
Molecular Cell, Vol. 2, 457–467, October, 1998, Copyright 1998 by Cell Press

Acetylation of HMG I(Y) by CBP
Turns off IFNb Expression
by Disrupting the Enhanceosome

plays a key role in the activation of this gene by function-
ing as the essential architectural component for the as-
sembly and stability of the IFNb gene enhanceosome
(Thanos and Maniatis, 1992, 1995a; Du et al., 1993).
Two molecules of HMG I(Y) bind to four sites within the
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enhancer by employing both intra- and intermolecularColumbia University
cooperativity (Yie et al., 1997). Binding of HMG I(Y) toNew York, New York 10032
the enhancer alters the structure of the DNA, allowing
cooperative recruitment of the IFNb gene activators that,
together with HMG I(Y), assemble into a remarkably sta-

Summary ble higher order nucleoprotein complex termed the IFNb
enhanceosome (Falvo et al., 1995; Thanos and Maniatis,

The transcriptional coactivators CBP and P/CAF are 1995a). Mutations that decrease HMG I(Y) binding to the
required for activation of transcription from the IFNb enhancer, that alter the positioning of HMG I(Y) and
enhanceosome. We show that CBP and P/CAF ace- transcription factors on the DNA helix, or that decrease
tylate HMG I(Y), the essential architectural component the protein–protein interactions between any of these
required for enhanceosome assembly, at distinct ly- components decrease enhanceosome stability and tran-
sine residues, causing distinct effects on transcrip- scriptional potency (Thanos and Maniatis, 1995a; Kim
tion. Thus, in the context of the enhanceosome, ace- and Maniatis, 1997; Yie et al., 1997). Thus, the assembly
tylation of HMG I by CBP, but not by P/CAF, leads to and function of the IFNb enhanceosome requires a com-
enhanceosome destabilization and disassembly. We plex network of protein–DNA and protein–protein inter-
demonstrate that acetylation of HMG I(Y) by CBP is actions orchestrated by the HMG I(Y) protein.
essential for turning off IFNb gene expression. Finally, Recent studies have established that the IFNb gene
we show that the acetyltransferase activities of CBP enhanceosome displays a second level of spatial speci-
and P/CAF modulate both the strength of the tran- ficity necessary for gene activation. The formation of
scriptional response and the kinetics of virus-depen- the enhanceosome creates a specific activating surface
dent activation of the IFNb gene. that recruits the CBP/p300 (CREB-binding protein) co-

activator (Merika et al., 1998). CBP makes multiple, con-
Introduction tiguous contacts with this novel activating surface that

ensure its highly specific and efficient recruitment into
the enhanceosome. In fact, deletions, substitutions, orIn multicellular eukaryotic organisms, dynamic control
rearrangements of the activation domains in the contextof gene activity in response to external signals depends
of the enhanceosome decrease both recruitment of CBPupon the execution of a complex hierarchy of differential
in vitro and transcription in vivo (Merika et al., 1998).gene expression in a precise spatial and temporal man-
However, the mechanism by which CBP potentiatesner. In most cases, signals received by cells are interpre-
IFNb gene transcriptional activity remains unknown.ted as a modulation of the transcriptional activity of

CBP is a huge protein (2441 amino acids [aa]) bearingspecific sets of genes. Amazingly, this enormous diver-
multiple regions engaged in protein–protein interactionssity of gene activity is achieved by only a relatively small
with different transcription factors, viral activators, com-number of transcription factors, many of which can be
ponents of the basal transcriptional apparatus, andactivated by more than one extracellular signal. The
other coactivator proteins (reviewed in Shikama et al.,solution to this paradox lies, at least in part, in the phe-
1997). Interestingly, CBP and CBP-associated cofactorsnomena of cooperativity and synergism exerted by tran-
(e.g., P/CAF, P/CIP-ACTR, and SRC1) contain an intrin-scriptional regulatory proteins (reviewed in Carey, 1998).
sic histone acetyltransferase (HAT) activity (BannisterOne of the best characterized examples of synergistic
and Kouzarides, 1996; Ogryzko et al., 1996; Yang et al.,interactions between transcription factors is provided
1996; Chen et al., 1997; Spencer et al., 1997; Torchia etby the virus-inducible enhancer of the interferon-b
al., 1997). The current view postulates that recruitment(IFNb) gene (reviewed in Thanos et al., 1993). Transcripts
of coactivators bearing HAT activity by promoter-boundof IFNb mRNA are not detected in uninfected cells, but
transcription factors results in histone acetylation ofafter virus infection the gene is activated to very high
nearby nucleosomes, thus enhancing access of the tran-levels and then undergoes a rapid postinduction turnoff.
scriptional machinery to the DNA (Grunstein, 1997; Miz-Detailed analysis of the IFNb enhancer has revealed a
zen and Allis, 1998; Struhl, 1998). Furthermore, differenthighly compact and complex organization of cis-acting
transcription factors exhibit distinct requirements forregulatory elements (PRDI through PRDIV). PRDII, PRDIV,
these coactivators and their acetyltransferase functionsand PRDIII-I are recognized by NF-kB, ATF-2/c-Jun het-
(Puri et al., 1997; Korzus et al., 1998; Kurokawa et al.,erodimer, and several members of the IRF family, re-
1998). Conversely, some transcriptional repressors canspectively. The high mobility group protein HMG I(Y)
recruit histone deacetylases that inhibit transcription by
deacetylating chromatin (Pazin and Kadonaga, 1997;
Struhl, 1998). Recent studies have also shown that his-* To whom correspondence should be addressed (e-mail: dt73@

columbia.edu). tones are not the only substrates of HAT proteins. For
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Figure 1. CBP and P/CAF Acetylate HMG I(Y)

