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Histone acetyltransferases (HATs) such as CBP and p300 are regarded as key regulators of RNA polymerase
II-mediated transcription, but the critical structural features of their HAT modules remain ill defined. The
HAT domains of CBP and p300 are characterized by the presence of a highly conserved putative plant
homeodomain (PHD) (C4HC3) type zinc finger, which is part of the functionally uncharacterized cysteine-
histidine-rich region 2 (CH2). Here we show that this region conforms to the PHD type zinc finger consensus
and that it is essential for in vitro acetylation of core histones and the basal transcription factor TFIIE34 as
well as for CBP autoacetylation. PHD finger mutations also reduced the transcriptional activity of the
full-length CBP protein when tested on transfected reporter genes. Importantly, similar results were obtained
on integrated reporters, which reflect a more natural chromatinized state. Taken together, our results indicate

that the PHD finger forms an integral part of the enzymatic core of the HAT domain of CBP.

Regulation at the level of transcription is the central mech-
anism by which cells respond to developmental and environ-
mental cues. RNA polymerase II-mediated transcription in
eukaryotes is to a large extent regulated at the level of chro-
matin, which forms a physical barrier against the binding of
proteins to the promoter region of a target gene. The basic unit
of chromatin is the nucleosome, which consists of an octamer
of histone proteins around which the DNA is wrapped. The
nucleosomes form an array that is further organized into high-
er-order chromatin structures. The two major enzymatic activ-
ities which make the DNA more accessible for the transcrip-
tion machinery are the ATP-dependent chromatin remodeling
complexes and histone acetyltransferases (HATS) (15, 32, 39).
The prime targets of the HATSs in chromatin are the N-termi-
nal tails of the core histones H2A, H2B, H3, and H4. Acety-
lation of these tails results in neutralization of the positively
charged lysines, thereby influencing DNA-histone and histone-
histone contacts. Furthermore, posttranslational histone mod-
ifications including acetylation can create specific docking sites
for regulatory proteins (64). This so-called histone code may
also be involved in the establishment of epigenetic inheritance
(62). In addition to their ability to acetylate histones, some
HATS have also been shown to acetylate nonhistone proteins,
including several sequence-specific transcription factors and
the basal transcription factors TFIIE and TFIIF (reviewed in
reference 60).

The acetyltransferases CREB binding protein (CBP) and
the related protein p300 function as coactivators for a multi-
tude of transcription factors (9, 23, 58, 63), including CREB (5,
16, 38). This coactivator function is not only due to their
intrinsic HAT activity but is also the result of their ability to
interact with other HAT proteins such as pCAF and SRC1
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family members. Furthermore, CBP and p300 can stabilize the
transcription complex by binding to several proteins simulta-
neously, thereby functioning as a scaffold or physical bridge.
While CBP and p300 are essential coactivators for many dif-
ferent transcription factors, the relative importance of these
different coactivator functions varies between transcription
factors (34, 35, 37). Several lines of evidence underscore the
importance of the CBP and p300 proteins in differentiation,
growth control, and homeostasis. Firstly, CBP and p300 are
required for embryonic development and viability, as observed
in knockout mice (66). Secondly, recurrent chromosomal
translocations involving CBP and p300 are found in human
leukemias (30), and genetic alterations resulting in amino acid
changes or protein truncations of p300 are found in solid
tumors and tumor cell lines (21, 48). Finally, haploinsufficiency
of CBP results in Rubinstein-Taybi syndrome (RTS) in hu-
mans, a developmental syndrome characterized by facial ab-
normalities, broad thumbs, big, broad toes, and mental retar-
dation (54).

Comparison of the amino acid sequences of CBP and p300
from different species revealed the presence of numerous re-
gions of near-identity, including the bromodomain, three cys-
teine-histidine-rich regions (CHI, -2, and -3), and the HAT
domain, while other regions are poorly conserved (4) (see Fig.
1A). The bromodomain, which is found in many chromatin-
associated proteins (31, 64), is thought to function as a histone
binding motif (17, 29). While the CH1 and CH3 regions serve
as binding sites for many different transcription factors and
other proteins, the function of the CH2 region, which is partly
located within the HAT domain, remains to be determined.
Based on sequence homology, part of the CH2 region can be
classified as a plant homeodomain (PHD) type zinc finger (1).
This type of zinc finger, also named leukemia-associated-pro-
tein (LAP) finger (55) or trithorax consensus (TTC) finger
(33), is characterized by a C4HC3 motif and is found predom-
inantly in proteins that function at the chromatin level (1).
Recently, the solution structures of the PHD fingers of the
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transcriptional repressor KAP-1 (13) and the Williams’s syn-
drome transcription factor WSTF (52) were determined. In
both proteins, two zinc atoms are coordinated by the cysteine
and histidine residues in a cross-brace fashion, reminiscent of
the zinc coordination found in the RING finger (10) (see Fig.
1B). Furthermore, a number of hydrophobic residues were
shown to be involved in the stabilization of this structure.
Although more than 300 (mainly nuclear) proteins contain one
or more PHD fingers, relatively little is known about the func-
tion of this domain. Since many PHD finger-containing pro-
teins reside in large multiprotein complexes, these zinc fingers
have been proposed to be involved in protein-protein interac-
tions (1).

