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The promoter selectivity factor Sp1 often cooperates with other enhancer-binding proteins to activate

transcription. To study the molecular underpinnings of these regulatory events, we have reconstituted in vitro

the synergy observed in vivo between Sp1 and the sterol-regulated factor SREBP-1a at the low density

lipoprotein receptor (LDLR) promoter. Using a highly purified human transcription system, we found that

chromatin, TAFs, and a novel SREBP-binding coactivator activity, which includes CBP, are all required to

mediate full synergistic activation by Sp1 and SREBP-1a. The SREBP-binding domain of CBP inhibits

activation by SREBP-1a and Sp1 in a dominant-negative fashion that is both chromatin- and activator-specific.

Whereas recombinant CBP alone is not sufficient to mediate activation, a human cellular fraction containing

CBP can support high levels of chromatin-dependent synergistic activation. Purification of this activity to near

homogeneity resulted in the identification of a multiprotein coactivator, including CBP, that selectively binds

to the SREBP-1a activation domain and is capable of mediating high levels of synergistic activation by

SREBP/ Sp1 on chromatin templates. The development of a reconstituted chromatin transcription system has

allowed us to isolate a novel coactivator that is recruited by the SREBP-1a activation domain and that

functions in concert with TFIID to coordinate the action of multiple activators at complex promoters in the

context of chromatin.
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The t ranscript ional cont rol regions of m any eukaryot ic

genes harbor m ult iple enhancer elem ents recognized by

differen t sequence-specific factors necessary to achieve

high levels of t ranscript ion (Tjian and Maniat is 1994;

Thanos and Maniat is 1995; Sauer and Tjian 1997). The

t ranscript ion factor Sp1 is frequent ly found to be one of

the cont ribu t ing enhancer factors on cognate prom oters.

Although the m olecular m echanism s of Sp1 act ivat ion

have been extensively studied (Pascal and Tjian 1991;

Hoey et al. 1993; Chen et al. 1994), the funct ion of Sp1

working in concert with other enhancer-binding factors

to regulate inducible prom oters rem ains largely unex-

plored. Recent evidence suggests that m any of these in-

ducible genes are governed by gene-select ive act ivators

that work synergist ically with Sp1 to direct t ranscript ion

(Krey et al. 1995; Look et al. 1995; Merika and Orkin

1995; Sheridan et al. 1995; Pazin et al. 1996). However,

the cofactor requirem ents and m olecular in teract ions

that allow com binatorial regulat ion by m ult iple t ran-

script ional act ivators are poorly understood.

The regulat ion of the low density lipoprotein receptor

(LDLR ) gene by cholesterol provides a usefu l m odel sys-

tem to explore the m olecular m echanism s of synergist ic

act ivat ion by Sp1 together with other enhancer-binding

factors (Goldstein and Brown 1990; Sanchez et al. 1995;

Brown and Goldstein 1997). The sequences with in the

LDLR prom oter m ediat ing cholesterol regulat ion consist

of a DN A elem ent recognized by the sterol-responsive

elem ent -binding proteins (SREBP-1 and 2) flanked by

Sp1-binding sites (Südhof et al. 1987; Dawson et al. 1988;

Briggs et al. 1993; Hua et al. 1993; Wang et al. 1993, 1994;

Yokoyam a et al. 1993; Yieh et al. 1995). SREBPs belong

to the basic / helix-loop-helix class of t ranscript ion fac-

tors, with the unusual property of being anchored to the

ER m em brane unt il released by cholesterol-regulated

proteolysis (Brown and Goldstein 1997). Transien t t rans-

fect ion experim ents suggested that SREBPs and Sp1 can
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funct ion synergist ically to act ivate t ranscript ion of the

LDLR gene (Sanchez et al. 1995; Athanikar et al. 1997).

To invest igate the m olecular requirem ents for coopera-

t ive act ivat ion by SREBP and Sp1, we have at tem pted to

recapitu late SREBP/ Sp1 synergy in an in vit ro t ranscrip-

t ion system .

Results

Synergist ic act ivat ion by Sp1 and SREBP-1a in v it ro

depends on chrom at in and TA Fs

Because we and others (Sanchez et al. 1995; Athanikar et

al. 1997) observed synergist ic act ivat ion by SREBP-1a /

Sp1 in a Drosophila cell line (Fig. 1A), we in it ially evalu-

ated t ranscript ional act ivat ion in a crude Drosophila

t ranscript ion system (Hansen and Tjian 1995). A DN A

tem plate contain ing the SREBP- and Sp1-responsive ele-

m ents from the LDLR prom oter was used together with

purified recom binant hum an SREBP-1a (am ino acids 1–

487) corresponding to the act ive proteolyt ic cleavage

product and recom binant hum an Sp1 (Fig. 1C). In terest -

ingly, in cont rast to the synergy observed in vivo, only

addit ive levels of t ranscript ion were found in the pres-

ence of both act ivators under these condit ions in vit ro

(Fig. 1B, lanes 1–4). N ext , we tested act ivat ion by SREBP-

1a and Sp1 on the LDLR -derived tem plate in a highly

purified hum an in vit ro t ranscript ion react ion consist ing

of recom binant TFIIA, TFIIB, TFIIE, TFIIF, im m uno-af-

fin ity purified TFIID, TFIIH purified over five colum ns,

RN A polym erase II (Pol II) purified from HeLa cell

nuclear pellet s over three colum ns, and a cofactor puri-

fied from HeLa cell nuclear ext ract over four colum ns

(Goodrich and Tjian 1994; Materials and Methods). Al-

though th is system supported high levels of act ivated

Figure 1. Sp1/ SREBP-1a-dependent t ran-

script ional synergy in a purified in vit ro

t ranscript ion system requires chrom at in

tem plates and TAFs. (A ) Synergist ic act iva-

t ion of t ranscript ion by Sp1 and SREBP-1a

on the LDL receptor prom oter in vivo. Tran-

sien t t ransfect ion of Drosophila Schneider

cells with vectors direct ing expression of hu-

m an Sp1 and SREBP (SREBP-1a am ino acids

1–487) or vector alone (none) together with a

reporter const ruct contain ing the hum an

LDLR prom oter and enhancer sequences

fused to the luciferase reporter gene. The or-

ganizat ion of the LDLR prom oter / enhancer

is schem at ically depicted below the bar

graph . (B) Sp1 and SREBP-1a require chrom a-

t in for synergist ic act ivat ion of the LDLR -

derived tem plate. PhosphorIm ager (Fuji)

scan and autoradiographs of the in vit ro

t ranscript ion resu lt s with no act ivator added

(lanes 1,5,9,13), Sp1 (lanes 2,6,10,14),

SREBP-1a (lanes 3,7,11,15), or both act iva-

tors added (lanes 4,8,12,16). The act ivity

relat ive to basal t ranscript ion (lane 1, arbi-

t rarily set to 1) is shown below the t ranscrip-

t ion panels (Rel. Act ivity). In vit ro t ranscrip-

t ion react ions were assem bled by purified

act ivators, a crude Drosophila t ranscript ion

system (lanes 1–4,9–12) or a h ighly purified

hum an t ranscript ion system (lanes 5–8,13–

16), and a LDLR prom oter-derived reporter

plasm id known to support SREBP-1a / Sp1

synergy in vivo. Act ivators were tested for

act ivat ion with the crude Drosophila t ranscript ion system (lanes 9–12) or the purified hum an t ranscript ion system (lanes 13–16) by use

of naked (lanes 1–8) or chrom at in (lanes 6–16) tem plates. Transcript ion products were analyzed by prim er extension and denaturing

PAGE. (C ) Purified act ivators used in t ranscript ion react ions. Hum an recom binant Sp1 (lane 1) was expessed by vaccin ia virus

infect ion of HeLa cells and purified from nuclear ext ract by wheatgerm - and DN A-affin ity chrom atography. Hum an His-tagged

SREBP-1a (am ino acids 1–487, corresponding to the nuclear proteolyt ic product ) (lane 2) was generated by baculovirus infect ion of Sf9

insect cells and purified over N i-N TA and DN A affin ity colum ns. (D ) Analysis of the LDLR chrom at in tem plate by m icrococcal

nuclease digest ion . The DN A tem plate was assem bled in to chrom at in by use of a Drosophila chrom at in assem bly system and the

resu lt ing nucleosom al tem plate was analyzed by digest ion with increasing concent rat ions of m icrococcal nuclease. (E) Act ivat ion by

Sp1/ SREBP-1a on the LDLR chrom at in tem plate requires TAFs. This panel shows the resu lt s of in vit ro t ranscript ion react ions by use

of the purified t ranscript ion system and chrom at in tem plates contain ing either no act ivators (lanes 1,5), Sp1 (lanes 2,6), SREBP-1a

(lanes 3,7), or both act ivators (lanes 4,8) in the presence of either im m uno-purified hum an TFIID (lanes 1–4) or recom binant hum an

TBP (lanes 5–8).
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t ranscript ion , no synergy of Sp1 and SREBP-1a was ob-

served on th is naked DN A tem plate (Fig. 1B, lanes 5–8).

