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The histone acetyl transferases CREB-binding protein (CBP) and its
paralog p300 play a critical role in numerous cellular processes.
Dysregulation of their catalytic activity is associated with several
human diseases. Previous work has elucidated the regulatory mech-
anisms of p300 acetyltransferase activity, but it is not known whether
CBP activity is controlled similarly. Here, we present the crystal
structure of the CBP catalytic core encompassing the bromodomain
(BRD), CH2 (comprising PHD and RING), HAT, and ZZ domains at 2.4-A
resolution. The BRD, PHD, and HAT domains form an integral struc-
tural unit to which the RING and ZZ domains are flexibly attached.
The structure of the apo-CBP HAT domain is similar to that of acyl-
CoA-bound p300 HAT complexes and shows that the acetyl-CoA
binding site is stably formed in the absence of cofactor. The BRD,
PHD, and ZZ domains interact with small ubiquitin-like modifier 1
(SUMO-1) and Ubc9, and function as an intramolecular E3 ligase for
SUMOylation of the cell cycle regulatory domain 1 (CRD1) of CBP,
which is located adjacent to the BRD. In vitro HAT assays suggest that
the RING domain, the autoregulatory loop (AL) within the HAT do-
main, and the ZZ domain do not directly influence catalytic activity,
whereas the BRD is essential for histone H3 acetylation in nucleoso-
mal substrates. Several lysine residues in the intrinsically disordered
AL are autoacetylated by the HAT domain. Upon autoacetylation,
acetyl-K1596 (Ac-K1596) binds intramolecularly to the BRD, competing
with histones for binding to the BRD and acting as a negative regu-
lator that inhibits histone H3 acetylation.

acetyltransferase | transcriptional coactivator | X-ray structure |
bromodomain | Ubc9

REB-binding protein (CBP) and the closely related E1A-

binding protein p300 are transcriptional coactivators that
regulate expression of genes involved in a plethora of cellular
processes (1-3). CBP and p300, which constitute the unique
KAT3 acetyltransferase family, perform their regulatory functions
by catalyzing the transfer of an acetyl group to lysine residues in
histones and transcription factors (4-8). Mutations that dysregu-
late their catalytic activity are associated with a number of human
diseases including Rubinstein—Taybi syndrome, leukemia, and
lymphoma (9-11).

CBP and p300 contain both intrinsically disordered regions and
folded functional domains. The histone acetyltransferase (HAT)
domain is flanked by other domains, including the bromodomain
(BRD), cysteine/histidine-rich region 2 (CH2), and cysteine/histidine-
rich region 3 (CH3), which have a potential role in regulation of the
acetyltransferase activity and substrate specificity. The domain ar-
chitecture of the BRD, CH2, HAT, and CH3 regions is highly con-
served among higher organisms. The BRD of CBP/p300 binds
promiscuously to acetylated lysines in histones H2A, H2B, H3, and
H4 (12-14), and contributes to the function of the HAT domain in
acetylating nucleosomes in native chromatin (15).

The CH2 region of CBP and p300 has been shown to influence
HAT activity in in vitro assays and to reduce transcriptional
activity on transfected reporter genes, although conflicting re-
sults have been reported (13, 16-19). An X-ray structure of the
p300 catalytic core showed that the CH2 region adopts a unique
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fold consisting of a plant homeodomain (PHD) motif and an
interleaved RING domain (13). Deletion or mutation of the
p300 RING, or an E1242K mutation that disrupts the interaction
between the CH2 domain and the HAT, enhanced the autoa-
cetylation of K1499 of p300 and acetylation of K382 of p53 (13,
18). In contrast, deletion of the p300 RING impaired acetylation
of K9 or K14 of histone H3 in cells (18), suggesting that the
regulatory role of the RING domain may be substrate specific.

The HAT domains of p300 and CBP contain a lysine-rich
autoregulatory loop (AL) that, when hypoacetylated, inhibits
acetyltransferase activity by competing with positively charged
substrates for binding to the active site (20). Hyperacetylation of
the AL of p300 greatly enhances HAT activity, suggesting that
autoacetylation may play a regulatory role (20). Despite 88%
sequence identity of the HAT and flanking domains, CBP and
p300 differ in their specificity and selectivity for substrates (21,
22). The molecular basis for the difference in activity of CBP and
p300 is largely unknown, and additional studies are required to
further our understanding of the regulation of the HAT activity
of the KAT3 family proteins.