Mammalian HAT enzymes can be divided into subfamilies
(60, 61). However, it is currently difficult to classify a protein as
a potential HAT enzyme on the basis of its amino acid se-
quence, since these subfamilies display no obvious similarity in
their primary sequences or in the sizes of their HAT domains
or the surrounding protein modules (36, 44, 50). The only
region that is partly conserved between HAT subfamilies, ei-
ther on the amino acid sequence level or the structural level or
both (50, 65), is a small subdomain, first noticed in GCN5-
related N-acetyltransferases, which encompasses the coenzyme
A (CoA) binding site (45). As expected, mutation of critical
residues in this motif results in loss of HAT function in, for
example, CBP and p300 (35, 46). Additional amino acid se-
quences are required, however, since deletion of functionally
uncharacterized regions outside this binding site also abolishes
HAT activity (7, 51). The limited knowledge of the critical
enzymatic and structural features of HAT modules prompted
us to investigate the role of a putative PHD type zinc finger
which is unique to the CBP and p300 HAT domains. Our data
indicate that the PHD finger is an integral part of the enzy-
matic core of the acetyltransferase domain of CBP and that
this domain is a key contributor to the transcriptional activity
of the CBP protein.

MATERIALS AND METHODS

Plasmids. All recombinant DNA work was performed according to standard
procedures (6). The mammalian pcDNA3 expression vectors containing the
DNA binding domain of the yeast transcription factor Gal4 (Gal4 DBD) and
Gal4 DBD-CBP HAT (amino acids 1099 to 1758) (46), and the CBP HAT
plasmid (amino acids 1099 to 1758) fused to glutathione S-transferase (GST) (7),
were kind gifts from T. Kouzarides. RcRSV-CBPHA, originally a kind gift from
R. H. Goodman, was digested with BamHI-Xbal or HindIII-Notl, and the full-
length mouse CBP ¢cDNA was cloned into the corresponding sites of pcDNA3-
Gal4 DBD or pCDNA3.1, respectively. All point mutations were generated with
the Quick Change mutagenesis kit (Stratagene) according to the manufacturer’s
instructions and were verified by sequencing. All reporter plasmids used were
based on the pGL3 plasmid (Promega). The 5xGal-E1BTATA-Luc reporter (42)
was a kind gift from M. Parker. This construct was cut with Xbal, and an Xbal
fragment from ERE-TK-Luc (42), containing the herpes simplex virus (HSV)
thymidine kinase (TK) promoter and luciferase sequences, was inserted to create
5xGal4-TK-Luc. The 5xGal-AdMLTATA-Luc reporter was generated by cloning
the Sacl-HindIII fragment of pGal4-M2-Luc, a kind gift from H.G. Stunnenberg,
into pGL3 basic (Promega). GST-PCAF, generated by cloning a PCR fragment
encoding amino acids 352 to 832 of human PCAF into pGEX2TK (Pharmacia),
was a kind gift from F. Claessens. The plasmids containing His-tagged TFIIE34
and TFIIES6 (67) and the expression vectors for Gal4 DBD-CRERB, its serine
133-to-alanine mutant (19), and the catalytic subunit of protein kinase A (PKA)
(47) have been described previously.

Protein purifications. Drosophila core histones were purified from embryo
nuclear extracts essentially as described by Bulger and Kadonaga (12). Human
His-tagged TFIIE34 was expressed in Escherichia coli (DE3), purified with nick-
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el-nitrilotriacetic acid agarose resin (Qiagen), and further purified by SP Sepha-
rose column chromatography as described elsewhere (67). The GST fusion
protein of PCAF HAT was expressed in E. coli DH5a and purified according to
standard procedures (6). The GST vectors containing wild-type and mutant CBP
HAT were transformed into E. coli BL21-CodonPlus(DE3)-RIL (Stratagene).
Bacteria were grown in Luria broth in the presence of 50 pM ZnCl, at 25°C to
an optical density at 600 nm of 0.5 and were induced with isopropyl-p-p-thioga-
lactopyranoside (0.15 mM) for 2 h at 25°C. Subsequently, bacteria were collected
by centrifugation and resuspended in lysis buffer (25 mM HEPES [pH 7.6], 10%
glycerol, 500 mM NaCl, 0.01% NP-40, 5 mM dithiothreitol, 2.5 mM MgCl,, 50
wM ZnCl,, and protease inhibitors). Lysozyme was added to a final concentra-
tion of 0.15 mg/ml, and the mixture was incubated for 30 min at 4°C with rotation.
Lysates were freeze-thawed once, sonicated, cleared by centrifugation at 16,000
X g for 1 h, and stored at —70°C. GST proteins were purified on glutathione
beads according to standard procedures (6).

