressed as GST fusion proteins and 
assessed for their ability to interact with E1A 
produced by translation in vitro. The CBP 
fragment of residues 1459 to 1891 contain- 
ing the C/H3 domain interacted strongly 
with ElA. However, interactions of compa- 
rable strength were also observed for the 
NH2- and COOH-terminal fragments of 
CBP (Fig. 2C) and p300 (10). A series of 
deletions of the CBP COOH-terminus indi- 
cated that a 105-amino acid region between 
residues 2058 and 2163 was sufficient to 
mediate interactions with E1A (Fig. 2C). 
Similar results were obtained with the cor- 
responding region of p300 (10). Far Western 
blotting experiments confirmed that the in- 
teractions between E1A and the NH2- and 
COOH-terminal domains of CBP were spe- 
cific and direct (10, l I). 

The COOH-terminal E1A interaction 
domain in CBP and p300 corresponds to the 
region that mediates interactions with mem- 
bers of the 160-kD family of nuclear receptor 
coactivators (NCoAs) that associate with 
the RAR in a ligand-dependent manner and 
include the structurally related steroid hor- 
mone receptor wactivator-1 (SRG1) and 
p300/CBP-interacting protein (p/CIP) (5, 
12-14). p/CIP is required for RAR function 
and is associated with most of the CBP and 
p300 in cells ( 14). Increasing concentrations 
of E1A effectively inhibited the interactions 
of p/CIP with the CBP NCoA interaction 
domain (Fig. 3A). E1A did not inhibit other 
specific protein-protein interactions, and no 
interaction was observed between E1A and 
p/CIP (10). Therefore, E1A and p/CIP spe- 
cifically bind to the NCoA interaction do- 
main of CBP in a mutually exclusive rnan- 
ner. To determine whether E1A can inhibit 
CBP-p/CIP interactions in vivo, we infected 
P19 cells with a retrovirus directing the ex- 
pression of 12s E1A or a control retrovirus. 
Immunoprecipitates prepared from cells in- 
fected with virus directing expression of E1A 
exhibited a significant decrease in the rela- 
tive amounts of CBP that associated with 
p/CIP (Fig. 2D), indicating that E1A inhib- 
its the formation of p/CIP-CBP coactivator 
complexes in cells. 

To further assess the functional signifi- 
cance of the E1A interaction with the 
NCoA interaction domain of CBP, we 
identified E1A mutants that retained this 
interaction but did not interact with the 
C/H3 domain. One mutant, in which the 
amino acid at position 3 was changed from 
histidine to asparagine (ElA-H3N) (15), 
retained the ability to interact with the 
NH,-terminus and NCoA-binding domain 
of CBP but exhibited a near complete loss 

of binding activity for the C/H3 domain nal E1A binding sites were linked to the 
(Fig. 3B). Next, regions of CBP containing GAL4 DNA binding domain, and their 
the NH2-terminal, C/H3, or COOH-termi- activities were assessed on a GAL4-depen- 

Fig. 2. Identification of 
two previously unknown 
E1A interaction domains 
in CBP. (A) ElA inhibits 
the coactivator function 
of a CBP molecule lack- 
ing the E1A interaction 
domain. CV1 cells were 
transfected with the reti- 

m  m m  m m m  8 s  
o  o a  o a o  5!P 

= 0 

. . - 
noic acid-responsive re- 12s EIA - - + + - - + + - - + + 
porter gene described in I- CBP-WT CBPACIHS 
Fig. 1 and expression 
plasmids for El A, wild- GST-CBP GST-CBP D Control E1A 

type CBP (CBP-WT), or s g w m w m  2 N N N N N  N w  :1 TT e s g g  - -  N -  CBPACN3, as indicat- 5: :, , , d, 2 , ;, , , , ,, 2 85 0 a g  
ed.Thelabels12S-E1A ~ G ~ $ $ ~ ~ ~  - , -6: g % Z ~ Z ' % Z ~ ~  , - N N -  - -  2 ; ~ ;  .- 
and 1%-ElA designate 
forms of EIA generated C B P ~ U  - - 
by alternative mRNA @ 