(A) Shown on the top are the results of in vitro
acetylation experiments using recombinant
6HisCBP HAT (300 ng) or P/CAF HAT (100
ng) enzymes incubated with HMG I or core
histones (2 mg each) in the presence of 26
pmol of 3H-Acetyl-CoA. Acetylation was mon-
itored by filter-binding assays. The bottom of
the figure shows a similar assay (using the
same amounts of enzyme and substrates),
demonstrating that the only component of the
enhanceosome that can be acetylated by
CBP is HMG I. Evidence supporting the
involvement of IRF-3 and IRF-7 in IFNb ex-
pression has been previously published (Lin
et al., 1998; Wathelet et al., 1998; Yoneyama
et al., 1998).
(B) Same as in (A) except that the in vitro
acetylation reactions were analyzed by SDS
PAGE followed by autoradiography. The (1)
sign indicates the materials added to each
reaction.
(C) CBP and HMG I form complexes in vivo.
HeLa nuclear extracts were immunoprecipi-
tated with either CBP or HMG I antibodies
followed by Western blot analysis using the

same antibodies. Lane 1, aCBP antibody precipitates CBP. Lane 2, aHMG I antibody coprecipitates CBP. Lane 3, aHMG I antibody precipitates
HMG I. Lane 4, aCBP antibody coprecipitates HMG I.
(D) Shown are acetyltransferase filter-binding assays using core histones (left) or HMG I (right) as substrates and the immunoprecipitates from
(C) as enzymes.

example, CBP/p300 can acetylate p53, resulting in an protein acetyltransferase assays using highly purified
recombinant proteins. The HAT domains of CBP (aaenhancement of its DNA-binding activity, as well as
1098–1758) and P/CAF (aa 396–718), as well as all of thebasal transcription factors such as TFIIE and TFIIF, al-
known components of the IFNb enhanceosome, werethough the role of this latter acetylation remains un-
expressed in bacteria and purified to near homogeneity.known (Gu and Roeder, 1997; Imhof et al., 1997).
Figure 1A (lanes 1 and 3) shows that both CBP andInterestingly, the IFNb enhancer, which is sufficient
P/CAF HAT domains acetylate core histones, in agree-for activation of transcription, is also sufficient for post-
ment with previous experiments (Bannister and Kouza-induction turnoff, although the mechanism of this phe-
rides, 1996; Ogryzko et al., 1996; Yang et al., 1996).nomenon remains unknown (reviewed in Maniatis et al.,
Remarkably, both HAT proteins can also specifically1992). Here, we show that CBP and the CBP-associated
acetylate recombinant HMG I nearly as efficiently asfactor P/CAF acetylate HMG I(Y) either in solution or in
histones (lanes 2 and 4). Interestingly, none of the otherthe context of the enhanceosome. Acetylation of HMG
components of the IFNb enhanceosome can be ace-I(Y) by CBP, but not by P/CAF, decreases its DNA-bind-
tylated by either the CBP or P/CAF HAT domains (Figureing activity and results in enhanceosome destabilization
1A, bottom). In addition, HMG I-C can also be acetylatedand disassembly. We show that enhanceosome destabi-
by CBP and P/CAF (data not shown). The specificity oflization is due to the inability of CBP-acetylated HMG
the reaction was demonstrated by the fact that labelingI(Y) to maintain NF-kB in the enhanceosome. We also
of HMG I depends on the presence of both radioactive

find that the different effects of CBP and P/CAF on
Acetyl-CoA (3H) and CBP or P/CAF in the reaction (Figure

enhanceosome stability are due to the fact that distinct 1B, lanes 1 and 2 and 5 and 6, respectively), excluding
lysine residues in the HMG I(Y) protein are acetylated the possibility of either HMG I autoacetylation or non-
by each of these factors. Furthermore, recruitment into specific binding of labeled acetyl-CoA to HMG I. Thus,
the enhanceosome of a CBP molecule bearing muta- the HMG I protein family [HMG I(Y) and HMG I-C] is a
tions in its HAT domain or an HMG I molecule that cannot bonafide substrate for CBP and P/CAF acetyltransfer-
be acetylated by CBP prevents postinduction turnoff of ase activities. Importantly, this observation is consistent
IFNb gene expression in vivo. Finally, we demonstrate with the fact that acetylation represents one of the prom-
that CBP and P/CAF HAT activities are both required inent posttranslational modifications of HMG I proteins
for activation, whereas only CBP HAT activity is required in living cells (Bustin and Reeves, 1996).
for postinduction turnoff of IFNb expression. To test whether HMG I and CBP interact in vivo, we

carried out immunoprecipitation experiments using HeLa
Results nuclear extracts treated with HMG I– or CBP-specific

antibodies followed by Western blot analysis. Figure 1C
CBP and P/CAF Acetylate HMG I(Y) shows that the HMG I antibody coprecipitates CBP (lane
To investigate whether recruitment of CBP and P/CAF 2) and that the CBP antibody coprecipitates HMG I (lane
into the enhanceosome could lead to specific acetyla- 4). Most importantly, the HMG I immunoprecipitate con-

tains acetyltransferase activity as it acetylates both coretion of any of its components, we carried out in vitro
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Figure 2. Identification of the Sites in HMG I
Acetylated by CBP and P/CAF HAT Domains

(A) The indicated GST fused deletions of HMG
I (2 mg) were incubated with 300 ng CBP HAT
or 100 ng P/CAF HAT proteins in the presence
of 26 pmol 3H Acetyl-CoA. 100% acetylation
of full-length HMG I (1–107) corresponds to
12,000 cpm for CBP HAT and 14,000 cpm for
P/CAF HAT.
(B) The same derivatives shown in (A) were
acetylated by P/CAF HAT, separated by SDS
PAGE, and detected by autoradiography.
Some of the HMG I derivatives display anom-
alous electrophoretic mobility as previously
noted (Yie et al., 1997).
(C) Comparative acetylation of peptides I and
II (2 mg each) by CBP HAT and P/CAF HAT as
determined by filter-binding assays. P/CAF
HAT acetylates both peptides I and II, whereas
CBP HAT only acetylates peptide II. The posi-
tion and sequence of the peptides are also
indicated.
(D) Peptide II (6 mg) was incubated with CBP
HAT (900 ng) or P/CAF HAT (300 ng) proteins
in the presence of 78 pmol of 3H Acetyl-CoA
for 1 hr at 308C. The peptide was purified and
50% was subjected to N-terminal sequenc-
ing. 20% of each cycle was counted for 3H
incorporation. The arrows indicate Lys-65
and -71 acetylated by CBP and P/CAF HAT
domains, respectively.
(E) Acetylation assays were performed as in
Figure 2A using the indicated mutant HMG I
derivatives (1 mg) and either CBP (300 ng) or
P/CAF HAT (100 ng) proteins.