Transient transfection experiments. The human osteosarcoma cell line U-2
OS and the adenovirus type 5-transformed human embryo retina cell line 911
(18) and its derivatives were routinely maintained in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum (Gibco Life Technologies), 100 ng
of penicillin/ml, and 100 ug of streptomycin/ml. For luciferase reporter assays,
cells were plated into 24-well microtiter plates and transfected by using the
calcium phosphate coprecipitation method with Gal4 DBD expression plasmids
at 200 ng/well, 150 ng of pcDNA-LacZ plasmid (Invitrogen) as an internal
control, and 1 pg of a reporter plasmid [or pBluescript SK(—) in the case of the
911 reporter cells]. Transfections with CREB in 911 reporter cells contained 100
ng of Gal4 DBD-CREB, 100 ng of PKA expression vector, 100 ng of pcDNA-
CBP, and 1 pg of pBluescript SK(—). After 24 h, cells were washed with 1x
HEPES-buffered saline and then maintained in medium for another 24 h. Cells
were then washed with phosphate-buffered saline (PBS) and harvested in lysis
buffer (25 mM Tris phosphate [pH 7.8], 2 mM dithiothreitol, 2 mM 1,2-diami-
nocyclohexane-N,N,N’,N'-tetraacetic acid, 10% glycerol, 1% Triton X-100). Ex-
tracts were assayed for luciferase activity according to the manufacturer’s pro-
tocol (Promega) and for P-galactosidase activity (6) as a control. For
immunoprecipitation experiments, cells were plated in 9-cm dishes and trans-
fected with Fugene (Roche) with 10 pg of expression plasmid.

Isolation of reporter cell lines. 911 cells were transfected with the 5xGal-
E1BTATA-Luc reporter or the 5xGal-AdMLTATA-Luc reporter together with
a CMV-neo plasmid by the calcium phosphate coprecipitation method as de-
scribed above. After 24 h, cells were replated into 5-cm dishes, and Geneticin
(G418; 600 pg/ml) was added. Resistant clones were isolated after 6 days and
cultured under continuous G418 selection.

Immunoprecipitations. Cells, which had previously been transfected, were
washed in ice-cold PBS, collected in ice-cold lysis buffer (50 mM Tris-HCI [pH
7.5], 250 mM NaCl, 5 mM EDTA, 0.1% NP-40, and protease inhibitors), and
incubated for 30 min at 4°C. Lysates were freeze-thawed once and cleared by
centrifugation. Protein concentrations were determined by the Bradford method.
Cell lysates containing equal amounts of protein (600 pg) were incubated for 3
to 4 h at 4°C under constant rotation with a polyclonal antibody against the Gal4
DBD (SC-570; Santa Cruz) which had been precoupled to protein A-Sepharose
beads. Immunocomplexes were washed four times in lysis buffer, and one-sixth of
the amount (corresponding to 100 wg of cell lysate) was taken for Western blot
analysis, while the remainder was used in acetyltransferase assays.

Acetyltransferase assays. Acetyltransferases expressed in mammalian cells or
bacteria were isolated by immunoprecipitation or GST purification, respectively,
as described above. In some experiments the acetyltransferases were preincu-
bated with the chelating agent 1,10-phenanthroline (5 or 10 mM; Sigma) for 30
min at 4°C. Acetyltransferases were incubated directly with Drosophila core
histones (5 pg) or purified TFIIE34 (2 pg) in AIPH buffer (20 mM Tris-HCI [pH
8.0], 60 mM NaCl, 2 mM EDTA, 0.2% NP-40, 40 pM phenylmethylsulfonyl
fluoride) containing ['*CJacetyl-CoA (0.05 wCi) for 40 min at 30°C. Reactions
were stopped by addition of 2X sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) sample buffer. Proteins were separated on SDS-PAGE
gels with 15% (for histones) or 10% (for TFIIE34) polyacrylamide, fixed, and
stained with Coomassie brilliant blue. Subsequently, gels were enhanced with
Amplify (Amersham) and dried, and labeled proteins were visualized by fluo-
rography.