m - -- - 4 E I A  I a -  

processing that either 
lack (1 2s-El A) or con- 
tain (1 3s-El A) a COOH-terminal zinc finger domain that is not involved in CBP or p300 interaction. Cells 
were treated with TTNPB or vehicle for 24 hours before determination of luciferase activity. (6) E1A 
interacts with full-length CBP lacking the E1A interaction domain. Full-length FLAG-tagged CBP or 
full-length FLAG-tagged CBPACN3 was incubated with GST-12s E1A or GST-1% E1A bound to 
glutathione-agarose. See (1 1) for further methods. (C) ElA interacts with the NH,-terminus and distal 
COOH-terminus of CBP. lj5S]12S E1A was produced by translation in vitro and incubated with the 
indicated GST-CBP or GST-p300 fusion proteins. Specifically bound proteihs were resolved by SDS- 
PAGE and detected by autoradiography. Identical results were obtained for 1% E1A (10). (D) E1A 
inhibits CBP-pCIP interactions in cells. Cells were infected with a retrovirus directing 12s ElA expres- 
sion or a control retrovirus. Whole-cell extracts were prepared from infected cells and subjected to 
immunoprecipitation with antibodies to p/CIP (antt-p/CIP). The immunoprecipitates or supernatants 
were resolved by SDS-PAGE and subjected to protein immunoblot analysis with antiserum to CBP. 

Fig. 3. E1A inhibis the 
assembly of NCoA-CBP 
m p l e x ~ .  (A) El A m- 
petes with p/CIP for inter- 
action with the COOH- 
terminus of CBP. GST- 
CBP(2058-2163) was in- 
cubated with Ij5S]p/CIP 
~roduced bv translation in 
vitro and the indicat- 
ed amounts of purified 
12s El A. After washing 
on glutathione agarose 
beads, specifically bound 
lj5S]p/CIP was reshed 
by SDS-PAGE and de- 
tected by autoradicgra- 
phy. (6) El A-H3N differ- 
entially interacts with the 
three interacth domains 
of CBP. f-%]l2S El A and 
PSS112S E1A-H3N were 

A B El A-W El A-H3N 
1- 

GST-CBPmS0.2163 $ 2 I - - 1 1  Z Z '  

EIA("9) '0 5 10 50 100 0'; 
GST O O O O O 1 0 0 O O  

PlCIP. 

ElAH3N - , - - +, , -  - + ,  , -  - + ,  
GAL-CBP GAL-CBP GAL-CBP 

1-45] 1061-1891 1092-2411 

brodluced by translation in vitro and analyzed for intwacton with the indicated GST-CBP fusion proteins as 
described in Fg. 2. (C) Effects of wild-type E1A and E1A-H3N on the transcriptional activities of CBP 
fragments containing ElA interaction domains. NH,-terminal, middle, or OH-terminal regions of CBP 
containing the three El A interacton domains were fused to the DNA binding domain of GAL4 and assayed for 
transcriptional a c t i i  on a promoter containing six GAL4 binding sites (UASRUc) in the presence or absence 
of coexpressed wild-type E1A or E1A-H3N. @) Wild-type E1A and E1A-H3N inhibit the p/CIP and NCoA-1 
activation domains. Cells were transfected with the UAS/Luc rqmter gene and plasmids directing the 
expression of the GAL4 DNA binding domain linked to the CBP interaction domain of NCaAl (GAL4-NCoA1 
896-1 200) or IJ/CIP (GAL4-p/CIP 947-1 084). Cellswere cotransfected with 12s El A-WTor 12s E1A H3N as 
indicated and harvested for analysis of luciferase activity 24 hours later. 
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dent promoter in the absence or presence of 
coexpressed ElA. The NH2- and COOH- 
terminal regions of CBP activated tran- 
scription in a manner that was strongly 
inhibited by wild-type E1A (Fig. 3C), 
whereas the activity of the C/H3-contain- 
ing region of CBP was increased. E1A-H3N 
strongly inhibited the activity of the 
COOH-terminal domain of CBP but had 
no effect on the C/H3-containing region. 
The regions of NCoA-1 and p/CIP that 
mediate interactions with CBP function as 
transactivation domains when transferred 
to the DNA binding domain of GAL4 (14), 
presumably because of their ability to re- 
cruit CBP. Both wild-type E1A and ElA- 
H3N effectively inhibited the activities of 
these domains (Fig. 3D), consistent with 
their ability to competitively bind to the 
region of CBP that interacts with NCoA. 