histones and HMG I (Figure 1D). Identical results were removes the region between the middle and the last
basic repeats, significantly reduced acetylation by CBP,also obtained after cotransfecting both CBP- and HMG

I–expressing plasmids into Drosophila Schneider cells whereas it did not significantly affect P/CAF-dependent
acetylation (Figure 2A, line 4; Figure 2B, lane 9). Compar-(data not shown). Finally, in vitro GST protein–protein

interaction experiments demonstrated that the associa- ison of the relative acetylation efficiencies of CBP and
P/CAF revealed that the minimal region of HMG I thattion of CBP and HMG I is direct and that multiple regions

of CBP (including the HAT domain) can independently can be efficiently acetylated by both HAT proteins spans
aa 65–90, whereas the amino terminal 34 aa of HMG Icontact HMG I (data not shown).
are acetylated by P/CAF only (Figures 2A and 2B). Fig-
ures 2A and 2B also show that P/CAF can acetylateCBP and P/CAF Acetylate HMG I at Distinct Sites

To map the CBP- and P/CAF-dependent HMG I acetyla- HMG I with lower efficiency at several additional sites
spanning the center of the molecule. Thus, CBP andtion sites, we used a series of amino and carboxyl termi-

nal deletions (Yie et al., 1997) of the protein that were P/CAF exhibit site specificity in acetylating HMG I.
To verify the acetylation site preference between CBPexpressed and purified to near homogeneity either as

GST or His-6 fusions. These derivatives were used in in and P/CAF in HMG I, we synthesized two peptides span-
ning the P/CAF-specific amino terminal region (aa 6–31)vitro acetylation experiments and the 3H-labeled pro-

teins were visualized by autoradiography after SDS and the CBP-P/CAF common acetylation sites in HMG
I (aa 64–89) (Figure 2C, peptides I and II, respectively).PAGE electrophoresis or were quantitated by filter-bind-

ing assays. Figure 2A shows that deletion of the carboxyl Figure 2C demonstrates that peptide I is preferentially
acetylated by P/CAF and not by CBP, whereas peptideterminal acidic tail and the last basic repeat did not

affect either CBP- or P/CAF-dependent acetylation of II is acetylated by both CBP and P/CAF, as predicted
from our deletion analysis. To determine whether CBPHMG I (lines 1–3). However, deletion to aa 65, which
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and P/CAF acetylate peptide II at the same lysine resi-
dues, the 3H acetylated peptide was purified and sub-
jected to amino terminal sequencing. Figure 2D shows
that the 3H incorporation levels for different positions
varies between CBP and P/CAF acetylated peptide II. Spe-
cifically, CBP preferentially acetylates Lys-65 whereas
P/CAF preferentially acetylates Lys-71 (Figure 2D). Fur-
thermore, mutation of Lys-65 to Arg, in the context of
the intact HMG I protein, abolishes CBP-dependent ace-
tylation (Figure 2E) verifying the specificity of this ace-
tylation site. However, mutation of Lys-71 to Arg did
not affect P/CAF’s ability to acetylate HMG I, which is
consistent with the presence of multiple P/CAF-depen-
dent acetylation sites as determined by our deletion
analysis (Figure 2A). Taken together, these results indi-
cate that the acetyltransferase activities of CBP and
P/CAF show substrate specificity in acetylating HMG I.

Acetylation of HMG I by CBP but Not by P/CAF
Decreases Its Sequence-Specific DNA Binding
and Disrupts the HMG I/NF-kB Complex
The HMG I protein contains three basic repeats involved
in DNA binding from the minor groove. We have pre-
viously shown that specific high-affinity DNA binding is
mediated by the middle repeat in cooperation with either
the first or last repeat depending on the nature of the
binding site (Yie et al., 1997). The recent three-dimen-
sional structure of HMG I bound to PRDII has revealed
that K65, but not K71, makes backbone contacts with

Figure 3. Acetylation of HMG I by CBP but Not by P/CAF HAT Do-the DNA (Huth et al., 1997). This interaction plays a key
main Decreases Sequence-Specific DNA Binding and Disrupts therole in the high-affinity binding of the middle repeat with
HMG I/NF-kB Complex

the DNA. Therefore, acetylation of K65 might interfere
(A) HMG I (1 mg) was either mock or acetylated by CBP HAT or P/CAF

with the DNA-binding affinity of HMG I by neutralizing HAT and then used in EMSA experiments with the IRE fragment
the positive charge on K659s e-amino group. To test this (-77 to 237) of the IFNb promoter as a probe. The amounts of HMG
possibility, we carried out electrophoretic mobility shift I used were 1.7, 2.5, 5, and 8.3 ng for lanes 1–8 and 0.05, 0.1, 0.25,

0.5, 1, 2.5, 5, and 17 ng for lanes 9–24.assays (EMSAs) using mock or CBP or P/CAF acetylated
(B) Shown is an EMSA experiment using recombinant NF-kB alongHMG I and the composite PRDII site as a probe. Figure
with either the wild-type (lanes 1–8) or the acetylation-defective3A demonstrates that CBP-acetylated HMG I binds DNA
HMG I (lanes 9–14). Lane 1, HMG I alone; lane 2, NF-kB alone; lane

with lower affinity compared to mock or P/CAF-ace- 3, NF-kB1HMG I; lane 4, NF-kB1HMG I1CBP HAT; lane 5, NF-
tylated HMG I. Addition of CBP HAT in the absence of kB1HMG I1Acetyl-CoA; lane 6, NF-kB1HMG I1CBP HAT1Acetyl-
Acetyl-CoA had no effect on HMG I DNA binding (data CoA; lane 7, NF-kB1HMG I1P/CAF HAT; lane 8, NF-kB1HMG I1P/

CAF HAT1Acetyl-CoA; lanes 9–14, same as lanes 1–6 except thatnot shown; see also below). Thus, the acetylation site
HMG Imut was used instead of wild-type HMG I. The amounts ofpreference between CBP and P/CAF in HMG I(Y) has
proteins used were as follows: 300 pg of NF-kB, 1.25 ng of HMG I,different effects on its DNA-binding properties.
5 ng of HMG Imut, 300 ng of CBP HAT, and 100 ng P/CAF HAT.