Western blotting. Proteins, separated by SDS-PAGE, were transferred onto
Immobilon membranes (Millipore). Blots were blocked in TBST (10 mM Tris-
HCI [pH 8.0], 150 mM NaCl, 0.05% Tween 20) containing 5% nonfat dried milk
powder and subsequently incubated with 1:1,000 dilutions of a monoclonal an-
tibody against the Gal4 DBD (SC-510; Santa Cruz) or a polyclonal antibody
against acetylated lysine residues (06-933; Upstate Biotechnology). After a wash,
blots were incubated with peroxidase-conjugated antibodies (1:10,000; Jackson
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ImmunoResearch Laboratories). Blots were washed again, and immunoreactive
bands were visualized by enhanced chemiluminescence.

RESULTS

A conserved PHD finger is essential for the in vitro HAT
activity of CBP. Deletion analyses to determine the minimal
HAT domains of CBP (amino acids 1232 to 1709) and p300
(amino acids 1195 to 1673) have indicated that regions N- and
C-terminal of the putative CoA binding site (amino acids 1459
to 1541 in mouse CBP) are essential for acetylation of histones
(27, 60). The precise function of these domains is unknown,
but the N terminus of the HAT domain of CBP harbors a
region (amino acids 1238 to 1312) that conforms to the C4HC3
consensus of PHD type zinc fingers (1) (Fig. 1A). Alignment of
CBP and p300 proteins from different metazoans (Fig. 1A) and
the recently isolated orthologs from the plant Aradopsis thali-
ana (11) (data not shown) revealed that all the putative zinc-
coordinating cysteines (C1238, C1241, C1284, C1287, C1295,
C1309, and C1312) and histidine (H1292) are strictly con-
served. Extrapolation of the solution structures of the PHD
fingers from KAP-1 (13) and WSTF (52) to the putative PHD
finger in CBP suggests that the first zinc atom would be coor-
dinated by C1238, C1241, H1292, and C1295, while C1284,
C1287, C1309, and C1312 would coordinate the second zinc
atom (Fig. 1B). To investigate the role of this PHD finger motif
in CBP HAT function, the putative zinc-coordinating residues
were mutated to alanines. In addition, we also targeted H1298,
a residue not predicted to be part of a PHD type zinc ligation
scheme (Fig. 1B), as well as several other nonconserved resi-
dues (T1243, P1280, V1282, and K1285) for mutation. Finally,
we mutated the phenylalanines at positions 1281 and 1307,
since all PHD finger proteins have hydrophobic residues,
which are often aromatic (1), at this position. As controls, the
known F1541A (46) and L1690K/C1691L (34) HAT mutants,
each harboring a mutation C-terminal of the PHD finger (Fig.
1A), were included.

To analyze the in vitro HAT activity of wild-type CBP and
the mutants described above, we first overexpressed the region
of CBP encompassing the HAT domain (amino acids 1099 to
1758) fused to Gal4 DBD in U-2 OS cells. Subsequently, these
proteins were isolated by immunoprecipitation with an anti-
Gal4 DBD antibody and tested for the ability to acetylate
purified Drosophila core histones in vitro. As observed previ-
ously (35, 51), Gal4 DBD-CBP HAT acetylated core histones
in vitro, with a preference for histones H3 and H4 (Fig. 2).
Mutation of the six most C-terminal zinc-coordinating residues
(C1284, C1287, H1292, C1295, C1309, and C1312) and F1307,
which is part of the hydrophobic core of PHD proteins (13),
resulted in an almost-complete loss of HAT activity. A second
class of mutants, including those with mutations of the N-
terminal cysteines C1238 and C1241, the conserved hydropho-
bic F1281, and the nonconserved P1280, V1282, and H1298,
displayed reduced activity. The third group of mutants, encom-
passing the nonconserved residues T1243 and K1285, showed
no significant change in HAT activity from that for wild-type
CBP. As expected, the known F1541A and L1690K/C1691L
HAT mutants showed severely reduced capacities to acetylate
histones (34, 46). As a control, Western blot analysis was per-
formed; it showed that comparable amounts of the Gal4 DBD
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fusions were immunoprecipitated (Fig. 2A). These findings
suggest that the CBP HAT domain contains an essential PHD
type zinc finger, since mutation of amino acids that are part of
the PHD finger signature results in a partial or complete loss of
HAT activity.