One difference between the in vit ro and in vivo sys-

tem s that could influence the coordinate act ion of m ul-

t iple act ivators is the packaging of the in vivo tem plate

in to chrom at in (Pazin et al. 1996). To invest igate th is

possibility, we assem bled the LDLR t em plate in to chro-

m at in in vit ro using a Drosophila chrom at in assem bly

system (Kam akaka et al. 1993) (Fig. 1D) and tested it

with SREBP-1a and Sp1 in the Drosophila nuclear ex-

t ract -based t ranscript ion system . In cont rast to the re-

su lt s obtained with naked DN A tem plates, h igh levels of

t ransact ivat ion were observed only when both act ivators

were added together, whereas lit t le t ranscript ion was

seen with either act ivator alone (Fig. 1B, lanes 9–12).

When analyzing SREBP-1a / Sp1 act ivat ion on chrom at in

with the purified hum an t ranscript ion system , we also

observed a high degree of synergy (Fig. 1B, lanes 13–16).

The absolu te levels of Sp1 / SREBP-1a-dependent t ran-

script ion on chrom at in tem plates were typically 20% –

50% of that observed with naked DN A tem plates. These

resu lt s suggest that it is possible to reconst itu te t ran-

script ion react ions in vit ro by use of a chrom at in tem -

plate and purified factors that recapitu late synergist ic

act ivat ion by SREBP-1a and Sp1 on the LDLR -derived

tem plate. The purified t ranscript ion system also pro-

vided the opportun ity to invest igate various cofactor re-

quirem ents for Sp1 / SREBP-1a act ivat ion not possible to

address with cruder t ranscript ion system s on chrom at in

tem plates.

Previous studies ident ified the TBP-associated factors

(TAFs) as poten t ial coact ivators for m ediat ing act ivat ion

in Drosophila and hum an reconst itu ted t ranscript ion re-

act ions on naked DN A tem plates (Goodrich et al. 1993;

Hoey et al. 1993; Chen et al. 1994; Sauer et al. 1995; Thut

et al. 1995). Therefore, we tested whether the TAF sub-

unit s of TFIID are also required for act ivat ion on chro-

m at in tem plates. Subst itu t ing recom binant hum an TBP

for ant ibody-affin ity purified hum an TFIID resu lted in

the loss of act ivat ion observed with Sp1 alone, as well as

synergist ic act ivat ion by Sp1 and SREBP-1a (Fig. 1E).

This finding suggests that TAFs serve im portan t func-

t ions in direct ing t ranscript ional responses to act ivators

on chrom at in tem plates. In addit ion to TFIID, h igh lev-

els of act ivat ion with both naked DN A and chrom at in

tem plates also require a fract ion contain ing a novel hu-

m an cofactor im portan t for Sp1 act ivat ion (CRSP, S. Ryu

and R. Tjian , unpubl.). However, because Sp1/ SREBP-1a-

dependent synergy only occurs on nucleosom al LDLR

t em plates, addit ional chrom at in-specific cofactors m ay

also be required to observe cooperat ive act ivat ion on

chrom at in tem plates.

The coact ivator CBP is im plicated in SREBP-1a /

Sp1-dependent chrom at in-specific synergy

Our previous invest igat ion of SREBP transcript ional

funct ion revealed that the coact ivator CBP interacts

with the SREBP act ivat ion dom ain (Oliner et al. 1996).

The reconst itu t ion of SREBP-1a and Sp1 synergy on the

LDLR t em plate in a defined in vit ro t ranscript ion system

allowed us to address the poten t ial involvem ent of CBP

in chrom at in-dependent synergy in vit ro. To exam ine

th is, we first used a com binat ion of m olecular delet ion

analysis and proteolyt ic digest ion of SREBP-1a and CBP

to ident ify the sequences responsible for the in teract ion

between SREBP and CBP. Our studies of the act ivat ion

dom ain of SREBP-1a revealed that the am ino-term inal

50 am ino acids were sufficien t for in teract ion with CBP

(Fig. 2A,B). This region is the m ost highly conserved within

the activation dom ains of SREBPs. Addit ionally, a natural

splicing variant of SREBP-1 that lacks the first 29 am ino

acids (SREBP-1c) is severely com prom ised for t ranscrip-

t ional act ivat ion , indicat ing the funct ional im portance

of th is region in act ivat ion by SREBPs (Shim ano et al.

1997), and t runcat ion of the first 51 am ino acids inact i-

vated SREBP-1a in t ransfect ion studies (Sato et al. 1994).

In a previous study, we found that the first 682 am ino

acids of CBP bind st rongly to SREBP-1a (Oliner et al.

1996). Part ial Staphylococcal V8 protease digest ion of

th is region resu lted in the isolat ion of a stable 135-

am ino-acid fragm ent spanning am ino acids 548–682 that

was select ively retained on a SREBP affin ity colum n. As

expected, a recom binant CBP548–682 polypept ide also

in teracted st rongly with the SREBP-1a act ivat ion do-

m ain (Fig. 2B) and was predicted to com pete with endog-

enous CBP for in teract ion with SREBP-1a and poten-

t ially disrupt SREBP–1a / Sp1 cooperat ivity in a dom i-

nant -negat ive fash ion . To test th is possibility, we added

increasing concent rat ions of the CBP pept ide to in vit ro

t ranscript ion react ions reconst itu ted with the LDLR

chrom at in tem plate. The SREBP–1a / Sp1-m ediated t ran-

script ional act ivat ion was st rongly inhibited by the CBP

pept ide in a dose-dependent m anner (Fig. 2C). The chro-

m at in-dependent synergist ic act ivat ion by N F-kB and

Sp1 on the HIV–LTR was used as a cont rol for the speci-

ficity of the inhibit ion . Because N F-kB interacts with a

differen t port ion of CBP (P. Beaurang, D. Avizonis, and

R. Tjian , unpubl.), N F-kB/ Sp1 synergy should be refrac-

tory to inhibit ion by the SREBP-specific CBP pept ide.

Addit ion of CBP548–682 did not sign ifican t ly affect N F-

kB/ Sp1 synergy on the HIV–LTR chrom at in tem plate,

at test ing to the specificity of the pept ide (Fig. 2D).

As an addit ional cont rol, we also carried out experi-

m ents with increasing am ounts of the CBP pept ide

added to t ranscript ion react ions with naked DN A tem -

plates. The CBP pept ide failed to sign ifican t ly inh ibit

either basal or act ivated t ranscript ion on the naked DN A

tem plate (Fig. 2E). These resu lt s taken together suggest

that an act ivity, possibly related to CBP, present in our

chrom at in-based t ranscript ion system is a funct ionally

im portan t target for the SREBP-1a act ivat ion dom ain

specifically in the context of the chrom at in-dependent

synergy with Sp1 on the LDLR prom oter tem plate.

Reconst itu t ion of SREBP-1a / Sp1 act ivat ion

on chrom at in requires a CBP-contain ing act iv ity

To ident ify and characterize the chrom at in-dependent

cofactor act ivity, we next at tem pted to m odify the t ran-
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script ion react ion so that it gained responsiveness to the

addit ion of exogenous cofactor / CBP act ivity. Because

the dom inant -negat ive inhibit ion by the CBP pept ide in-

dicated that our chrom at in t ranscript ion react ions con-

tain an act ivity that m ay be related to CBP, and im m u-

noblot t ing resu lt s showed that the purified t ranscript ion

system is devoid of CBP (data not shown), we suspected

that a CBP-like act ivity is presen t in the S-190 chrom a-

t in assem bly ext ract . To lim it th is poten t ial cofactor

cont ribu t ion , we reconst itu ted t ranscript ion react ions

with low levels of S-190 ext ract . Decreasing the am ount

of S-190 ext ract used to assem ble chrom at in by 50% did

not sign ifican t ly affect chrom at in assem bly; however,

t ranscript ional act ivat ion by SREBP-1a / Sp1 was sub-

stan t ially reduced (Fig. 3A, cf. lanes 1 and 2 and 5 and 6).

Addit ionally, purificat ion of the chrom at in tem plate

over a sucrose gradien t revealed a requirem ent for the

S-190 ext ract to observe synergist ic act ivat ion (data not

shown). These resu lt s suggest that the S-190 ext ract pro-

vides one or m ore cofactor(s) im portan t for SREBP-1a /

Sp1 act ivat ion . To determ ine whether addit ion of a hu-

m an CBP-contain ing cofactor could subst itu te for the

lim it ing cofactor(s) in the S-190 ext ract , we part ially pu-

rified CBP from HeLa cell nuclear ext ract by phospho-

cellu lose chrom atography and assayed for st im ulatory

act ivity in the cofactor-dependent chrom at in t ranscrip-

t ion system . Whereas the CBP-contain ing cofactor frac-

t ion [phosphocellu lose fract ion elu t ing at 0.5 M salt (PC

0.5 M) st im ulated t ranscript ion m odest ly when added to

react ions with high levels of S-190 ext ract , addit ion of

the PC 0.5 M fract ion to react ions reconst itu ted with low

am ounts of S-190 ext ract resu lted in great ly increased

t ranscript ional response (Fig. 3A, cf. lanes 1–4 with lanes

5–8). Because RN A Pol II and the general t ranscript ion

factors TFIIB, TFIIE, TFIIF, and TFIIH are not lim it ing in

our t ranscript ion react ions (data not shown), th is resu lt

suggests that the CBP-contain ing fract ion can at least

part ially replace the S-190 act ivity.