Although a body of data implicates the BRD and CH2 domains,
located N-terminal to the HAT domain, in regulation of acetyl-
transferase activity, much less is known about the role of the
C-terminal CH3 region in regulation of the CBP/p300 catalytic core
(23). The CHS3 region consists of the ZZ-type zinc finger (ZZ) and
transcriptional adaptor zinc finger-2 (TAZ2) domains (24). The
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TAZ2 domain recruits many proteins to the coactivator complex
via protein—protein interactions (2). The ZZ domain has been
suggested to interact with small ubiquitin-like modifier 1 (SUMO-1)
(25), but the functional role of this interaction is unknown. It is of
note, however, that SUMOylation of the cell cycle regulatory
domain 1 (CRD1) of CBP and p300, located N-terminal to the
BRD, mediates transcriptional repression (26, 27). Investigation
of SUMO-related activities of the CBP/p300 catalytic core is thus
of considerable interest.

Earlier studies of the structure and regulation of the HAT
domain were largely focused on p300, and much less information
is available for CBP. To gain insights into the contributions made
by proximal domains to HAT activity, we determined the crystal
structure at 2.4-A resolution of the CBP HAT core, including the
flanking BRD, CH2, and ZZ domains, and investigated its ace-
tyltransferase activity using in vitro assays. Unexpectedly, we
discovered that the BRD, PHD, and ZZ domains interact with
SUMO-1 and the SUMO E2 ligase Ubc9 and function syn-
ergistically to facilitate intramolecular SUMOylation of the
CRD1 repression domain. We also identified an intramolecular
interaction between the BRD and AL, in which the autoacety-
lated K1596 binds to the BRD in competition with nucleosomes
and inhibits acetylation of histone H3. Overall, our studies pro-
vide insights into the role of flanking domains and the AL in
modulating the acetyltransferase activity of the central core of
CBP/p300 and reveal a previously unrecognized intramolecular
SUMOylation activity that may play an important role in re-
pression of CBP/p300-mediated transcriptional activity.

Results

Overall Structure of the CBP Core. Previous X-ray structures of the
p300 HAT domain (13, 28, 29) were determined from crystals of
semisynthetic proteins or catalytically inactive mutants. In this
study, we expressed the active wild-type mouse CBP catalytic
core in Escherichia coli. Constructs containing the HAT domain
were heavily acetylated in E. coli and were deacetylated using
SIRT2 before crystallization. The AL, residues 1,557-1,619 of
the HAT domain, was deleted because the corresponding region
of p300 was reported to be flexible and inhibit crystallization (13,
28, 29). The crystal structure of the CBP core encompassing the
BRD, CH2, HAT, and ZZ domains (abbreviated as BCHZ) was
determined by molecular replacement, using the p300 structure
(PDB ID code 4BHW) (13) as a search model, and refined to
2.4-A resolution (Fig. 1, Fig. S1, and Table S1).

The CBP BCHZ construct contains a modular core, similar to
that of p300 (13), in which the BRD, PHD, and HAT domains are

intimately packed through electrostatic and hydrophobic interac-
tions (Fig. 14 and Fig. S1 A and B). The structures of the BRD,
PHD, and HAT domains of CBP and p300 are very similar with a
backbone rmsd of 0.5 A (Fig. 1B). However, in contrast to the
available p300 HAT domain structures, which all contain acyl-
CoA variants bound in the active site (13, 28-30), the CBP
HAT domain is in the ligand-free apo state (Fig. S1C). The
L1 loop, which forms the Ac-CoA binding site, adopts an almost
identical structure in the apo CBP and p300 HATS, showing that
the cofactor binding site is preformed in the absence of Ac-CoA
(Fig. S1D). Most of the active site residues, including the catalytic
tyrosine (Y1504 in CBP, Y1467 in p300), adopt almost identical
conformations in the apo CBP HAT and in the structure of the
p300 HAT bound to the bisubstrate inhibitor Lys-CoA (Fig. S1E).

Electron density was observed for the zinc-binding CH2 domain
in the p300 core, revealing a unique motif comprising a discontin-
uous PHD domain with a RING domain embedded in one of the
loops (13). The p300 RING packs intimately against the HAT
domain of a neighboring molecule in the lattice. In contrast, elec-
tron density for the CBP RING is weak and disordered and projects
into a wide channel in the crystal lattice (Fig. 14). Our CBP core
construct contains the ZZ domain, which was omitted from the
p300 core construct used for crystallization (13). The structure of
the ZZ domain is very similar to that of the isolated domain de-
termined previously by NMR (31). Except for the linker, the ZZ
domain makes minimal contact with the HAT domain to which it is
attached. However, its orientation is constrained by contacts to
HAT and ZZ domains in neighboring molecules in the crystal lat-
tice. The two CBP molecules per asymmetric unit of the crystal
superimpose well, except for the ZZ domain, suggesting that ZZ is
flexibly attached to the catalytic core (Fig. S1F).