To determine the functional signifi- 
cance of the E1A interaction domains in 
RAR- and STAT1-dependent transcrip- 
tion, CBP mutants lacking the NH,-termi- 
nal or COOH-terminal E1A interaction 
domains (CBPAN450 and CBPAC1891, re- 

spectively) were evaluated for coactivator 
function. CBPAN450 was nearly as effec- 
tive as wild-type CBP as a coactivator of 
RAR, but not as a coactivator of STATl 
(Fig. 4A). Thus, although the NH2-termi- 
nus of CBP has been demonstrated to in- 
teract directly with RAR (5), this interac- 
tion does not appear to be required for RAR 
function. Deletions of the CBP COOH- 
terminus, containing the NCoA interaction 
domain, abolished coactivator function for 
both RAR and STATl. These results are 
consistent with the observation that nucle- 
ar microinjection of anti-p/CIP blocks both 
RAR and STATl activation (14). Next, 
wild-type ElA and E1A-H3N were evalu- 
ated for their effects on RAR- and STAT- 
dependent activation. E1A-H3N was nearly 
as effective as wild-type E1A as an inhibitor 
of RAR function, but much less effective as 
an inhibitor of STAT1, consistent with the 
differential requirements of RAR and 
STATl for the C/H3 domain of CBP and 
p300 (Fig. 4A). E1A molecules containing 
point mutations or NH2-terminal deletions 
that abolish interaction with CBP and p300 

(15) did not inhibit RAR function (10). 
To investigate the requirement for the 

C/H3 domain in activation of endogenous 
RAR target genes, we examined the effects 
of wild-type E1A and ElA-H3N on retinoic 
acid-induced neuronal differentiation of 
P19 cells (16). P19 cells were grown as 
aggregates and infected with replication- 
defective retroviruses directing the expres- 
sion of wild-type ElA or E1A-H3N, or with 
a virus lacking an ElA insert (1 7). Control 
cells and virally infected cells were treated 
with retinoic acid, and differentiation was 
assessed by both morphology and expression 
of neurofilament (NF) as a marker of ter- 
minal neuronal differentiation. In contrast 
to uninfected cells or cells infected with 
control virus, P19 cells that expressed wild- 
type E1A or E1A-H3N were unable to form 
either embryoid bodies or cytoplasmic pro- 
jections and were negative for NF (Fig. 4B). 
This indicates that the C/H3 domain of 
CBP and p300 is not required for the inhib- 
itory effects of E1A on retinoic acid-in- 
duced differentiation. 

Thus, different complexes of CBP or 
p300 are used by CREB, STATl, and nucle- 
ar receptors (Fig. 4C). Studies of CREB- 
dependent transcription suggest a require- 
ment for the docking of a complex of RNA 
polymerase I1 and RNA helicase A to the 
C/H3 domain (8). The requirement by the 
C/H3 domain of CBP and p300 for coacti- 
vation of STATl and the different efficacies 
of wild-type E1A and E1A-H3N as inhibi- 
tors of STATl function indicate that the 
C/H3 domain is the primary target of ElA- 
mediated inhibition, similar to the case of 
CREB. In contrast, the C/H3 domain of 
CBP and p300 is neither required for RAR 
function, nor is it involved in the mecha- 
nism of inhibition by ElA. Differential use 
of functional domains in CBP and p300 by 
RAR and STATl is consistent with re- 
cent findings indicating distinct require- 
ments of these factors for enzymatic and 
platform assembly functions of CBP- and 
p300-associated factors (18). The finding 
that E1A inhibits RAR function by pre- 
venting the association of CBP with nu- 
clear receptor coactivators raises the pos- 
sibility that the assembly of these com- 
plexes is also subject to regulation by cel- 
lular proteins. 