To substantiate the importance of zinc coordination in the
CBP HAT domain, we tested whether the zinc-chelating agent
1,10-phenanthroline affected in vitro HAT activity. As shown
in Fig. 3A, increasing concentrations of 1,10-phenanthroline
clearly inhibited the ability of bacterially expressed CBP HAT
to acetylate histones. The HAT domain of PCAF, which does
not contain (putative) zinc fingers, also efficiently acetylated
histones in vitro. Histone acetylation by PCAF HAT, however,
was not sensitive to the presence of 1,10-phenanthroline (Fig.
3A). These results show that the inhibitory effect of 1,10-
phenanthroline is specific for CBP, and they support the mu-
tational analysis, which indicates that zinc coordination within
the PHD finger motif is important for the HAT activity of CBP
(Fig. 2).

To obtain further evidence for the functional significance of
the PHD finger, we performed in vitro acetylation assays with
bacterially expressed CBP proteins. Equal amounts of GST-
CBP fusion proteins were purified on glutathione beads (Fig.
3B) and tested for the ability to acetylate core histones in vitro.
The effects of the different amino acid substitutions on HAT
activity (Fig. 3C) were similar to those observed with the Gal4
DBD fusions (Fig. 2), indicating that the importance of the
PHD finger is an intrinsic property of the CBP protein. Inter-
estingly, the reduction in the HAT activity of the C1241A
mutant was more pronounced when it was expressed in bacte-
ria, suggesting that the phenotype of this mutant might be
somewhat compensated for by posttranslational modifications
such as phosphorylation (2) or through interactions with other
cellular proteins (14, 26, 53, 59).

Taken together, these results strongly support the notion
that the region between amino acids 1238 and 1312 of CBP
forms a PHD type (C4HC3) zinc finger which is essential for
the ability to acetylate histones in vitro.

The PHD finger of CBP is also essential for the acetylation
of nonhistone proteins. Since histones are not the only in vitro
substrates of the acetyltransferase activity of CBP, we next
examined wild-type CBP and a selection of mutants for their
abilities to acetylate nonhistone proteins. For this, the small
(TFIIE34) and large (TFIIES6) subunits of the basal transcrip-
tion factor TFIIE were purified from bacteria and incubated
with immunopurified wild-type and mutant Gal4 DBD-CBP
HAT proteins. As shown previously (28), wild-type CBP acety-
lated the small subunit of TFIIE (TFITE34) but not the larger
TFIIES6 subunit (Fig. 4 and data not shown). Acetylation of
TFIIE34 by the T1243A mutant was comparable to that by
wild-type CBP, whereas the C1287A and F1541A mutants
failed to acetylate TFIIE34 and the F1307A and C1241A mu-
tants showed reduced activity. Similar results were obtained
with TFIIF (data not shown), another substrate for in vitro
acetylation by CBP (28). Furthermore, Western blot analysis of
the Gal4 DBD-CBP HAT proteins showed a pattern for CBP
autoacetylation, detected with an antibody against acetylated
lysine residues, similar to that for TFIIE34 acetylation (Fig. 4).
Thus, our mutational analysis of CBP yielded similar results for
core histones (Fig. 2 and 3), TFIIE (Fig. 4), CBP itself (Fig. 4),
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FIG. 1. A conserved PHD finger in the acetyltransferase domain of CBP and p300. (A) Schematic representation of mouse CBP (mCBP),

showing the position of the bromodomain (BD), the acetyltransferase

domain (HAT), the PHD finger, and the CH1 through -3. Numbers refer

to amino acid positions in mCBP. The putative CoA binding site is indicated by a lightly shaded box, and the positions of two HAT mutants, the
F1541A (46) and L1690K C1691L (34) mutants, are shown. An alignment of the PHD fingers in the HAT domains of mCBP (GenBank accession
number P45481), human CBP (hCBP) (Q92793), human p300 (hp300) (A54277), Xenopus CBP (xCBP) (20), Drosophila CBP (dCBP) (T13828),
and Caenorhabditis elegans CBP (ceCBP) (P34545) is given. Putative zinc-coordinating cysteines and histidine are shaded; other amino acids that
have been changed in this study are boxed. The PHD consensus sequence is shown below the alignment, with strongly conserved hydrophobic
amino acids indicated (#). The lengths of the loops between the second and third and between the sixth and seventh zinc-coordinating residues
vary between PHD fingers, as indicated. (B) Putative structure of the PHD finger in mCBP, based on the structures of the PHD fingers in KAP-1
(13) and WSTF (52). The zinc-coordinating cysteines and histidine and the zinc atoms (Zn) are indicated, as well as other amino acids that have

been changed in this study.

and TFIIF (data not shown). This suggests that the PHD finger
plays a general role in the acetylation reaction and is not
involved in determining substrate specificity.