One role of HMG I is to promote cooperative binding Acetyl-CoA was used at 25 nmoles.
of the IFNb gene activators on the enhancer. To investi-
gate the consequences of HMG I acetylation on its ability
to bind cooperatively with NF-kB, we carried out EMSA

the HAT domain of P/CAF does not affect the HMG I/NF-experiments using the PRDII/NRDI composite site as a
kB cooperative complex (lanes 7 and 8). The specificityprobe under conditions where HMG I and NF-kB bind
of this phenomenon was further investigated by usingcooperatively to the DNA. Figure 3B (lane 2) shows that
an HMG I mutant (HMG Imut) bearing substitutions inwhen low concentrations of NF-kB were used, no signifi-
the lysine residues acetylated by these HAT proteins.cant binding was observed. However, addition of HMG
As shown in Figure 3B, HMG Imut forms a cooperativeI to the reaction resulted in the formation of a high-
complex with NF-kB (Lane 11; Yie et al., unpublishedaffinity cooperative complex (lane 3), a result that is
data) that cannot be disrupted by CBP HAT activity (laneconsistent with previous studies (Thanos and Maniatis,
14). Therefore, acetylation of Lys-65 in HMG I by CBP1992). Incubation of this complex with either the CBP
correlates with the disruption of the HMG I/NF-kB com-HAT domain alone or with Acetyl-CoA alone had no
plexes. Finally, the inability of P/CAF’s HAT activity toeffect on its stability (lanes 4 and 5). Remarkably, the
affect complex formation is consistent with the fact thatHMG I/NF-kB cooperative complex was disrupted when
P/CAF acetylates Lys-71, which is not involved in pro-both CBP HAT and Acetyl-CoA were added to the reac-
tein–DNA or protein–protein interactions with NF-kB (Yietion (lane 6). This disruption can be attributed to CBP’s

acetylation site preference for K65 in HMG I because et al., unpublished data). Thus, the HAT activity of CBP
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Figure 4. Acetylation of HMG I by CBP Dis-
rupts the IFNb Enhanceosome

(A) Shown is an EMSA experiment using in
vitro assembled IFNb enhanceosomes incu-
bated in the presence or the absence of CBP
or P/CAF HAT proteins as indicated at the
top of the gel. Lane 1, binding of the IFNb

gene activators to the enhancer in the ab-
sence of HMG I does not suffice for en-
hanceosome formation; lane 2, addition of
HMG I promotes enhanceosome assembly
(arrow); lane 3, enhanceosomes incubated
with CBP HAT; lane 4, enhanceosomes incu-
bated with Acetyl-CoA; lane 5, addition of
both CBP HAT and Acetyl-CoA disrupts the
enhanceosome and all of the NF-kB con-
taining complexes; lane 6, enhanceosomes
incubated with P/CAF HAT domain; lane 7,
enhanceosomes incubated with P/CAF HAT1

Acetyl-CoA. The asterisk indicates partial en-
hanceosomes containing HMG I and either
ATF-2/cJun1NF-kB or two molecules of IRF-
11NF-kB. The identity of these complexes
was determined in separate experiments. The

probe was run out of the gel to facilitate separation of the complexes. The amounts of proteins used were 6 ng NF-kB, 80 ng ATF-2/cJun,
250 ng IRF-1, 25 ng HMG I, 300 ng CBP HAT, and 100 ng P/CAF HAT. Acetyl-CoA was used at 25 nmoles.
(B) CBP and P/CAF HAT domains acetylate HMG I in the context of the enhanceosome. The enhanceosome assembly reaction was scaled
up 10-fold, proteins were purified by precipitation with 25% TCA, and they were analyzed by SDS PAGE followed by autoradiography. As
seen in lanes 2 and 5, CBP and P/CAF HAT domains, respectively, acetylate HMG I in the context of the enhanceosome. The gel was exposed
for 3 weeks.
(C) CBP does not disrupt enhanceosomes containing HMG Imut. The proteins used in each reaction are indicated at the top of the gel. The
amounts are as in (A), except that 100 ng of HMG Imut were used in the reaction, since HMG Imut has lower DNA-binding affinity compared
to wild-type HMG I (Yie et al., unpublished data).
(D) Shown are the results of in vitro transcription experiments with HeLa nuclear extracts using the IFNb CAT template either alone (basal
level, lane 1) or in the presence of the enhanceosome (lane 2). In lanes 3 and 4, the enhanceosome was incubated with Acetyl-CoA alone or
with CBP HAT alone followed by the addition of extract and NTPs. Lane 5, CBP HAT and Acetyl-CoA were added together followed by the
addition of the extract and NTPs. Lanes 6–10 are the same as in lanes 1–5 except that the activator used was IRF-7 alone. Correctly initiated
transcripts were identified and quantitated by primer extension using a CAT primer.

destabilizes the HMG I/NF-kB complexes formed at Following incubation with the enzymes, the enhanceo-
some components were purified and visualized by auto-PRDII.
radiography after SDS PAGE. Figure 4B demonstrates
that both CBP and P/CAF can acetylate only HMG I inAcetylation of HMG I by CBP Disrupts
the context of the enhanceosome (lanes 2 and 5). Thus,the IFNb Enhanceosome
the different effects of CBP and P/CAF HAT activities onTo investigate the consequences of HMG I acetylation
enhanceosome stability are likely due to the differentialby CBP and P/CAF HAT domains in the context of the
lysine residues acetylated in HMG I. Figure 4C demon-natural IFNb enhanceosome, we carried out EMSA ex-
strates that destabilization of the enhanceosome corre-periments where enhanceosomes containing either wild-
lates with acetylation of HMG I since enhanceosomestype or mutant HMG I protein were challenged with the
containing the HMG Imut protein, which cannot be ace-CBP or P/CAF HAT activities. Figure 4A demonstrates
tylated (data not shown), are not affected by the CBPthat addition of HMG I to a low amount of IFNb activators
HAT activity (compare lane 3 with 9).promoted the assembly of the enhanceosome (compare