N ext , we wished to test whether CBP alone was suf-

ficien t to reconst itu te th is cofactor act ivity. When in-

creasing concent rat ions of recom binant CBP (rCBP) (Fig.

3B) were added to t ranscript ion react ions with the S-190-

lim ited chrom at in tem plate, no st im ulat ion of t ranscrip-

t ional act ivat ion by SREBP-1a / Sp1 was observed (Fig.

3C, cf. lanes 1 and 2 and 5–10). At h igher concent rat ions

of rCBP, we observed apparen t squelch ing of act ivated

t ranscript ion . Sim ilarly, recom binant P / CAF, which has

been shown to in teract with CBP, either alone or in com -

binat ion with rCBP failed to enhance act ivat ion (data not

shown). This is in cont rast to the st rong st im ulatory ac-

Figure 2. In teract ion between CBP and SREBP-1a is im plicated in chrom at in-specific t ranscript ional synergy. (A ) Schem at ic depict ion

of the dom ains of CBP that are involved in protein–protein in teract ions and HAT act ivity. The CBP dom ain in teract ing with the

am ino-term inal 50 am ino acids of SREBP-1a was determ ined by part ial V8 protease digest ion . The regions that are involved in

in teract ion between CBP and SREBP-1a are h ighligh ted by solid boxes in both proteins. (B) Binding assay with CBP548–682 and

GST–SREBP-1a (am ino acids 1–50). Purified CBP548–682 was incubated with glu tath ione-agarose beads prebound to either GST (lane

2) or GST–SREBP-1a (am ino acids 1–50) (lane 3). Lane 1 shows the input CBP548–682 (50% ). The binding of CBP548–682 to the beads

was analyzed by SDS-PAGE and visualized by Coom assie stain ing. (C ) Effect of adding CBP548–682 protein (lanes 3–6) to a h ighly

purified t ranscript ion system using the LDLR -prom oter chrom at in tem plate and SREBP-1a / Sp1. (D ) Effect of adding CBP548–682

protein (lanes 3–6) to a h ighly purified t ranscript ion system using a HIV–LTR chrom at in tem plate and N F-kB/ Sp1. (E) The sam e

CBP548–682 protein fragm ent was added (lanes 5–12) to a h ighly purified t ranscript ion system using a naked LDLR -prom oter tem plate

and SREBP-1a / Sp1.
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t ivity observed with the PC 0.5 M fract ion (Fig. 3C, lanes

3,4). The recom binant CBP interacts st rongly with the

act ivat ion dom ain of SREBP-1a and m ediates h istone

acetyl t ransferase (HAT) act ivity (Bannister and Kouzari-

des 1996; Ogryzko et al. 1996) (data not shown), suggest -

ing that recru itm ent of HAT act ivity is not sufficien t for

fu ll t ranscript ional act ivat ion by SREBP-1a / Sp1 on chro-

m at in tem plates. Addit ionally, recom binant p300, dem -

onst rated previously to enhance act ivat ion by the est ro-

gen receptor in a crude chrom at in t ranscript ion system

(Kraus and Kadonaga 1998), was not capable of replacing

the CBP fract ion in our purified chrom at in t ranscript ion

system (data not shown). Taken together, these experi-

m ents suggest that CBP/ p300 alone or in com binat ion

with P/ CAF are not sufficien t to m ediate t ranscript ional

act ivat ion by SREBP-1a / Sp1 on chrom at in tem plates,

and indicate that other act ivit ies presen t in the CBP-

contain ing fract ion m ay provide im portan t funct ions.

Because the act ivat ion dom ain of SREBP-1a binds to

CBP and perhaps other act ivit ies, we at tem pted to use it

as an affin ity resin to deplete the CBP-contain ing cofac-

tor fract ion of st im ulatory act ivity. After passing the co-

factor fract ion over the SREBP-affin ity resin or a GST

cont rol resin , we analyzed the bound and flowthrough

fract ions by CBP im m unoblot t ing (Fig. 3D). We found

that >95% of CBP present in the cofactor fract ion input

was depleted (Fig. 3D, lane 5) and rem ained bound to

the act ivat ion dom ain of SREBP-1a even after exten-

sive washing of the resin (Fig. 3D, lane 3). In cont rast ,

the GST cont rol resin did not bind any CBP (Fig. 3D,

lanes 2,4). When test ing the two flowthrough fract ions

for st im ulat ion of t ranscript ion in the SREBP-1a / Sp1-

dependent chrom at in t ranscript ion system , the GST

flowthrough fract ion contained cofactor act ivity,

whereas the SREBP act ivat ion-dom ain flowthrough was

significan t ly depleted of cofactor act ivity (Fig. 3E). These

Figure 3. A CBP-contain ing fract ion is re-

quired for fu ll t ransact ivat ion by SREBP-

1a / Sp1 on chrom at in tem plates and can-

not be replaced by recom binant CBP. (A ) A

hum an cofactor fract ion st im ulates t ran-

script ional act ivat ion by SREBP-1a / Sp1 on

chrom at in tem plate. The t ranscript ional

response to a CBP-contain ing fract ion (PC

0.5 M) derived from HeLa cell nuclear ex-

t ract was tested with chrom at in tem plates

assem bled by use of h igh (lanes 1–4) or low

(lanes 5–8) am ounts of S-190 ext ract in the

absence (lanes 1,3,5,7) or presence of

SREBP-1a / Sp1 (lanes 2,4,6,8). (B) Analysis

of purified recom binant CBP. Recom bi-

nant Flag epitope-tagged CBP (rCBP) was

expressed in Sf9 insect cells by baculovirus

infect ion and affin ity purified from nuclear

ext ract s by use of M2 Flag beads. The pep-

t ide-elu ted rCBP was analyzed on a 7%

SDS–polyacrylam ide gel followed by pro-

tein stain ing with Coom assie brillian t

blue. (Arrowhead) Migrat ion of fu ll-length

rCBP; (asterisk) posit ion of a CBP proteo-

lyt ic product . (C ) St im ulat ion of Sp1 /

SREBP-1a-dependent act ivat ion on chro-

m at in by a CBP-contain ing fract ion , but

not by rCBP. The effect of adding a CBP-

contain ing fract ion from HeLa cell nuclear

ext ract (PC 0.5 M) (lanes 3,4) to S-190-lim -

ited chrom at in t ranscript ion react ions per-

form ed in the absence (lanes 1,3) or pres-

ence (lanes 2,4) of SREBP-1a / Sp1 (1–2 n M)

is shown. Recom binant CBP (lanes 5–10)

were added in the indicated nanogram

am ounts to chrom at in t ranscript ion react ions perform ed in the absence (lanes 5,7,9) or presence (lanes 6,8,10) of act ivators (1–2 n M).

(Arrowhead) Migrat ion of t ranscript ion / prim er extension products. (D ) Deplet ion of CBP from the PC 0.5 M fract ion by the act ivat ion

dom ain of SREBP-1a. The CBP-contain ing cofactor fract ion (PC 0.5 M) (lane 1) was passed over glu tath ione–Sepharose loaded either

with GST or GST–SREBP-1a (am ino acids 1–50). The bound (lanes 2,3) and flowthrough (FT; lanes 4,5) fract ions were analyzed by

Western blot t ing with ant i-CBP ant iserum (Santa Cruz Biotechnology). (E) A coact ivator act ivity is depleted from the PC 0.5 M fract ion

by the SREBP-1a act ivat ion dom ain . The GST and GST–SREBP-1a (am ino acids 1–50)-flowthrough fract ions were tested for st im ula-

tory act ivity in the in vit ro t ranscript ion react ions on chrom at in tem plate. Deplet ion by GST did not sign ifican t ly dim inish cofactor

act ivity (lanes 3,4), whereas the cofactor act ivity in the GST–SREBP-1a (am ino acids 1–50)-depleted fract ion was dram at ically reduced

(lanes 5,6).
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resu lt s suggest that an act ivity presen t in the cofactor

fract ion binds to and is depleted by the SREBP-1a act i-

vat ion dom ain . Although we have obtained m ult iple

lines of evidence suggest ing that the coact ivator CBP

m ay be an im portan t m ediator of chrom at in-dependent

synergy by SREBP-1a / Sp1, our resu lt s could also be con-

sisten t with the not ion that other factors presen t in the

CBP-contain ing fract ion cont ribu te to the coact ivator ac-

t ivity.