Role of the PHD finger in the transcriptional activity of

CBP. Having established that the PHD finger is essential for in
vitro acetyltransferase activity, we wanted to examine its rele-
vance for the transcriptional activity of the CBP protein. Pre-
viously, Gal4 DBD-CBP HAT was shown to stimulate tran-
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FIG. 2. The PHD finger is essential for the in vitro HAT activity of the CBP HAT domain. (A) Gal4 DBD fusions of wild-type CBP HAT or
various mutants, overexpressed in U-2 OS cells and immunoprecipitated with an antibody against the Gal4 DBD, were incubated with purified
Drosophila core histones in the presence of [**CJacetyl-CoA. Reaction products were separated by SDS-PAGE and stained with Coomassie
brilliant blue to verify the presence of equal amounts of histones in each lane. Gels were subsequently dried, and labeled proteins were detected
by fluorography. An aliquot from the same immunoprecipitation was used for Western blot analysis with an antibody against the Gal4 DBD.
(B) Quantification of the data presented in panel A, as determined by PhosphorImager analysis. Data are presented relative to the activity of
wild-type CBP (taken as 100%). Solid bars, wild-type CBP and HAT mutants F1541A and L1690K/C1691L; shaded bars, zinc-coordinating PHD

finger mutants; open bars, other PHD finger mutants.

scription from a reporter containing five Gal4 binding sites in
front of the adenovirus major late TATA box (5xGal4-AdML-
TATA-Luc) in a HAT-dependent fashion (46). In agreement
with this, we found that the Gal4 DBD-CBP HAT fusion
stimulated transcription from this reporter approximately 40
times more strongly than the Gal4 DBD alone in U-2 OS cells
(Fig. 5). The transcriptional activity of the CBP HAT domain
depended on the integrity of the PHD finger, since mutation of
any of the conserved putative zinc-ligating residues and F1307,
which is part of the hydrophobic core of PHD fingers (13),
resulted in an almost-complete loss of activity. Altering the

conserved F1281 reduced the activity of the fusion protein. In
contrast, the nonconserved amino acids T1243, P1280, V1282,
K1285, and H1298 are not critical for the transcriptional ac-
tivity of the fusion protein, since mutating them had no signif-
icant effect. As expected, the F1541A and L1690K C1691L
HAT mutants showed dramatic reductions in activity, confirm-
ing that activation of the reporter depends on the integrity of
the HAT function (46).

To investigate whether these results depended on the pro-
moter context, two reporters containing five Gal4 binding sites
in front of either the adenovirus E1B TATA box (5xGal4-
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FIG. 3. Zinc ligation and coordination are essential for the in vitro
HAT activity of CBP. (A) GST fusions of the HAT domains of CBP
and PCAF were preincubated with 1,10-phenanthroline (5 or 10 mM)
and subsequently incubated with purified Drosophila core histones in
the presence of [*Clacetyl-CoA. Reaction products were processed as
described in the legend to Fig. 2. (B) GST fusions of the CBP HAT
domain isolated on glutathione-Sepharose beads were separated by
SDS-PAGE and stained with Coomassie brilliant blue. (C) GST-CBP
HAT fusion proteins were incubated with purified Drosophila core
histones in the presence of [**CJacetyl-CoA. Reaction products were
processed as described above.

E1BTATA-Luc) or the HSV TK promoter (5xGal4-TK-Luc)
were used. As shown in Fig. 6, wild-type CBP and a selection
of mutants gave a pattern of activity similar to that with the
5xGal4-AdML-Luc reporter (Fig. 5). In addition, the same
constructs were tested for the ability to activate the 5xGal-
AdMLTATA-Luc reporter in a different cell line. In 911 cells
the activity of the wild-type CBP HAT domain was higher than
that observed in U-2 OS cells (Fig. 5), but the effects of the
amino acid substitutions were similar for the two cell lines.
These results show that the phenotypes of the different mu-
tants are independent of the promoter context or cellular back-
ground.

In summary, there is a good correlation between in vitro
HAT activity (Fig. 2 and 3) and transcriptional activity (Fig. 4
and 5) for the majority of mutants. Importantly, all the PHD
mutants that cannot acetylate core histones in vitro also fail to
activate transcription. We conclude, therefore, that the integ-
rity of the PHD finger in the CBP HAT domain is a prereq-
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FIG. 4. The PHD finger is essential for acetylation of nonhistone
proteins. Gal4 DBD fusions of wild-type CBP HAT or various mu-
tants, isolated as described in the legend to Fig. 2, were incubated with
bacterially expressed TFIIE34 in the presence of ['*Clacetyl-CoA.
Reaction products were processed as described in the legend to Fig. 2.
An aliquot from the same immunoprecipitation was used for Western
blot analysis with antibodies against the Gal4 DBD or acetylated lysine
residues (AcLys), as indicated. The asterisk on the right indicates
aspecific binding of the anti-acetyl antibody.

uisite for HAT-dependent transcription, in agreement with its
essential role in in vitro acetyltransferase activity.