To test whether the CBP HAT activity can disrupt alanes 1 and 2). The amount of HMG I used was deter-
transcriptionally active enhanceosome, we carried out inmined in separate experiments to ensure that there was
vitro transcription experiments. Under these conditionsno free HMG I protein in the reaction (data not shown).
(low activator concentration), addition of HMG I is abso-Incubation of these enhanceosomes with either CBP
lutely required for enhanceosome assembly and activa-HAT or Acetyl-CoA separately did not have any effect
tion of transcription (Kim and Maniatis, 1997; Yie et al.,on their stability (lanes 3 and 4). However, enzyme and
unpublished data). Figure 4D shows that assembly of theAcetyl-CoA added together significantly decreased en-
enhanceosome in vitro leads to high levels of activatedhanceosome stability (lane 5). Interestingly, along with
transcription (compare lanes 1 and 2). Incubation ofthe fully assembled enhanceosome, all partial enhanceo-
these enhanceosomes with CBP HAT or Acetyl-CoAsomes containing NF-kB were also destabilized. In
alone did not have a significant effect on the amount ofsharp contrast, the P/CAF HAT activity did not affect
transcription (lanes 3 and 4). However, addition of bothenhanceosome stability (lanes 6 and 7).
CBP HAT and Acetyl-CoA to the reaction strongly inhib-To directly demonstrate that both CBP and P/CAF
ited transcription (lane 5). This effect is specific to theHAT domains can acetylate HMG I in the context of the
enhanceosome since neither the activation of the IFNbenhanceosome, we scaled up the assembly reaction 10-

fold and replaced cold Acetyl-CoA with 3H Acetyl-CoA. promoter by IRF-7 alone (Figure 4D, lanes 6–10) nor the
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gradually decreases and finally reaches the basal unin-
duced level at 48 hr post infection. Cotransfection of an
expression vector encoding wild-type CBP or P/CAF
proteins further stimulated the transcriptional activity of
the enhanceosome, with no effect on the kinetics of
virus-induced transcription. Thus, in both cases, the vi-
rus-inducible expression reached the basal (uninduced)
level by the end of the time course (Figure 5A). To investi-
gate the role of the HAT activities, we transfected deriva-
tives containing two amino acid substitutions in the Ace-
tyl-CoA-binding site of either CBP or P/CAF. It has been
previously demonstrated that these derivatives (CBP
HAT2 and P/CAF HAT2) lack HAT activity (Korzus et
al., 1998; Figure 5B). We demonstrate here that these
mutant HAT proteins also lack the ability to acetylate
HMG I in vitro (Figure 5B). Remarkably, transfection of
the CBP HAT2 expression vector altered the kinetics of
virus-induced transcription from the IFNb enhance-
osome by preventing postinduction turnoff. Importantly,
the levels of activated transcription obtained with CBP
HAT2 were lower compared to wild-type CBP (Figure
5A). Thus, the HAT activity of CBP is required for both
optimum activation and postinduction turnoff of IFNb
gene expression. In contrast, the P/CAF HAT activity is
only required for optimum activation of transcription
with no effect on postinduction turnoff (Figure 5A).

To investigate whether these effects are due to spe-
cific acetylation of HMG I by CBP in the context of the
enhanceosome, we carried out transfection experimentsFigure 5. The HAT Activity of CBP Is Required for Both Activation
in COS cells using expression vectors encoding eitherand Postinduction Turnoff of IFNb Gene Expression
the wild-type or the HMG Imut proteins. Figure 6A dem-(A) COS cells were cotransfected with the 2110 IFNb CAT reporter
onstrates that transfection of wild-type HMG I affected(1 mg), along with mammalian expression vectors (3 mg) encoding

wild-type CBP and P/CAF or CBP and P/CAF bearing amino acid neither the magnitude (Thanos and Maniatis, 1992) nor
substitutions in their HAT domains (HAT2 constructs) (Korzus et al., the kinetics of virus-induced IFNb transcription. Inter-
1998). The cells were induced for the indicated time, and the CAT estingly, overexpression of the HMG Imut protein pre-
activity was determined and plotted as fold virus induction. Shown

vented postinduction turnoff of IFNb expression. Thus,is the average of ten independent experiments.
although enhanceosomes assembled in vivo with HMG(B) In vitro acetylation assays were performed as in Figure 2A using
Imut are transcriptionally active, they are resistant towild-type or mutant CBP or P/CAF HAT proteins.
the postinduction turnoff mechanisms. The role of CBP’s
HAT activity in this process was revealed by showing
that enhanceosomes bearing either wild-type HMG Ibasal levels of transcription is affected (data not shown).
and CBP HAT2 or wild-type CBP and HMG Imut areThus, acetylation of HMG I by CBP specifically disrupts
incapable of postinduction shutoff of IFNb transcriptiontranscriptionally active enhanceosomes.
(Figure 6A). Taken together, these experiments strongly
support the notion that there is a direct correlation be-

The CBP HAT Activity Is Required for Postinduction tween the ability of CBP to specifically acetylate HMG
Turnoff of IFNb Expression I and postinduction turnoff of IFNb gene expression.
We have previously shown that recruitment of CBP into Additional evidence for the functional interplay be-
the enhanceosome is required for virus-induced tran- tween CBP HAT activity and HMG I in the context of
scription from the IFNb promoter (Merika et al., 1998). the IFNb enhanceosome was provided by transfection
However, here we show that when CBP is recruited experiments in Drosophila Schneider cells. Figure 6B
into the enhanceosome, it also can acetylate HMG I, demonstrates that transfection of wild-type HMG I po-
resulting in enhanceosome destabilization. These con- tentiates enhanceosome formation and transcription
tradictory observations led us to the hypothesis that from the IFNb promoter (compare lanes 5 and 6), and
CBP’s HAT activity may be involved in turning off IFNb these levels were further enhanced (z2.5-fold) by co-
gene expression. To address this, we carried out trans- transfecting CBP (lane 7). Figure 6B (lane 8) demon-
fection experiments in COS cells where the transcrip- strates that transfection of HMG Imut also facilitated
tional activity of the IFNb promoter was monitored at enhanceosome assembly, albeit to a lower extent. Inter-
different times following virus infection. Figure 5A dem- estingly, the HMG Imut-containing enhanceosomes are
onstrates that the transfected IFNb promoter is tran- coactivated by CBP (z8-fold) to significantly higher lev-
siently activated by virus infection, mimicking the overall els compared to enhanceosomes bearing wild-type
pattern of activation of the endogenous gene (Maniatis HMG I (compare lanes 6 and 7 with 8 and 9). Since HMG
et al., 1992). As seen in the figure, expression levels Imut containing enhanceosomes cannot be destabilized