Purificat ion and funct ional characterizat ion

of a CBP-contain ing coact ivator

The deplet ion of coact ivator act ivity from the part ially

purified CBP fract ion by GST–SREBP-1a (am ino acids 1–

50) indicated the feasibility of using the SREBP-affin ity

colum n to purify th is coact ivator. HeLa cell nuclear ex-

t ract was in it ially applied to the GST–SREBP (am ino ac-

ids 1–50) affin ity resin or a cont rol resin consist ing of the

glu tam ine-rich act ivat ion dom ain A of Sp1 fused to GST.

After extensive washing, the bound fract ions were ana-

lyzed by SDS-PAGE followed by silver stain ing. The re-

su lt s showed that a series of polypept ides (280–30 kD),

including CBP (im m unoblot not shown), in teracted

st rongly with the GST–SREBP (am ino acids 1–50) affin-

ity resin , whereas no specific binding to the GST–Sp1A

cont rol beads was detected (Fig. 4A). Sim ilar resu lt s were

obtained when using the PC 0.5 M fract ion in place of the

HeLa cell nuclear ext ract (data not shown). Prelim inary

im m unoblot t ing resu lt s indicated that t race am ounts of

P / CAF, SRC-1 / N CoA1, GRIP-1 / N CoA2, and RN A Pol

II were detected in som e GST–SREBP (am ino acids 1–50)

pulldowns (data not shown), however, these proteins do

not appear to be stoich iom et ric com ponents of th is ac-

t ivity. RN A Pol II is not lim it ing in our t ranscript ion

react ions, thus th is source of RN A Pol II is unlikely to

cont ribu te sign ifican t ly to t ranscript ional act ivat ion in

th is system . N o binding of SWI/ SN F proteins or RN A

helicase A was detected (data not shown). These resu lt s

suggest that th is CBP-contain ing coact ivator is dist inct

from previously ident ified CBP com plexes and holo-

RN A Pol II act ivit ies (Chakravart i et al. 1996; Kam ei et

al. 1996; Kee et al. 1996; Yang et al. 1996; Zhang et al.

1996; Heery et al. 1997; N akajim a et al. 1997a,b; Perk ins

et al. 1997; Torchia et al. 1997; Korzus et al. 1998; Kuro-

kawa et al. 1998).

Because CBP has been reported to harbor HAT act ivity

(Bannister and Kouzarides 1996; Ogryzko et al. 1996), we

tested whether the SREBP-1a act ivat ion dom ain could

recru it HAT act ivity. St rong HAT act ivity was detected

only with the SREBP-associated fract ion , whereas the

Sp1-act ivat ion dom ain did not recru it any HAT act ivity

(Fig. 4B). Because SREBP-1a appears to recru it HAT ac-

t ivity, we tested the effect of adding acetyl CoA and the

histone deacetylase inhibitor t richostat in A (TSA) to

SREBP-1a / Sp1-driven chrom at in t ranscript ion react ions.

Addit ion of TSA resulted in a sm all (less than twofold)

dose-dependent increase in levels of act ivated t ranscrip-

t ion , whereas addit ion of acetyl CoA had lit t le influence

on t ranscript ion (data not shown), suggest ing that h is-

tone acetylat ion is unlikely to sign ifican t ly cont ribu te to

the cofactor act ivity.

N ext , we exam ined whether the affin ity-purified

SREBP-binding factors could subst itu te for the crude PC

0.5 M cofactor fract ion when added to t ranscript ion re-

act ions. The CBP-contain ing coact ivator was purified

from the PC 0.5 M fract ion by the SREBP act ivat ion do-

m ain affin ity resin and elu ted by use of 0.1% deoxycho-

late. These two chrom atographic steps resu lted in puri-

ficat ion of the coact ivator to near hom ogeneity (increase

in specific act ivity ∼ 5000-fold). We est im ate that the

SREBP affin ity-purified coact ivator is at least 1000-fold

purified relat ive to the PC 0.5 M cofactor fract ion (Fig.

5A). When the highly purified SREBP-binding proteins

were added to the S-190-lim ited chrom at in t ranscript ion

system , st rong st im ulat ion of SREBP-1a / Sp1 synergist ic

act ivat ion was observed (Fig. 5B, lanes 1–4 and 5–8),

com parable with the enhancem ent observed with the

crude PC 0.5 M cofactor fract ion (Fig. 3A, lanes 5–8). In

cont rast , addit ion of the elu ted SREBP-binding proteins

to t ranscript ion react ions with naked DN A tem plates

resu lted in lit t le effect on basal or act ivated t ranscript ion

Figure 4. A CBP-contain ing m ult iprotein coact ivator associ-

ates select ively with the act ivat ion dom ain of SREBP-1a and

m ediates HAT act ivity. (A ) A series of proteins in addit ion to

CBP associate select ively with the SREBP-1a act ivat ion dom ain .

HeLa cell nuclear ext ract was incubated with affin ity resins

contain ing the act ivat ion dom ains of SREBP-1a (GST–SREBP-1a

am ino acids 1–50) (lane 1) or Sp1 (GST–Sp1A am ino acids 83–

262) (lane 2) and after extensive washing, the bound fract ions

were analyzed by SDS-PAGE followed by silver stain ing (shown)

and im m unoblot t ing. The m igrat ion of CBP is indicated. The

two asterisks m ark the posit ions of nonspecific proteins binding

to the GST port ion of the fusion proteins. (B) The SREBP act i-

vat ion dom ain recru it s HAT act ivity. Pulldowns from HeLa

nuclear ext ract with GST–SREBP (am ino acids 1–50) (lane 1) and

GST–Sp1A (am ino acids 83–262) (lane 2) were tested for HAT

act ivity by incubat ing the washed beads with purified Dro-

sophila core h istones, 3H-labeled acetyl CoA, and N a Butyrate.

The react ions were analyzed by separat ion on a 15% SDS poly-

acrylam ide gel followed by autoradiography. The m igrat ion of

core h istones and CBP is indicated at left
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(Fig. 5C). These findings suggest that a m ult iprotein co-

act ivator capable of select ive binding to the act ivat ion

dom ain of SREBP-1a part icipates in m ediat ing SREBP-

1a / Sp1 act ivat ion in the context of chrom at in .

Discussion

We have reconst itu ted Sp1/ SREBP-1a -dependent t ran-

script ional synergy at the LDLR prom oter in vit ro. Our

resu lt s indicate that the coordinate act ivat ion by Sp1 and

SREBP-1a requires the LDLR t em plate to be assem bled

in to chrom at in . Using a purified hum an t ranscript ion

system , we found that m ult iple dist inct coact ivators are

necessary to m ediate chrom at in-dependent synergy by

SREBP-1a / Sp1, including TAFs, and a highly purified

CBP-contain ing m ult iprotein coact ivator that direct ly

binds to the act ivat ion dom ain of SREBP-1a (Fig. 6). The

TAF requirem ent for h igh levels of act ivat ion by Sp1 and

SREBP-1a m ay be explained at least part ly by the well-

docum ented in teract ions between Sp1 and hTAFII130 in

recru it ing TFIID to the prom oter (Chen et al. 1994; Gill

et al. 1994). Because SREBP-1a was not found to contact

TFIID, or other com ponents of the core t ranscript ional

m achinery (data not shown), cooperat ivity cannot be ex-

plained by direct target ing of m ult iple general t ranscrip-

t ion factors (GTFs) (Sauer et al. 1995). SREBP-1a / Sp1 co-

operat ivity m ay be a funct ion of recru itm ent of both a

CBP-contain ing coact ivator and TFIID to the prom oter

(Fig. 6). This dual requirem ent of a CBP-contain ing co-

act ivator and TAFs for act ivat ion of t ranscript ion by

SREBP-1a and Sp1 is rem iniscent of the cofactor in ter-

act ions u t ilized by the cAMP/ PKA-act ivated t ranscrip-

Figure 5. An affin ity-purified coact ivator

m ediates chrom at in-specific act ivat ion by

SREBP-1a / Sp1. (A ) Purificat ion of the coac-

t ivator to near hom ogeneity by phosphocel-

lu lose and SREBP-1a-act ivat ion dom ain-af-

fin ity chrom atography. HeLa cell nuclear

ext ract (lane 2) was first passed over a phos-

phocellu lose colum n and the m ain peak of

cofactor act ivity was found in the 0.5 M frac-

t ion (PC 0.5 M , lane 3). The cofactor fract ion

(PC 0.5 M) was then passed over the GST–

SREBP-1a (am ino acids 1–50) resin , and spe-

cifically bound proteins were elu ted by

buffer contain ing 0.1% deoxycholate (lane

4). Sim ilar resu lt s were observed when using

the CBP548–682 pept ide or glu tath ione for elu t ion . The eluate was analyzed on a 7% SDS–polyacrylam ide gel followed by silver

stain ing. The relat ive am ounts of coact ivator unit s (as judged by t it rat ion of coact ivator in the SREBP-1a / Sp1-dependent chrom at in

t ranscript ion system with chrom at in assem bled by use of low S-190 ext ract ) loaded onto the gel are shown below lanes 3 and 4.