REFERENCES AND NOTES 

1. P. Whyte. N. M. Williamson, E. Harlow. CeN 56. 
67(1989); J. R. Nevins, Science 258, 424 (1992); 2. 
Arany, W. R. Sellers. D. M. Livingston. R. Eckner, Cell 
77. 799 (1994); J. R. Lundblad, P. S. Kwok. M. E. 
Laurance. M. L. Harter. R. H. Goodman. Nature 374. 
85 (1 995). 

2. R. Eckner et al., Genes Dev. 8, 869 (1994). 
3. R. P. Kwok et al.. Nature 370, 223 (1 994). 
4. A. J. Bannister and T. Kouzarides, EMBO J. 14,4758 

(1 995); J. Arias et a/. . Nature 370. 226 (1 994). 
5. D. Chakravarti et al., Nature 383,99 (1996); B. Han- 

SCIENCE VOL. 279 30 JANUARY 1998 www.scienc 



sten eta1 , Proc. Natl kcad. Sci. U.S.A 93, 11540 
(1 996); Y K a ~ n e  et a/. . Cell 85, 403 (1 996). 

6. J. J. Zi-ang ei a/. . Proc Natl. Acad Sci, U.S A. 93 
15092 (1 996): S Bhattacharya et a1 lA!at,ire 383, 
344 (1 996). A E. Ho?/a et a1 . Proc. lA!atI. Acad. Sci. 
U S.A 94 1074 (1 997). 

7 X. J Yang. V. V Ogryzko. J. N~sh~kawa, B. H 
Howarc. Y. Nakatan~, Nature 382 319 (1996). 

8 T. Nakaj~ma C. Uchda. S. F. Ancerson J D. Pa?!n, 
M Montmny, Genes Dev. 11. 738 (1 997): T. Naka- 
jma e i  a/. , Cell 90 11 07 (1 397). 

9. M~ ta t~ons  In CBP and E lA  were generated w~th  the 
polymerase cha~n reaction. S ~ n a  regons spannng 
each ceeton or pont mutaton were confr~ned by 
seqLence anayss and transferred Into the WIG-type 
cDNA backbone At least t,i>~o ncepencent clones of 
each m ~ t a n t  were analyzed for expresson and func- 
ton. Fortransent transfection assays of CBP anc E l  A . f ~ n c t o n .  vie plated CVI or HeLa cells n 24-we plates 
anc transfected ti-em , J > N I ~ ~  ~ c f e r a s e  reponer genes 
anc CBP or EIA expression vectors Lislng CaPO, 
(19) Salmon sperm DNA was used as a carrler to 
balance ti-e total amount of transfected DNA Cells 
were treatec w~ th  ti-e RAR-spec~f~c ganc  TTNPB 
{(E)-1-[2-(5,5,8 8-tetrameti-y-5 6.7.8-tetrahycro-2- 
napti-aIeny1)-1 -propen)/l] benzoc acd j  (0.1 pM) or 
nterferon-y (100 ~ i ~ n l )  for 2 1  h o ~ r s  or 6 hours, re- 
spectveI)/, before deter~nnaton of ~ c f e r a s e  actvity 