by CBP HAT activity (Figures 4C and 6A), we concludepeak at 16 hr post infection. After that time, transcription
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Figure 6. Acetylation of HMG I by CBP Is Required for Postinduction
Shutoff of IFNb Expression

(A) COS cells were transfected with the IFNb CAT reporter (Figure Figure 7. The HAT Domains of Both CBP and P/CAF Are Required
5) along with expression vectors encoding wild-type HMG I (1 mg) for Proper Kinetics of IFNb Virus Induction
or HMG Imut (1 mg) in the absence or the presence of the indicated

(A) COS cells were transfected as in Figure 5 with the indicatedCBP derivatives (2 mg). The cells were induced for the indicated
expression vectors. CBP P/CAF HAT refers to a CBP expression vectortime, and the CAT activity was determined and plotted as fold virus
bearing the P/CAF HAT domain in place of that of CBP. Accordingly,induction.
P/CAF CBP HAT refers to a P/CAF expression vector bearing the CBP(B) Drosophila Schneider cells were cotransfected with a CAT re-
HAT domain in place of that of P/CAF.porter (200 ng) bearing the IFNb gene enhancer cloned upstream
(B) Comparison of the effects of cotransfecting wild-type CBP andof the ADH TATA box, along with expression vectors encoding the
P/CAF or HAT domain swap CBP and P/CAF chimeras.indicated proteins. The amounts of expression vectors used were

100 ng of an equimolar mixture of pPAC p50 and pPAC p65, 800
ng of pPAC IRF-1, 600 ng of an equimolar mixture of pPAC ATF-2

7A). However, recruitment of this chimera into the en-and pPAC c-JUN, 600 ng of pPAC HMG I or pPAC HMG Imut, and
hanceosomes resulted in a strikingly earlier onset of1 mg of pPAC CBP. The total amount of transfected DNA was brought

to 4 mg by adding pPAC vector as necessary. transcriptional activation. A dramatic illustration of this
is the amount of transcription obtained at 6 hr post
infection (Figure 7A). Finally, cotransfection of both chi-
meric proteins did not affect either the kinetics of ex-that the higher activity of these enhanceosomes in vivo

is due to their increased stability. These results, taken pression or the levels of transcription when compared
to cotransfection of the wild-type counterparts (Figuretogether with our other experiments, strongly suggest

that the HAT activity of CBP potentiates transcription, 7B). Taken together, these experiments strongly sug-
gest that the P/CAF and CBP HAT activities per se, asperhaps by acetylation of histones, but equally impor-

tantly, acetylation of HMG I by CBP results in enhance- well as their geometry within the enhanceosome, are
interchangeable for activation of transcription. However,osome destabilization and therefore termination of tran-

scription. the CBP HAT activity is also required for postinduction
turnoff of IFNb transcription by acetylating HMG I. Thus,Further evidence for the distinct in vivo roles of CBP

and P/CAF HAT activities was provided by the use of the timing of virus-dependent IFNb gene expression in
vivo is regulated by the distinct functional properties ofchimeric CBP and P/CAF proteins containing their HAT

domains interchanged. Figure 7A shows that substitu- CBP and P/CAF HAT activities.
tion of CBP’s HAT domain with P/CAF’s HAT domain
completely prevented transcriptional postinduction turnoff Discussion
(CBP P/CAF HAT construct). On the other hand, replacement
of P/CAF’s HAT domain with that of CBP (P/CAF CBP HAT In this paper, we have examined the functions of the CBP

and P/CAF coactivators subsequent to their recruitmentconstruct) did not affect postinduction turnoff (Figure
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into the IFNb gene enhanceosome. Both CBP and P/CAF a distinction between the HAT activities of CBP and
P/CAF. It appears that the substrate specificity betweenacetylate HMG I(Y), the essential architectural compo-

nent for the assembly and stability of the enhance- CBP and P/CAF HAT activities in acetylating HMG I
provides the molecular basis for their distinct roles inosome. Moreover, the lysine residues in HMG I(Y) ace-

tylated by CBP and P/CAF differ, and this difference the activity and fate of the IFNb gene enhanceosome.
However, it is possible that acetylation of HMG I byaccounts for their distinct effects on the fate of transcrip-

tion. More specifically, HMG I K65, which is acetylated P/CAF may affect its DNA-binding activity on other pro-
moters or its association with other transcription factors.by CBP, is critical for high-affinity binding to DNA,

whereas K71, which is acetylated by P/CAF, is not. In In addition, other HAT proteins may also acetylate HMG
I and influence its activity. Finally, the in vivo associationaddition, in the context of the enhanceosome, acety-

lation of HMG I by CBP, but not by P/CAF, leads to of HMG I with the CBP-P/CAF complex may also influ-
ence its interaction or activity with several other cellularenhanceosome destabilization and disassembly. Fur-

thermore, we have established a biologically relevant or viral (e.g., E1A) regulators.
function in vivo for the acetylation of a non-histone pro-
tein by showing that the HAT activity of CBP on HMG I