Molecular weight m arkers (lane 1) are indicated at left . The m igrat ion of CBP (as judged by im m unoblot t ing) and other specific

SREBP-binding proteins is indicated at righ t . N on-specific proteins that do not consisten t ly copurify with coact ivator act ivity are

indicated by asterisks above CBP and below 77 m arkers. (B) The coact ivator is required for fu ll act ivat ion by SREBP-1a / Sp1 in

S-190-lim ited chrom at in t ranscript ion react ions. Shown is the effect of adding the affin ity-purified coact ivator (lanes 5–8) to S-190

lim ited chrom at in t ranscript ion react ions in the absence of act ivators (lanes 1,5), presence of Sp1 (lanes 2,4,6,8) or presence of

SREBP-1a (lanes 3,4,7,8). (Arrowhead) Migrat ion of t ranscript ion / prim er extension products. (C ) The coact ivator does not affect

t ranscript ion from naked DN A tem plates. Transcript ion react ions perform ed with naked DN A tem plates in the absence (lnes 1–4) or

presence (lanes 5–8) of affin ity-purified coact ivator. SREBP-1a (lanes 3,4,7,8) and Sp1 (lanes 2,4,6,8) were added as indicated. (Arrow-

head) Migrat ion of t ranscript ion / prim er extension products.

Figure 6. Model for cofactor requirem ents

necessary for synergist ic act ivat ion by

SREBP-1a and Sp1 on the LDLR chrom at in

tem plate. Chrom at in-m ediated repression of

t ranscript ion could be alleviated by the re-

cru itm ent of a CBP-contain ing coact ivator

by SREBP, which m ay facilit ate access of the

t ranscript ional m achinery to a nucleosom al

tem plate. Also depicted is the well-charac-

terized recru itm ent of TFIID by Sp1 via

TAFII130 to nucleate form at ion of the pre-

in it iat ion com plex or aid in rein it iat ion of

t ranscript ion . The HAT act ivity of CBP m ay

part icipate in rem odeling of the nucleo-

som al st ructure, whereas the funct ion of the

other com ponents of the SREBP-binding co-

act ivator rem ains to be established.
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t ion factor CREB. Both recru itm ent of TFIID and CBP are

required for CREB act ivat ion , thus it appears that CREB

em bodies funct ions of both Sp1 and SREBP-1a (Chrivia

et al. 1993; Ferreri et al. 1994; N akajim a et al. 1997b).

Although CREB appears to act ivate t ranscript ion effi-

cien t ly on naked DN A tem plates and in teracts with a

CBP–RN A Pol II com plex (Kee et al. 1996; N akajim a et

al. 1997a), our resu lt s suggest that the CBP-contain ing

coact ivator recru ited by SREBP-1a perform s a chrom a-

t in-dependent funct ion required for SREBP-1a / Sp1 syn-

ergy.

Chrom at in-m ediated regulat ion of t ranscript ion m ay

be a st rategy ut ilized by several classes of t ranscript ion

factors responding to various signaling pathways.

N uclear receptors, STATs, and Jun / Fos, am ong others

have been shown recent ly to funct ionally in teract with

CBP and m ay require h istone-m odifying act ivit ies to

regulate their target genes (Arias et al. 1994; Kwok et al.

1994; Bannister and Kouzarides 1995; Bannister et al.

1995; Chakravart i et al. 1996; Kam ei et al. 1996; Zhang

et al. 1996; Heery et al. 1997; Torchia et al. 1997; Korzus

et al. 1998; Kraus and Kadonaga 1998; Kurokawa et al.

1998). Addit ionally, N F-kB was found to in teract with

p300 / CBP (Perk ins et al. 1997) and was recent ly shown

to synergize with Sp1 on the HIV–LTR in a chrom at in-

dependent m anner (Pazin et al. 1996; Sheridan et al.

1997). In terest ingly, p300 / CBP recru ited by N F-kB is as-

sociated with a cyclin-dependent k inase act ivity (Per-

k ins et al. 1997), suggest ing that m ult iple biochem ical

act ivit ies m ay be contained with in p300/CBP com -

plexes. We are curren t ly invest igat ing whether the func-

t ional requirem ents for N F-kB and SREBP-1a synergy

with Sp1 are sim ilar.

In vit ro DN ase I footprin t ing showed st rong coopera-

t ivity in binding of Sp1 and SREBP-1a to the nucleo-

som al LDLR t em plate, and in vivo DMS footprin t ing

studies also indicated a sterol-regulated cooperat ive

binding of Sp1 and SREBPs to the LDLR prom oter in vivo

(data not shown). These footprin t ing resu lt s together

with the m ult iple cofactor requirem ents suggest that co-

operat ive recru itm ent of factors to the prom oter m ay

cont ribu te to the m echanism of t ranscript ion act ivat ion

in a chrom at in-regulated environm ent . Prelim inary foot -

prin t ing experim ents suggest that the SREBP binding co-

act ivator exert lit t le effect on DN A binding by SREBP-1a

and Sp1 (data not shown). Sim ilarily, lit t le influence on

the chrom at in st ructure in the prom oter was seen by the

SREBP coact ivator (data not shown). Chrom at in-specific

factors dist inct from the CBP-contain ing coact ivator, in -

cluding ATP-dependent nucleosom al rem odeling act ivi-

t ies such as SWI/ SN Fs, N URF, CHRAC, ACF, and RSC

(Laurent and Carlson 1992; Yoshinaga et al. 1992; Im bal-

zano et al. 1994; Kwon et al. 1994; Peterson et al. 1994;

Tsukiyam a and Wu 1995; Cairns et al. 1996; Ito et al.

1997; Varga-Weisz et al. 1997), m ay also play im portan t

roles in act ivat ion by Sp1/ SREBP-1a by serving in a m ore

general capacity to facilit ate binding of act ivators and

the core t ranscript ional m achinery to chrom at in tem -

plates. We suspect that one or m ore of these rem odeling

act ivit ies is presen t in the S-190 chrom at in assem bly

ext ract and m ay cont ribu te to the requirem ent observed

for the S-190 ext ract to act ivate t ranscript ion on chro-

m at in tem plates. Future studies will be aim ed at eluci-

dat ing the role of ATP-dependent rem odeling factors in

the synergist ic act ivat ion by SREBP-1a / Sp1 on the LDLR

chrom at in tem plate.

The CBP-contain ing coact ivator harbors HAT act ivity

and appears to be necessary for fu ll act ivat ion by SREBP-

1a / Sp1 on chrom at in tem plates, while having lit t le ef-

fect when using naked DN A tem plates. It is tem pt ing to

speculate that acetylat ion of h istones by CBP m ay facili-

tate access of SREBP-1a and Sp1 to nucleosom al tem -

plates and aid in the recru itm ent of the prein it iat ion

com plex to the core prom oter (Fig. 6). However, at pre-

sen t , we cannot conclude that the HAT act ivity in the

CBP-contain ing coact ivator is required for SREBP-1a /

Sp1 synergy on chrom at in tem plates. Addit ion of acetyl

CoA and/ or the histone deacetylase inhibitor TSA to the

t ranscript ion react ions resu lted in less than twofold ef-

fect s, suggest ing that our t ranscript ion system m ay al-

ready contain acetyl CoA and m ay be lim ited in histone

deacetylase act ivity, or the histones could already be

acetylated. It is also conceivable that HAT act ivity is not

crit ical for the synergist ic act ivat ion by SREBP-1a / Sp1

on chrom at in tem plates. Further studies of the role of

HAT act ivity in the chrom at in-dependent synergist ic ac-

t ivat ion by SREBP-1a / Sp1 will likely require the use of

purified chrom at in tem plates, purified or recom binant

h istone deacetylases and the developm ent of HAT spe-

cific inh ibitors. Other enzym at ic act ivit ies, such as k i-

nases, could also be associated with the CBP-contain ing

coact ivator and m ight m odify histones or com ponents of

the t ranscript ional apparatus.

We are curren t ly cloning and characterizing the genes

encoding the polypept ides in the SREBP-1a act ivat ion

dom ain-binding coact ivator to elucidate their funct ional

cont ribu t ion in m ediat ing SREBP-1a / Sp1 synergist ic ac-

t ivat ion on chrom at in tem plates. The act ive coact ivator

fract ion contains CBP and at least 10 other stoich iom et -

ric polypept ides ranging from 220 to 30 kD. Prelim inary

pept ide sequencing revealed that several of these pro-

teins are novel hum an gene products. The eventual de-

velopm ent of a purified chrom at in t ranscript ion system

should provide us with valuable tools for fu ture detailed

m olecular studies of chrom at in-dependent m echanism s

of t ranscript ion regulat ion of natural genes by m ult iple

act ivators.