10 R. K~rokawa and D. Ka la f~s  ~ n p ~ b l s i - e c  cata. 
11 FL -eng th  CBP anc CBPI\C/HS were expressed n 

SF9 cells w~ti- a b a c ~ o v r ~ s \ J e c t o r  anc contaned a 
COOH-:er~n~na FLAG epltope, wh~ci- per~nl i tec 
p ~ l r ~ f ~ c a t ~ o n  on a matrlx of FLAG ant~body GST 
f~lsion protens were expressed n Escherlchia coli 
anc p~r l f lec  on a g l~ ta t i -one agarose a f fn ty  ma- 
trlx l n ' s t ~ c ~ e s  w t h  full-ength CBP, SF9 ,iwliole-cell 
extracts containng FLAG-tagged CBP were ncu- 
batec w~ti- GST-EIA fuson protens produced n 
bactera anc captured on a gl~ltati-one a f fn ty  ma- 
trlx. After they ,,were wasi-ed. proten complexes 
,,were resovec by SDS-pol)~acrylam~ce gel eectro- 
phoresis (SDS-PAGE) anc anayzec by proten I n -  
~nunobo t tng  w t h  a ~ n o n o c o n a  antbody to FLAG. 
In stuces exalnnng the nteracton of p /CP  and 
E l A  wti- specfc  domans of CBP [j5S]p/CP or 
[S%]EIA protens were procuced by transaton n 
v~tro and n c ~ b a t e d  , ~ r h  GST-CBP f ~ l s o n  protens. 
After ti-ey ,,were extensvey washec, specf~caIl)/ 
b o ~ n c  protens were resol\ved by SDS-PAGE anc 
detectec by autorac~ograpi-y. For Far Western 
analys~s of ElA-CBP nteract~ons. 12s E l A  and 
13s E l  A cDNAs were n t r o d ~ c e c  Into a vecror pro- 
v d n g  an n-frame phospi-or)/aton site for proten 
knase A. After pi-ospi-oryat on w~ti- "P, r acoa -  
belec 12s  E l  A and 13s  E l  A were ~ l sed  to probe 
n~trocel l~lose ~ne~nbranes contanng CBP frag- 
ments as p r e v o ~ s y  descrbec (12) 

12. S. Haachm, et a / ,  Science 264. 1455 (1 391): V 
Cavales, S. D a ~ v o s  P. S. Danean,  M, G. Parker, 
Proc. Natl. Acad. Sci. U S.A. 91 . 10009 (1 994). 

13 S A. OAate, S Y. Tsa~, M J .  Tsa~, B. Wl. O'Malle)/, 
Sclence 270. 1354 (1 995). J J. Voegel, M. J. S. 
He~ne C. Zeci-el, P. Chambon H, Grone~neyer, 
EidBOJ 15, 3667 (1 396))T:P Yao, G. KLI N Z h o ~ .  
R. Sculy. D. M .  L~vngston, Proc. NaTl, Acad. Sci. 
U.S.A 93 10626 (1996). H. Hong, K.  kohl^, A 
Trvec D, L. Johnson, M. R. Stallcup, ibis1, p. 4918; 
H. Chen eial. Cel190.569 (1997); S L. Anzcketal., 
Science 277 965 (1 997).  

1 1 .  J. Torchia ei a/. , Naiure 387 677 (1 997). 
15. H.-G H Wang et a1 J. Vlrol. 67, 476 (1993). 
16. M W McBurney. E. M. V. Jones-V eneuve. M. K. S. 

Ed3i\~arcs, P J Anderson. Naiure 299 165 (1 982). 
17. To assess the effects of EIA mutants on retnoc acc- 

depencent cfierentaton of PI 9 cells we cotransfectec 
h ~ m a n  k~dney carcnoma 293 cells w~ti- 1.5 pg per 
6 - c~n  c~si- of pCL-7 helper-free retrov~ra packagng 
vector and pCL1 -El A, pCL1 -H3N and pCLl vector as 
nd~cated ~ l s ~ n g  ti-e CaPO, method. Med~a ,,was 
ci-angec 8 i -o~rs  after transfect~on. After 12 Pours ti-e 
supernatant was Lsec n 1 100 d ~ t o n  for Infect ng P I  9 
cells. Retrovra vectors and packagng pasn-ds that 
produce i-eper-free retrovrus w~ti- 1 x 10"o 5 x 1 OE 
tters (19) were Lsec for EIA znc H3N overexpresson. 
The supernatant of 233 cells nfectec wti- pCL-7, 

pCLI -EIA, or pCLl -H3N packagng constrLcts were 
Lsec to Infect P I9  cells for 2 days. P I9  cells were 
nduced to dfferentate w~th 0.5 pM retnoc acd n bac- 
ter~al-grace petr d~shes. Two days alter nfect on and 
aggregation n the presence of retno~c ace, embryod 
bodes were collected and plated agaln n bacter~al- 
grade petr c~shes In the absence of vlrLs Two days 
later. cells were transferrec to pol)/-_-l)/s~ne-coatec 
glass cover s p s  n n-eda,,~~thout retnoc ace (10) After 
2 to 3 cays cells were f~xec w~ th  40% formadehyce 
and prepared for mmunoh~stochem~stry. Rabb~t 
pol)/clonal ant~boc~es to NF (S~gma) were d l ~ t e c  
1.100 n 0.59, block~ng b ~ f f e r  (Boei-r~nger Mann- 
i-elm) Detect~on ant~bocy fluoresce~n soti-~ocya- 
nate-conj~gated to goat ant~body to rabb~t F(ab), 
fragments was ~ s e d  n 1 : 100 c l ~ ~ t o n .  Fxed P I  3 cells 
were ncubatec , i \~~t l i  antbodes to NF for 2 hours 
at rooln temperatLre anc rlnsec before appl)/~ng 
seconcary antbocy for t,i>~o more Pours at room te~n -  
perat~re, lmm~nofluoresence-stanec preparat~ons 