The IFNb Enhanceosome Is a “Time Bomb”is essential for turning off IFNb gene expression. Finally,
The discovery of enhanceosomes provided the firstthe distinct functional properties of CBP and P/CAF
compelling mechanistic basis for explaining the phe-HAT activities fine tune the timing of virus-dependent
nomenon of transcriptional synergy in natural promotersactivation of the IFNb gene.
and enhancers (reviewed in Carey, 1998). Thus, the ex-
traordinary stability of the IFNb enhanceosome, along
with its abilities to recruit CBP and to simultaneouslyHMG I Proteins Are Bonafide Substrates for CBP

and P/CAF Acetyltransferase Activity contact several components of the basal machinery,
ensures high levels of activated transcription. However,A large body of previous studies have established that

the HMG I proteins function as pleiotropic regulators the IFNb gene is only transiently activated, implying that
transcription driven by the enhanceosome must be ter-in the cell. For example, HMG I proteins regulate the

expression of a large number of genes such as cyto- minated. In principle, this can be accomplished by
mechanisms that allow transient formation of the en-kines, cell adhesion molecules, growth factors, tran-

scription factors, and viral gene products (Bustin and hanceosome followed by recruitment of repressors and
corepressors to maintain shutoff of transcription. Previ-Reeves, 1996). The commonality of these diverse regula-

tory functions lies in the HMG I family’s remarkable prop- ous studies have established that virus infection induces
the synthesis of several proteins that can function aserties of interacting with many different transcription

factors and binding and altering the structure of DNA inhibitors of IFNb gene expression. Among these are
DNA-binding proteins (with no activation potential) thatin a way that facilitates assembly of functional higher

order nucleoprotein complexes (Thanos and Maniatis, may directly compete for binding to the enhancer (e.g.,
IRF-2, PRDI-BF1, PRDII-BF1, and p50 homodimers) as1995a). Thus, it is not surprising that disruption of the

HMG I genes directly correlates with tumorigenesis and well as proteins that inhibit NF-kB, such as IkBa (Man-
iatis et al., 1992; Thanos and Maniatis, 1995b; Tran etthat a null mutation of HMG I-C in mice decreases the

rate of cell proliferation, resulting in the pygmy pheno- al., 1997). However, none of the above mentioned DNA-
binding proteins possesses a DNA-binding affinity sig-type (Ashar et al., 1995; Zhou et al., 1995). Similar to

HMG I, CBP/p300 is also a pleiotropic regulator. CBP/ nificant enough to disrupt the enhanceosome by compe-
tition, nor can IkBa remove NF-kB in the context of thep300 interacts with a diverse collection of transcription

factors and participates in a broad spectrum of biologi- enhanceosome (our unpublished data). Instead, as we
demonstrate here, the enhanceosome contains all of thecal activities. However, the mode of CBP’s action differs

from that of HMG I. Most likely, CBP is recruited to necessary information for self destruction. The driving
force for enhanceosome disassembly appears to be thealready preformed enhanceosomes and thereafter mod-

ulates their transcriptional properties (Merika et al., inability of K65-acetylated HMG I to maintain NF-kB
on DNA. Remarkably, this effect is specific for NF-kB1998). Again, disruption of the CBP/p300 genes causes

severe global developmental abnormalities (Petrij et al., because acetylation of HMG I by CBP does not affect
its ability to form cooperative complexes with ATF-2/1995; Yao et al., 1998). Therefore, our demonstration

that CBP alters the DNA-binding affinity of HMG I by cJun at PRDIV (data not shown). Thus, perhaps acetyla-
tion of HMG I initially destabilizes the enhanceosome atacetylation provides an important means for the integra-

tion and interpretation of multiple signal transduction PRDII (NF-kB and HMG I binding site) and subsequently
detachment of NF-kB and HMG I mediate its disruption.pathways. For genes whose expression is positively af-

fected by HMG I proteins, for example, CBP-dependent The reason for these differential effects of HMG I at
PRDII and PRDIV could be due to the dual role of HMGacetylation of HMG I could lead to termination of tran-

scription, as is the case for IFNb. By contrast, for genes I at PRDII. Thus, binding of HMG I at PRDII not only
counteracts an unfavorable intrinsic DNA bend allowingnegatively regulated by HMG I, the same acetylation

events may facilitate their activation. Thus, the func- stable binding of NF-kB to the site but is also required
to relieve the stereospecific clashes between NF-kB andtional linkage between these two global and pleiotropic

regulators could generate and fine tune multiple expres- IRF proteins bound at the nearby PRDI element (Falvo
et al., 1995; Thanos and Maniatis, 1995a; Escalante etsion and developmental programs.

HMG I is the only known substrate for which there is al., 1998). Furthermore, since the middle basic repeat
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of HMG I is its high-affinity DNA-binding domain, ace- contrast, the second model predicts that the choice for
CBP to acetylate histones or HMG I is stochastic. Thus,tylation of K65 provides a simple and elegant mecha-

nism to significantly decrease its ability to bind DNA. a significant number of initially formed enhanceosomes
will be disrupted before they activate transcription be-Thus, a weakening of the HMG I-DNA interactions by
cause CBP may acetylate HMG I first. Consistent withacetylation suffices for enhanceosome disruption.
this idea is the observation that only a fraction of virus-Our experiments, taken together with previous stud-
infected cells are induced to express IFNb (Maniatisies, are consistent with the following model for activation
et al., 1992). Thus, it is conceivable to assume that inand postinduction shutoff of IFNb gene expression. Vi-
nonexpressing cells, the enhanceosomes formed at therus infection causes the coordinate activation of multiple
onset of virus infection have been disrupted becausetranscriptional activator proteins (NF-kB, ATF-2/cJun,
CBP acetylates HMG I first. The rest of the cells tran-IRFs) that, in the presence of HMG I, bind cooperatively
scribe IFNb because CBP acetylates histones first. Acti-and form the enhanceosome on the IFNb enhancer
vated transcription continues until CBP acetylates HMG(Thanos and Maniatis, 1995a). As a result of enhanceo-
I, thus leading to enhanceosome disruption. Perhapssome assembly, the activation domains of the activators
most or all of the disrupted enhanceosomes do notcreate a novel activating surface that, in turn, recruits
reassemble because of the appearance in the nucleusCBP and CBP-associated proteins or complexes (e.g.,
of newly synthesized repressors (mentioned above) thatP/CAF, polII holoenzyme, etc.) (Merika et al., 1998). Si-
bind to the IFNb promoter and of the ability of newlymultaneously, the activation domains also establish
synthesized IkBa to enter the nucleus, to associate withcontacts with other components of the basal machinery
NF-kB, and to thus prevent its DNA binding (Tran et al.,(e.g., TFIID, TFIIA, TFIIB, USA, etc.) (Kim and Maniatis,
1997). Therefore, we propose that the acetylation of1998). Access of the basal machinery to the promoter
HMG I by CBP shifts the dynamic equilibrium of IFNbmay be facilitated by the HAT activities of CBP and
transcription from activation towards repression.P/CAF via acetylation of histones in nearby nucleo-