Materials and methods

Chrom at in assem bly

The LDLR -derived tem plate plasm id was assem bled in to chro-

m at in as described (Kam akaka et al. 1993). Briefly, Drosophila

em bryo cytosolic h igh-speed supernatan t (S-190) ext ract , Dro-

sophila core h istones purified from em bryos by use of hydrox-

ylapat ite, Mg/ ATP, and an ATP-regenerat ing system were

added to supercoiled DN A tem plate and assem bly was per-

form ed for 4.5 hr at 27°C. The resu lt ing chrom at in was analyzed

with 0.31, 0.93, 2.8, and 8.3 unit s of m icrococcal nuclease

(MN ase, Sigm a) digest ion for 10 m in at 20°C. A typical nucleo-
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som al ladder was observed when separated on agarose-TBE gels

and visualized with EtBr stain ing.

In v it ro transcript ion

Transcript ion react ions were perform ed basically as described

in (Kam akaka et al. 1993). After 4 hr and 30 m in of chrom at in

tem plate assem bly, SREBP-1a (1–5 n M) or N F-kB p65/ p50 het -

erodim ers (4–5 n M) and Sp1 (2–5 n M) were added and allowed to

incubate with the tem plate for 30 m in . For cont rol t ranscript ion

on naked DN A tem plates, the act ivators were added to ident ical

am ounts of tem plate (0.6 n M) in the presence or absence of S-190

ext ract (30 µg) and Mg/ ATP for 30 m in at 27°C. HeLa nuclear

ext ract , Drosophila H 0.4 M fract ion (Hansen and Tjian 1995) or

purified GTFs (Goodrich and Tjian 1994) were then added and

allowed to incubate for 10 m in at 27°C. Transcript ion was in i-

t iated by addit ion of N TPs (0.5 m M final concent rat ion) in a

final volum e of 50 µl and allowed to proceed for 30 m in at 27°C.

The products were analyzed by prim er extension (Lillie and

Green 1989). For studies of the effect of adding acetyl CoA and

TSA to SREBP-1a / Sp1-driven t ranscript ion react ions with the

LDLR chrom at in tem plate, acetyl CoA (1, 10, or 100 µ M) or TSA

(0.01, 0.1, or 1 µM) were added alone or in com binat ion .

Expression and purificat ion of GTFs

The hum an recom binant / h igh ly purified t ranscript ion system

is com posed of recom binant hum an TFIIA (5 ng), TFIIB (5 ng),

TFIIE56 (2.5 ng), TFIIE34 (10 ng), TFIIF (7.5 ng), and RN A Pol II

(24 ng) purified to the phenyl colum n stage from HeLa nuclear

pellet s as described (Goodrich and Tjian 1994), TFIIH (15 ng)

purified from either HeLa nuclear or cytoplasm ic ext ract s as

described (Goodrich and Tjian 1994), im m unopurified TFIID (25

ng) and purified CRSP-contain ing cofactor fract ion (100 ng). Re-

com binant hum an TFIIA was generated as described (Ozer et al.

1994). Recom binant hum an TFIIB, TFIIE56, TFIIE34, and TFIIF

were expressed and purified as described (Goodrich and Tjian

1994). Hum an TFIID was im m unoprecipitated with m Ab 3A6,

raised against hTAFII130, from either PC 1.0 M or from a DE-52

1.0 M KCl-elu ted fract ion from PC 1.0 M . The com plex was

washed in 0.8 M KCl HEG [20 m M HEPES (pH 7.6), 0.1 m M

EDTA, 10% glycerol] and elu ted with an epitope-contain ing

pept ide in 0.15 M KCl HEGN (HEG with 0.1% N P-40). The

CRSP-contain ing cofactor fract ion was purified from PC 1.0 M ,

followed by DE-52 FT at 0.1 M , POROS-heparin gradien t , and

finally over POROS-HS. The act ivity elu ted between 0.38 M and

0.5 M KCl HEG and dialyzed to 0.1 M KCl HEG. Purificat ion ,

clon ing, and defin it ion of CRSP will be published elsewhere (S.

Ryu and R. Tjian , in prep.).

Generat ion of SREBP-1a and Sp1 act ivat ion dom ain fusions

to GST

The first 50 am ino acids of hum an SREBP-1a and the act ivat ion

dom ain A of Sp1 (am ino acids 83–262) were am plified by PCR

and ligated to pGEX-2TK (Pharm acia). The resu lt ing GST fusion

was expressed in Escherich ia coli (BL21) and purified over glu-

tath ione–Sepharose beads.

Ident ificat ion of the SREBP-binding dom ain of CBP

His-tagged recom binant CBP1-682 was expressed in E. coli

(BL21). Cells were lysed by French press in 100 m M N aCl, 25

m M Im idazole, 20 m M Tris HCl (pH 7.8), 1 m M PMSF, 1 m M

DTT. The recom binant protein was then purified by nickel af-

fin ity chrom atography followed by POROS-HS ion exchange

chrom atography. The protein was dialyzed against 100 m M

N aCl, 20 m M Tris HCl (pH 7.8). Purified CBP1-682 was then

part ially digested by endoproteinase Glu-C (Staphlococcus au-

reus V8 protease; Prom ega) at 0.01 µg of enzym e per 100 µg of

CBP1-682 for 2.5 hr at 37°C resu lt ing in fragm ents ranging from

5 kD–60 daltons. These fragm ents were then tested for binding

to GST–SREBP1a (am ino acids 1–50). The sm allest fragm ent

that specifically bound the SREBP fusion was concent rated and

part ially purified by POROS-HS ion exchange chrom atography

followed by reverse-phase HPLC. It s exact sequence was deter-

m ined by am ino-term inal sequencing and elect ro-spray m ass

spect roscopy to be am ino acids 548–682. The DN A sequence

corresponding to CBP548–682 was am plified by PCR and sub-

cloned in to the pAED4 plasm id.

Expression and purificat ion of CBP548–682

Recom binant CBP548–682 was expressed in E. coli (BL21 pLysS)

which were lysed by French press in 25 m M N aCl, 20 m M MES

(pH 6.0), 2.5 m M EDTA, 1 m M DTT, 1 m M AEBSF. DN A was

part ially rem oved by 0.2% poly(ethylen im ine) precipitat ion .

The supernatan t was first passed through a fast flow Q-sepha-

rose colum n then loaded onto a FPLC POROS-HS colum n.

Bound CBP548–682 was elu ted by salt gradien t 20–500 m M

N aCl in buffer [20 m M MES (pH 6.0), 2.5 m M EDTA, 1 m M

DTT]. Recom binant CBP548–682 (5 µg) was added to GST- or

GST–SREBP-1a (am ino acids 1–50) beads and incubated with

gent le m ixing for 30 m in at 4°C. The beads were washed exten-

sively with 0.1 M KCl HEGN and analyzed by SDS-PAGE and

Coom assie Brillian t blue stain ing. For pept ide inhibit ion of

t ranscript ion , the various act ivators (1–2 n M) were incubated

with purified recom binant CBP548–682 in 0.1 M KCl HEG for

20 m in at room tem perature prior to addit ion to the t ranscrip-

t ion react ions.

Generat ion of recom inant CBP

The cDN A encoding m ouse CBP was inserted in to a baculovi-

rus t ransfer vector (pAcSG2) in fram e with two am ino-term inal

FLAG-epitope (Kodak) sequences. Baculovirus was produced,

screened for CBP expression , and am plified, according to proto-

col supplied by the m anufacturer (Invit rogen). One liter of Sf9

cells was infected with CBP baculovirus (5 MOI) for 48 hr.

N uclear ext ract was prepared from pelleted cells (Dignam et al.

1983) and incubated with 500 µl of FLAG-ant ibody beads (Ko-

dak) for 4 hr at 4°C. After extensive washing, recom binant CBP

was elu ted using 0.5 m g/ m l FLAG pept ide in 0.1 M KCl HEG

with 0.01% N P-40.

Purificat ion and ident ificat ion of proteins b inding

to the SREBP-1a act ivat ion dom ain

HeLa nuclear ext ract was loaded onto P11 phosphocellu lose in

0.1 M KCl HEG. The colum n was elu ted with 0.2 M , 0.5 M , and

1.0 M KCl HEG steps. Cofactor act ivity and CBP im m unoreac-

t ivity was found to copurify in the PC 0.5 M fract ion , which was

dialyzed to 0.1 M KCl HEG. One m illilit er of HeLa nuclear ex-

t ract or 500 µl PC 0.5 M fract ion was applied to 20 µl of either

GST, GST–Sp1 (am ino acids 83–262), or GST–SREBP-1a (am ino

acids 1–50) beads. Gent le m ixing was perform ed at 4°C for 2 hr,

the flowthrough fract ion collected and the beads washed exten-

sively with 0.3 and 0.5 M KCl HEGN (HEG with 0.1% N P-40)

and analyzed by SDS-PAGE followed by silver stain ing and im -

m unoblot t ing with affin ity-purified ant i-CBP, ant i-RN A Pol II,

an t i-N -CoA1 and 2, an t i-P / CAF, ant i-RHA, and ant i-SWI/

SN Fs. For the deplet ion experim ents, 500 µl of PC 0.5 M was
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m ixed with 100 µl of GST or GST–SREBP-1a (am ino acids 1–50)

beads for 2 hr, then the supernatan t was t ransferred to 100 µl of

fresh beads and m ixed for another 2 hr at 4°C. The double-

depleted PC 0.5 M was then tested for cofactor act ivity in chro-

m at in t ranscript ion react ions and for presence of CBP by im -

m unoblot t ing. For elu t ion of the GST–SREBP-1a (am ino acids

1–50) associated proteins, 2 vol of 0.1 M KCl HEGN with 0.1%

deoxycholate or 250 µ M CBP548–682 pept ide was added, and

nutated at 4°C for 4 hr. The supernatan t was collected and dia-

lyzed against 0.1 M KCl HEG for 4 hr.