Effect of PHD mutations on full-length CBP. Since regions
other than the HAT domain are also important for CBP to
function as a transcriptional coactivator (34, 35, 37), we next
investigated the importance of the PHD finger for the HAT
function and for transcriptional activity in the context of the
full-length protein. First, Gal4 DBD fusions of full-length CBP
and a selection of mutants were overexpressed in cells, isolated
by immunoprecipitation, and tested for their abilities to acet-
ylate core histones. As shown in Fig. 7A, wild-type CBP and
the T1243A mutant acetylated histones to similar extents,
while the C1287A and F1541A mutants showed dramatic re-
ductions in activity. Mutation of C1241 or F1307 resulted in a
partial reduction in activity, most clearly in the former mutant.

Next, the transcriptional activity of these constructs was in-
vestigated in transient transfection assays. Wild-type CBP and
the T1243A mutant activated the 5xGal4-AdMLTATA-Luc
reporter in 911 cells to similar extents, while mutation of F1541
or C1287 resulted in a clear reduction of transcriptional activ-
ity (Fig. 7B, top panel). The C1241A and F1307A mutants
showed partial losses of activity compared to wild-type CBP.
Similar results were obtained over a range of concentrations of
CBP (50 to 400 ng/well) (data not shown). These data show
that the transcriptional phenotypes of the mutants parallel
their in vitro HAT activities (Fig. 7A). Interestingly, for some
mutants (e.g., C1241A), the correlation between these activi-
ties is greater in the full-length protein than in the isolated
HAT domain (Fig. 2 and 5).

To examine the role of the PHD finger on promoters within
a natural chromatin environment, we isolated individual clones
of 911 cells with Gal4 reporters stably integrated into the
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FIG. 5. Mutations in the PHD finger disrupt the transcriptional activity of the CBP HAT domain. U-2 OS cells were transfected with expression
vectors for Gal4 DBD fusions of the HAT domain of CBP and a 5xGal4-AdMLTATA-Luc reporter, schematically represented at the top.
Activation of the luciferase reporter, normalized for B-galactosidase activity, is shown as fold induction over that with the Gal4 DBD alone. Solid
bars, wild-type CBP and the HAT mutants F1541A and L1690K/C1691L; shaded bars, zinc-coordinating PHD finger mutants; open bars, other
PHD finger mutants. Results are averages of a minimum of three independent experiments assayed in duplicate = standard errors of the means.

genome. Introduction of the full-length CBP protein and the
mutant versions fused to the Gal4 DBD into cells stably trans-
fected with the 5xGal4-AdMLTATA-Luc reporter (clone 10)
resulted in a pattern of activation similar to that observed when
a transiently transfected reporter was used (Fig. 7B, center
panel). Similar results were obtained with several other inde-
pendent clones (data not shown), indicating that these results
are not due to specific integration events. Furthermore, when
cells with an integrated 5xGal4-E1BTATA-Luc reporter
(clone 8) were used, the transcriptional-activity pattern of wild-
type CBP and the mutant versions was again similar (Fig. 7B,
bottom panel).

Next we investigated the abilities of PHD mutants to poten-
tiate transcription when they are not tethered directly to a
promoter via the Gal4 DBD. For this, cells with an integrated
5xGal4-E1BTATA-Luc reporter (clone 8) were transfected
with a Gal4-DBD fusion of CREB, a transcription factor which
requires CBP (5, 34), in the absence or presence of CBP and
the C1241A and C1287A PHD mutants. Recruitment of CBP
by CREB requires PKA-mediated phosphorylation of CREB
at serine 133 (5, 16, 38). As shown in Fig. 8, CBP potentiated
PKA-activated CREB, while the C1241A and C1287A PHD
mutants, particularly the latter, showed reduced activity. No
effect of CBP was observed in the absence of PKA or when the
PKA phosphorylation site in CREB was mutated to alanine

(S133A), indicating that the stimulatory effect of CBP depends
strictly on its recruitment by activated CREB.

In summary, these results show that mutation of the PHD
finger in the context of the full-length protein affects the HAT
activity and transcriptional activity of the CBP protein. Fur-
thermore, given the dramatic reduction in transcriptional ac-
tivity observed when HAT activity is abolished, we conclude
that under these circumstances the HAT domain is a key con-
tributor to the transcriptional activity of CBP.