were vlewec ,i>~~ti- a Ze~ss Axlophot photom~cro- 
scope Photographc prnts referrng to comparatve 
mmLnostalnlng were prepared under cent~cal 
conc~t ons 

18 E. K o r z ~ s  eT a1 Science 279, 703 (1 998). 
19. R.  K~rokawa e i  a/. , Naiure 371, 528 (1 994): R K. 
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Transcription Factor-Specific Requirements 
for Coactivators and Their Acetyltransferase 

Functions 
Edward Korzus, Joseph Torchia, David W. Rose, Lan Xu, 
Riki Kurokawa, Eileen M. Mclnerney, Tina-Marie Mullen, 

Christopher K. Glass, Michael G. Rosenfeld* 

Different classes of mammalian transcription factors-nuclear receptors, cyclic aden- 
osine 3',5'-monophosphate-regulated enhancer binding protein (CREB), and signal 
transducer and activator of transcription-1 (STAT-I)-functionally require distinct com- 
ponents of the coactivator complex, including CREB-binding protein (CBP/p300), nu- 
clear receptor coactivators (NCoAs), and p300lCBP-associated factor (p/CAF), based on 
their platform or assembly properties. Retinoic acid receptor, CREB, and STAT-1 also 
require different histone acetyltransferase (HAT) activities to activate transcription. Thus, 
transcription factor-specific differences in configuration and content of the coactivator 
complex dictate requirements for specific acetyltransferase activities, providing an ex- 
planation, at least in part, for the presence of multiple HAT components of the complex. 

Nuclear  receptors exhibit I~gand-ilepen- 
dent interactio~ls with coactivators such as 
CBP/p30C (1-3) and p160 proteins (4) ,  
steroid receptor coactivator-1 (SRC-1 )/ 
NCoA-1 (2,  5) ,  TIF2/GRIP-1KCoA-2 
(6) ,  and p3L?L?/CBP-interacting protein (p/ 
CIP) (7, 8). CBP/p?CC interacts with other 
coactivators and with the p?CC/CBP-asso- 
ciated factor (p/CAF) (9), which is homol- 
ogous to the yeast transcriptional adaptor 
GCN5 (10). Both CBP/p3C0 and p/CAF 
exhibit strong histone acetyltransferase 
( H A T )  activities (9.  1 1 ), whereas the p16C 
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factors possess weak COOH-terminal H A T  
actlvity (8. 12). 

T o  deterrn~ne whether p/CAF is recruit- 
ed into the nuclear receptor coactivator 
complex (2-5, 13), nre performed coimmu- 
nopreclpltatlon assays with cell extracts. 
p/CAF exhibited ligand-dependent recruit- 
ment to the retinoic acid receptor (RAR) 
coactivator complex, and p/CAF binding 
was abolished by binding of an RAR antag- 
onist (Fig. 1A) .  A minimal ligand-depen- 
dent ~nteraction was observed in a yeast 
two-hybrid assay, and this interaction do- 
main mapped to the NHz-terminus (amino 
acids 1 to 351) of p/CAF (Fig. 1B). Using 
the avidin-biotin complex DNA assay (14) 
to assess protein interactions on DNA- 
bou~ld receptors, nre found that p/CAF 
bound to the RAR/RXR (retinoid-X recep- 
tor) heterodirner, but there was no detect- 
able ligand-dependence for this association 
(Fig. 1C).  The interaction between nuclear 
receptor and p/CAF n7as Inhibited by the 
nuclear receptor corepressor (NCoR) (1 5 )  
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