Evaluat ion of HA T act iv ity in the GST pull-dow ns

One m illilit er of HeLa nuclear ext ract was incubated with 20 µl

of GST–SREBP (am ino acids 1–50) and GST–Sp1A (am ino acids

83–262) beads followed by extensive washing as described

above. HAT act ivity was assayed by incubat ing the beads with

1–2 µg of purified Drosophila core h istones, 1 µCi 3H-labeled

acetyl CoA, and 10 m M N a butyrate in buffer A [50 m M Tris-HCl

(pH 8.0), 50 m M KCl, 0.5 m M EDTA, 10% glycerol, 1 m M DTT,

1 m M PMSF] for 30 m in at 27°C. The react ions were analyzed by

separat ion on a 15% SDS–polyacrylam ide gel followed by Coo-

m assie stain ing and autoradiography for 5 days.

Acknowledgments

We thank D. Reinberg, P. Lieberm an, and R. Goodm an for pro-

viding plasm ids encoding hTFIIAab, hTFIIAg, and m ouse CBP,

respect ively. The pAED4 plasm id was a gift of D.S. Doering.

The N F-kB subunit s were kindly supplied by Z. Cao. We thank

Y. N akatan i for the kind gift of P / CAF ant iserum . The ant isera

directed toward N -CoA1 and 2 were generously provided by

M.G. Rosenfeld. The RHA ant iserum was a kind gift of M.

Montm iny. Ant isera directed towards hSWI/ SN F subunit s were

kindly provided by G. Crabt ree. We thank T. Osborne for pro-

viding the SREBP-1a expression plasm id and LDLR reporter

const ruct used in the t ransfect ion studies. We thank L. Kraus

for reagents, protocols, and helpfu l suggest ions. We thank D.

Rio, P. Kaufm an, B. Lem on, I. Haviv, M. Rabenstein , T . O’Brien ,

and G. Cut ler for crit ical reading of the m anuscript . A.M.N . and

J.D.O. are fellows with the Dam on Runyon-Walther Winchell

Cancer Research Foundat ion , J.Z . and S.S. receive support from

the Deutsche Forschungsgem einschaft , D.A. is a Merck Fellow

with the Life Sciences Research Foundat ion , and K.R. receives a

fellowship from the Medical Research Council of Canada. This

work was funded in part by N at ional Inst itu tes of Health gran t

GM46995 to J.T .K. and grants CA25417 and HL20948.

The publicat ion costs of th is art icle were defrayed in part by

paym ent of page charges. This art icle m ust therefore be hereby

m arked ‘advert isem ent ’ in accordance with 18 USC sect ion

1734 solely to indicate th is fact .

References

Arias, J., A.S. Albert s, P. Brindle, F.X. Claret , T . Sm eal, M. Ka-

rin , J. Feram isco, and M. Montm iny. 1994. Act ivat ion of

cAMP and m itogen responsive genes relies on a com m on

nuclear factor. N ature 370: 226–229.

Athanikar, J.N ., H.B. Sanchez, and T.F. Osborne. 1997. Pro-

m oter select ive t ranscript ional synergy m ediated by sterol

regulatory elem ent binding protein and Sp1: A crit ical role

for the Btd dom ain of Sp1. Mol. Cell. Biol. 17: 5193–5200.

Bannister, A.J. and T. Kouzarides. 1995. CBP-induced st im ula-

t ion of c-Fos act ivity is abrogated by E1A. EMBO J. 14: 4758–

4762.

———. 1996. The CBP co-act ivator is a h istone acetylt ransfer-

ase. N ature 384: 641–643.

Bannister, A.J., T . Oehler, D. Wilhelm , P. Angel, and T. Kouzari-

des. 1995. St im ulat ion of c-Jun act ivity by CBP: c-Jun resi-

dues Ser63 / 73 are required for CBP induced st im ulat ion in

vivo and CBP binding in vit ro. O ncogene 11: 2509–2514.

Briggs, M.R., C. Yokoyam a, X. Wang, M.S. Brown, and J.L. Gold-

stein . 1993. N uclear protein that binds sterol regulatory el-

em ent of low density lipoprotein receptor prom oter. I. Iden-

t ificat ion of the protein and delineat ion of it s target nucleo-

t ide sequence. J. Biol. Chem . 268: 14490–14496.

Brown, M.S. and J.L. Goldstein . 1997. The SREBP pathway:

Regulat ion of cholesterol m etabolism by proteolysis of a

m em brane-bound t ranscript ion factor. Cell 89: 331–340.

Cairns, B.R., Y. Lorch , Y. Li, M. Zhang, L. Lacom is, H. Erdju-

m ent -Brom age, P. Tem pst , J. Du, B. Laurent , and R.D. Korn-

berg. 1996. RSC, an essent ial, abundant chrom at in-rem odel-

ing com plex. Cell 87: 1249–1260.

Chakravart i, D., V.J. LaMorte, M.C. N elson , T . N akajim a, I.G.

Schulm an, H. Juguilon , M. Montm iny, and R.M. Evans.

1996. Role of CBP/ P300 in nuclear receptor signalling. N a-

ture 383: 99–103.

Chen , J.L., L.D. At tardi, C .P. Verrijzer, K. Yokom ori, and R.

Tjian . 1994. Assem bly of recom binant TFIID reveals differ-

en t ial coact ivator requirem ents for dist inct t ranscript ional

act ivators. Cell 79: 93–105.

Chrivia, J.C ., R.P. Kwok, N . Lam b, M. Hagiwara, M.R. Mont-

m iny, and R.H. Goodm an. 1993. Phosphorylated CREB

binds specifically to the nuclear protein CBP. N ature

365: 855–859.

Dawson, P.A., S.L. Hofm ann, D.R. van der Westhuyzen , T .C.

Sudhof, M.S. Brown, and J.L. Goldstein . 1988. Sterol-depen-

dent repression of low density lipoprotein receptor prom oter

m ediated by 16-base pair sequence adjacent to binding site

for t ranscript ion factor Sp1. J. Biol. Chem . 263: 3372–3379.

Ferreri, K., G. Gill, and M. Montm iny. 1994. The cAMP-regu-

lated t ranscript ion factor CREB interacts with a com ponent

of the TFIID com plex. Proc. N at l. A cad . Sci. 91: 1210–1213.

Gill, G., E. Pascal, Z .H. Tseng, and R. Tjian . 1994. A glu tam ine-

rich hydrophobic patch in t ranscript ion factor Sp1 contacts

the dTAFII110 com ponent of the Drosophila TFIID com plex

and m ediates t ranscript ional act ivat ion . Proc. N at l. A cad .

Sci. 91: 192–196.

Goldstein , J.L. and M.S. Brown. 1990. Regulat ion of the m eva-

lonate pathway. N ature 343: 425–430.

Goodrich , J.A., T . Hoey, C.J. Thut , A. Adm on, and R. Tjian .

1993. Drosophila TAFII40 in teracts with both a VP16 act i-

vat ion dom ain and the basal t ranscript ion factor TFIIB. Cell

75: 519–530.

Hansen , S.K. and R. Tjian . 1995. TAFs and TFIIA m ediate dif-

feren t ial u t ilizat ion of the tandem Adh prom oters. Cell

82: 565–575.

Goodrich , J.A. and R. Tjian . 1994. Transcript ion factors IIE and

IIH and ATP hydrolysis direct prom oter clearance by RN A

polym erase II. Cell 77: 145–156.

Heery, D.M., E. Kalkhoven , S. Hoare, and M.G. Parker. 1997. A

signature m ot if in t ranscript ional co-act ivators m ediates

binding to nuclear receptors. N ature 387: 733–736.

Hoey, T., R.O. Weinzierl, G. Gill, J.L. Chen , B.D. Dynlacht , and

R. Tjian . 1993. Molecular clon ing and funct ional analysis of

Drosophila TAF110 reveal propert ies expected of coact iva-

tors. Cell 72: 247–260.

Hua, X., C. Yokoyam a, J. Wu, M.R. Briggs, M.S. Brown, J.L.