DISCUSSION

Although acetyltransferases are generally recognized as key
regulators of transcription, the critical enzymatic and structural
features of HAT modules remain ill defined. In the present
study we show that a small region in the CBP HAT domain
which is part of the uncharacterized CH2 region conforms to
the PHD type zinc finger consensus and that it is essential for
the acetyltransferase activity of CBP. In addition, disruption of
the PHD finger also reduced the transcriptional activity of the
CBP protein, both on transfected and on integrated, chroma-
tinized reporter genes.

Interestingly, several lines of evidence strongly link amino
acid substitutions in PHD fingers to human disease. First,
mutations in the PHD finger of the ATRX protein, resulting in
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FIG. 6. Transcriptional activity of the CBP HAT domain on vari-
ous promoters and cell lines. U-2 OS (top and center panels) and 911
(bottom panel) cells were transfected with expression vectors for Gal4
DBD fusions of the HAT domain of CBP and a 5xGal4-E1BTATA-
Luc (top), a 5xGal4-TK-Luc (center), or a 5xGal4-AdMLTATA-Luc
(bottom) reporter. Data are presented as described in the legend to
Fig. 5.

conversion of the first and sixth zinc-coordinating cysteines
into arginine and phenylalanine, respectively, predispose indi-
viduals to a-thalassemia (22). Second, two point mutations in
the PHD finger of the AIRE-1 gene, which is linked to auto-
immune polyendocrinopathy-candidiasis-ectodermal dystro-
phy (APECED), have been described; one of these alters the
third cysteine into a tyrosine residue (8, 56). Third, a number
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FIG. 7. Effects of PHD mutations on the HAT activity and tran-
scriptional activity of full-length CBP. (A) Gal4 DBD fusions of full-
length wild-type CBP HAT or various mutants, overexpressed in 911
cells, were incubated with purified Drosophila core histones in the
presence of ["*CJacetyl-CoA. Reaction products were processed as
described in the legend to Fig. 2. (B) 911 cells (top panel) were
transiently transfected with expression vectors for Gal4 DBD fusions
of full-length CBP and a 5xGal4-AdMLTATA-Luc reporter. Similar
experiments were performed on 911 cells stably transfected with the
5xGal4-AdMLTATA-Luc reporter (clone 10) (center panel) or the
5xGal4-E1BTATA-Luc reporter (clone 8) (bottom panel). Data are
presented as described in the legend to Fig. 5.
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Data are presented as described in the legend to Fig. 5.

Fold induction

of point mutations have been found in the INGI gene, a can-
didate tumor suppressor gene, one of which changes the sec-
ond cysteine of the PHD finger into a serine residue (24). A
single amino acid change (R1379P) in CBP, resulting in com-
plete loss of HAT activity, was recently identified in a patient
suffering from RTS (49). Based on our results demonstrating
that single amino acid changes in the PHD finger of CBP result
in partial or complete losses of HAT activity, it will be of
interest to examine whether such mutations are present in RTS
patients.

The presence of a bona fide PHD finger is unique to the
HAT domain of the CBP/p300 subfamily. When PHD fingers
were first identified, they were suggested to be involved in
protein-protein interactions (1). Indeed, PHD fingers have
been shown to be essential for the interactions of KAP-1 with
Mi-2a (57), ZMOXla with 14-3-3 proteins (25), and SPBP
with RNF4 (41). Furthermore, a special type of zinc finger, the
extended PHD finger, was shown to be responsible for oli-
gomerization of the AF10 protein (40). Given the location of
the PHD finger within the HAT domain, it is possible that in
CBP this zinc finger is involved in substrate binding, as shown
for the unrelated C2ZHC zinc finger in the MYST family mem-
ber MOF (3). The fact that the PHD mutations affected the
acetylation of all substrates tested to similar extents implies
that in CBP the PHD finger would function as a relatively
aspecific docking site for acetylation substrates. This might
explain the promiscuous enzymatic behavior of CBP/p300
compared to that of several other HATs (60). Furthermore,
such a low-specificity binding function of the PHD finger could
also contribute to the interaction of CBP/p300 with chromatin,
since the bromodomain of p300 was recently shown to be
essential but not sufficient for this interaction (43). Alterna-
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tively, the PHD finger might not function primarily in inter-
molecular protein interactions but mainly serve in maintaining
the structural integrity of the CBP/p300 HAT domain. In ei-
ther case, however, it is clear that the PHD finger cannot be
functionally separated from the HAT domain and should
therefore be viewed as an integral part of the enzymatic core of
the CBP protein.
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