somes. In fact, we have shown that the HAT activities
Experimental Proceduresof both CBP and P/CAF are required for transcriptional

activation from the enhanceosome. Consistent with this, Plasmid Constructions
histones H3 and H4 of chromatin associated with the The HAT domain swap CBP and P/CAF constructs were generated
IFNb promoter are acetylated in response to virus infec- by replacing the HAT domain of CBP (aa 1098–1758) with the HAT

domain of P/CAF (aa 352–832) and vice versa, by stepwise subclon-tion (B. S. Parekh and T. Maniatis, personal communi-
ing of the appropriate fragments. The 6HisCBP HAT expressioncation).
vector was generated by cloning the CBP HAT domain into PRSETAA striking aspect highlighting the mechanism of action
(Invitrogen). HMG I mutants K65R, K71R, and K65R/K71R were gen-

of both coactivators is the relative redundancy in the erated by standard PCR mutagenesis. In the HMG Imut protein aa
use of their HAT activities for activation of transcription. 64–71 have been mutated to AAIESDPE. The HMG I and HMG Imut

mammalian expression vectors were generated by cloning the cor-From the HAT domain swap experiments, we have dem-
responding open reading frames into the PCDNA3.1 HisC expres-onstrated that enhanceosomes bearing only the CBP
sion vector (Invitrogen).HAT or P/CAF HAT domains stimulate transcription at

similar levels (Figure 7A). Thus, we imagine that the
Recombinant Protein Purification

acetylation targets of these domains might be either the GST-HMG I fusions were expressed and purified as described pre-
same or related. The difference in the onset of gene viously (Yie et al., 1997). His-6-fused proteins were purified on a

nickel column under native conditions as suggested by the manufac-activity between these enhanceosomes could be the
turer (Qiagen) except that the binding buffer used contained 10 mMresult of the relative efficiency or rate by which the HAT
Tris Cl [pH 8.0], 10% glycerol, 500 mM NaCl, 0.1% NP-40, 10 mMproteins acetylate their targets. Another important con-
b-mercaptoethanol, 1 mM PMSF, 10 mM imidazole, 1 mg/ml leupep-

clusion from these experiments is that the geometry of tin, and 1 mg/ml aprotinin.
the HAT domains in the context of the enhanceosome
is not critical for their function. However, this latter ob- Acetyltransferase Assays

Acetyltransferase assays were essentially carried out as previouslyservation contrasts with the spatial specificity required
described (Gu and Roeder, 1997). A typical reaction was performedfor recruiting the coactivators into the enhanceosome
in a volume of 30 ml containing 1–2 mg highly purified recombinant(Merika et al., 1998).
protein, 300 ng CBP HAT or 100 ng P/CAF HAT, 26 pmol 4.8 Ci/mmol

The demonstration that the CBP HAT activity plays a 3H-Acetyl-CoA (Amersham), and a standard buffer (10% glycerol, 50
role in both transcriptional activation and postinduction mM HEPES [pH 8.0], 1 mM DTT, 1 mM PMSF, and 10 mM sodium

butyrate) at 308C for 1 hour. Filter-binding assays and gel assaysturnoff is intriguing. For example, what prevents CBP
were performed as described previously (Gu and Roeder, 1997).from acetylating HMG I immediately after its recruitment

into the enhanceosome, thereby leading to its disrup-
Mapping of HMG I Acetylation Sitestion? We imagine two different models to explain this
Peptides corresponding to two portions of HMG I (peptide I, aa

puzzle. In the first, due to the enhanceosome context, 6–31; peptide II, aa 64–89) were synthesized and purified by HPLC to
CBP may acetylate HMG I with lower efficiency and 95% purity. The peptides were used in a standard acetyltransferase

reaction and thereafter subjected to N-terminal microsequencing inrate compared to its other targets (e.g., histones), thus
which 20% of each cycle was used to determine 3H-Acetyl-CoAallowing activation of transcription. Alternatively, the
incorporation, and the rest was used for amino acid identification.substrate specificity of CBP’s HAT activity may be regu-

lated by posttranslational modifications or by other co-
Electrophoretic Mobility Shift Assays and In Situ Acetylation

factors synthesized after virus infection. Therefore, after DNA-binding reactions with the appropriate amounts of proteins
histones or other targets have been acetylated, CBP (indicated in figure legends) and DNA probe were mixed and incu-

bated in 15% glycerol, 10 mM HEPES (pH 8.0), 10 mM Tris Cl (pHacetylates HMG I and disrupts the enhanceosome. In
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8.0), 15 mM NaCl, 10 mM Na butyrate, 2 mM DTT, 2 mM PMSF, E.M., Mullen, T.-M., Glass, C.K., and Rosenfeld, M.G. (1998). Tran-
scription factor-specific requirements for coactivators and their ace-0.05% NP-40, 1 mg/ml BSA, and 50 ng pdG-dC for 15 min at room
tyltransferase functions. Science 279, 703–707.temperature. For EMSA’s involving in situ acetylation, DNA-binding

reactions were challenged with CBP HAT or P/CAF HAT and cold Kurokawa, R., Kalafus, D., Ogliastro, M.-H., Kioussi, C., Xu, L.,
Acetyl-CoA for 90 min at room temperature. Protein–DNA complexes Torchia, J., Rosenfeld, M.G., and Glass, C.K. (1998). Differential
were subsequently resolved by electrophoresis as previously de- use of CREB binding protein-coactivator complexes. Science 279,
scribed (Merika et al., 1998). 700–703.
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