Goldstein , and X. Wang. 1993. SREBP-2, a second basic-he-

lix-loop-helix-leucine zipper protein that st im ulates t ran-

script ion by binding to a sterol regulatory elem ent . Proc.

Coactivator requirements for Sp1/SREBP-1a synergy

GENES & DEVELOPMENT 3029

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


N at l. A cad . Sci. 90: 11603–11607.

Im balzano, A.N ., H. Kwon, M.R. Green , and R.E. Kingston .

1994. Facilit ated binding of TATA-binding protein to

nucleosom al DN A. N ature 370: 481–485.

Ito, T ., M. Bulger, M.J. Pazin , R. Kobayashi, and J.T . Kadonaga.

1997. ACF, an ISWI-contain ing and ATP-ut ilizing chrom at in

assem bly and rem odeling factor. Cell 90: 145–155.

Kam akaka, R.T., M. Bulger, and J.T . Kadonaga. 1993. Poten t ia-

t ion of RN A polym erase II t ranscript ion by Gal4–VP16 dur-

ing but not after DN A replicat ion and chrom at in assem bly.

Genes & Dev. 7: 1779–1795.

Kam ei, Y., L. Xu, T. Heinzel, J. Torchia, R. Kurokawa, B. Gloss,

S.C. Lin , R.A. Heym an, D.W. Rose, C.K. Glass, and M.G.

Rosenfeld. 1996. A CBP integrator com plex m ediates t ran-

script ional act ivat ion and AP-1 inhibit ion by nuclear recep-

tors. Cell 85: 403–414.

Kee, B.L., J. Arias, and M.R. Montm iny. 1996. Adaptor-m ediated

recru itm ent of RN A polym erase II to a signal-dependent ac-

t ivator. J. Biol. Chem . 271: 2373–2375.

Korzus, E., J. Torchia, D.W. Rose, L. Xu, R. Kurokawa, E.M.

McInerney, T .M. Mullen , C.K. Glass, and M.G. Rosenfeld.

1998. Transcript ion factor-specific requirem ents for coact i-

vators and their acetylt ransferase funct ions. Science

279: 703–707.

Kraus, W.L. and J.T . Kadonaga. 1998. p300 and est rogen receptor

cooperat ively act ivate t ranscript ion via differen t ial enhance-

m ent of init iat ion and reinit iat ion. Genes & Dev. 12: 331–342.

Krey, G., A. Mahfoudi, and W. Wahli. 1995. Funct ional in terac-

t ions of peroxisom e proliferator-act ivated receptor, ret i-

noid-X receptor, and Sp1 in the t ranscript ional regulat ion of

the acyl-coenzym e-A oxidase prom oter. Mol. Endocrinol.

9: 219–231.

Kurokawa, R., D. Kalafus, M.H. Ogliast ro, C. Kioussi, L. Xu, J.

Torchia, M.G. Rosenfeld, and C.K. Glass. 1998. Differen t ial

use of CREB binding protein-coact ivator com plexes. Science

279: 700–703.

Kwok, R.P., J.R. Lundblad, J.C . Chrivia, J.P. Richards, H.P. Bach-

inger, R.G. Brennan , S.G. Robert s, M.R. Green , and R.H.

Goodm an. 1994. N uclear protein CBP is a coact ivator for the

t ranscript ion factor CREB. N ature 370: 223–226.

Kwon, H., A.N . Im balzano, P.A. Khavari, R.E. Kingston , and

M.R. Green . 1994. N ucleosom e disrupt ion and enhance-

m ent of act ivator binding by a hum an SW1/ SN F com plex.

N ature 370: 477–481.

Laurent , B.C. and M. Carlson . 1992. Yeast SN F2/ SWI2, SN F5,

and SN F6 proteins funct ion coordinately with the gene-spe-

cific t ranscript ional act ivators GAL4 and Bicoid. Genes &

Dev. 6: 1707–1715.

Lillie, J.W. and M.R. Green . 1989. Transcript ion act ivat ion by

the adenovirus E1a protein . N ature 338: 39–44.

Look, D.C., M.R. Pellet ier, R.M. Tidwell, W.T. Roswit , and M.J.

Holtzm an. 1995. Stat1 depends on t ranscript ional synergy

with Sp1. J. Biol. Chem . 270: 30264–30267.

Merika, M. and S.H. Orkin . 1995. Funct ional synergy and physi-

cal in teract ions of the erythroid t ranscript ion factor

GATA-1 with the Kruppel fam ily proteins Sp1 and EKLF.

Mol. Cell. Biol. 15: 2437–2447.

N akajim a, T., C . Uchida, S.F. Anderson , C.G. Lee, J. Hurwitz,

J.D. Parvin , and M. Montm iny. 1997a. RN A helicase A m e-

diates associat ion of CBP with RN A polym erase II. Cell

90: 1107–1112.

N akajim a, T., C . Uchida, S.F. Anderson , J.D. Parvin , and M.

Montm iny. 1997b. Analysis of a cAMP-responsive act ivator

reveals a two-com ponent m echanism for t ranscript ional in-

duct ion via signal-dependent factors. Genes & Dev. 11: 738–

747.

Ogryzko, V.V., R.L. Schiltz, V. Russanova, B.H. Howard, and Y.

N akatan i. 1996. The t ranscript ional coact ivators p300 and

CBP are histone acetylt ransferases. Cell 87: 953–959.

Oliner, J.D., J.M. Andresen , S.K. Hansen , S. Zhou, and R. Tjian .

1996. SREBP transcript ional act ivity is m ediated through an

in teract ion with the CREB-binding protein . Genes & Dev.

10: 2903–2911.

Ozer, J., P.A. Moore, A.H. Bolden , A. Lee, C.A. Rosen , and P.M.

Lieberm an. 1994. Molecular clon ing of the sm all (a) subunit

of hum an TFIIA reveals funct ions crit ical for act ivated t ran-

script ion . Genes & Dev. 8: 2324–2335.

Pascal, E. and R. Tjian . 1991. Differen t act ivat ion dom ains of

Sp1 govern form at ion of m ult im ers and m ediate t ranscrip-

t ional synergism . Genes & Dev. 5: 1646–1656.

Pazin , M.J., P.L. Sheridan , K. Cannon, Z. Cao, J.G. Keck , J.T .

Kadonaga, and K.A. Jones. 1996. N F-kB-m ediated chrom at in

reconfigurat ion and t ranscript ional act ivat ion of the HIV-1

enhancer in vit ro. Genes & Dev. 10: 37–49.

Perk ins, N .D., L.K. Felzien , J.C . Bet t s, K. Leung, D.H. Beach ,

and G.J. N abel. 1997. Regulat ion of N F-kB by cyclin-depen-

dent k inases associated with the p300 coact ivator. Science

275: 523–527.

Peterson , C.L., A. Dingwall, and M.P. Scot t . 1994. Five SWI/

SN F gene products are com ponents of a large m ult isubunit

com plex required for t ranscript ional enhancem ent . Proc.

N at l. A cad . Sci. 91: 2905–2908.

Sanchez, H.B., L. Yieh , and T.F. Osborne. 1995. Cooperat ion by

sterol regulatory elem ent -binding protein and Sp1 in sterol

regulat ion of low density lipoprotein receptor gene. J. Biol.

Chem . 270: 1161–1169.

Sato, R., J. Yang, X. Wang, M.J. Evans, Y.K. Ho, J.L. Goldstein ,

and M.S. Brown. 1994. Assignm ent of the m em brane at tach-

m ent , DN A binding, and t ranscript ional act ivat ion dom ains

of sterol regulatory elem ent -binding protein-1 (SREBP-1). J.

Biol. Chem . 269: 17267–17273.

Sauer, F. and R. Tjian . 1997. Mechanism s of t ranscript ional ac-

t ivat ion : Differences and sim ilarit ies between yeast , Dro-

sophila, and m an. Curr. O pin . Genet . Dev . 7: 176–181.

Sauer, F., S.K. Hansen , and R. Tjian . 1995. Mult iple TAFIIs di-

rect ing synergist ic act ivat ion of t ranscript ion . Science

270: 1783–1788.

Sheridan , P.L., C .T . Sheline, K. Cannon, M.L. Voz, M.J. Pazin ,

J.T . Kadonaga, and K.A. Jones. 1995. Act ivat ion of the HIV-1

enhancer by the LEF-1 HMG protein on nucleosom e-as-

sem bled DN A in vit ro. Genes & Dev. 9: 2090–2104.

Sheridan , P.L., T .P. Mayall, E. Verdin , and K.A. Jones. 1997.

Histone acetylt ransferases regulate HIV-1 enhancer act ivity

in vit ro. Genes & Dev. 11: 3327–3340.

Shim ano, H., J.D. Horton , I. Shim om ura, R.E. Ham m er, M.S.

Brown, and J.L. Goldstein . 1997. Isoform 1c of sterol regula-

tory elem ent binding protein is less act ive than isoform 1a in

livers of t ransgenic m ice and in cultured cells. J. Clin . Invest .

99: 846–854.
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