A notable difference between the structures of the BRD-
PHD-HAT modules of p300 and CBP is that the BRD is rotated
in the CBP structure and brings the acetyl-lysine binding site ~4 A
closer to the HAT domain (Fig. 1B). This difference, which
persists in structures of the CBP core crystallized in different
space groups, appears to arise from differing interactions in the
interface between the BRD and PHD domains of CBP and p300
(81 Text and Fig. S1B). Although the structure of the substrate-
binding site of the HAT domain is the same in CBP and p300,
the proteins exhibit different selectivity in acetylating histones
(21, 22). It is likely that the BRD plays a role in hyperacetylation
by anchoring the substrate to the HAT core through an already
acetylated lysine to facilitate acetylation at additional sites. Be-
cause the structures and acetyl-lysine binding activities (12-14)
of the BRDs of CBP and p300 are almost identical, their differing

¥ Substrate

binding site Acetyl-K

binding site

Fig. 1. Crystal structure of the CBP catalytic core. (A) Cartoon representation of the structure of the BCHZAAL construct. The BRD, PHD, HAT, and ZZ domains

are shown in blue, green, red, and cyan, respectively. Zinc atoms are shown as orange spheres. Electron density for the RING domain was largely absent, and
its approximate location is indicated schematically by the pink oval. (B) Superposition of the CBP (red) and p300 (PDB ID code 4BHW, blue) structures showing
that the acetyl-lysine binding site of the BRD is ~4 A closer to the HAT domain in CBP compared with p300. The acetyl-lysine binding site of the BRD and the
substrate binding site of the HAT domain are indicated by arrows.
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substrate selectivity might be associated with differences in the
distance between the acetyl-lysine binding site of the BRD and the
substrate binding site of their HAT domains.

Contribution of Proximal Regions to HAT Activity. To address the
influence of the proximal domains on the catalytic activity of the
HAT domain, four recombinant CBP core constructs (Fig. 2) were
prepared for in vitro assays of histone H3 acetylation at K18 and
K27 using HeLa cell nuclear extract as a substrate, autoacetylation
of the CBP catalytic core, and acetylation of K382 in full-length
p53. Acetylation of histone H3 and full-length p53 was observed
for all CBP constructs. Enhanced CBP autoacetylation and p53
K382 acetylation were observed for the RING domain-deletion
mutant (Fig. 3 4 and B, lane 3), consistent with observations made
for p300 (13), whereas RING deletion has no effect on histone H3
K18 and K27 acetylation levels (Fig. 34, lane 3). To further in-
vestigate regulation by the RING, we tested acetylation of a
recombinant 63-residue AL peptide and a C-terminal peptide
from p53 (residues 361-393; p53C) as substrates. In contrast to the
results obtained with full-length p53 and with the CBP catalytic
core, the RING-deleted mutant did not enhance acetylation of
either p5S3C or the isolated AL peptide (Fig. 3 B and C, lane 3).
This differential regulation by the RING domain can be explained
by the structure of the substrates. The RING domain is positioned
close to the substrate entry channel where it may occlude access
to the active site by bulky substrates such as the full-length
p53 tetramer or the intact CBP/p300 core, which is autoacety-
lated on lysine residues in the AL and on K1536 (CBP) or K1499
(p300) located in a structured region of the HAT domain (18, 20).
Deletion of the RING thus enhances acetylation of bulky sub-
strates. In contrast, acetylation of short and flexible peptides that
can easily reach the active site of the HAT domain, such as the
p53C and AL peptides, are unaffected by RING deletion.

No differences were observed in acetylation of p53 or histone
H3 in HeLa cell extracts by the BCHZ and BCH constructs (Fig.
3 A4 and C, compare lanes 2 and 4), implying that the ZZ domain
does not directly influence the activity of the HAT domain. Al-
though little difference in histone H3 acetylation was detected
upon deletion of the AL (construct BCHZAAL), substantial
reduction was observed in acetylation of full-length p53 but not
the p53C peptide (Fig. 3 A and C, lanes 2 and 5). It was pre-
viously suggested that the AL is autoinhibitory, competing with
substrates for binding in the active site and resulting in decreased
acetyltransferase activity (20). However, deletion of the AL
causes no change in acetylation of peptide substrates (histone
H3 and the AL and p53C peptides) and greatly impairs acety-
lation of K382 in full-length p53. Similarly, deletion of the AL
from the p300 HAT caused no change in autoacetylation of
K1499 or acetylation of K9 or K14 of histone H3 (18).

To assess HAT activity, acetylation kinetics were measured for
the various CBP constructs using a histone H3 peptide as sub-
strate. The assays show that the intrinsic catalytic activity of the
HAT domain is not directly modulated by the neighboring RING,

AL, or ZZ domains because k., and K, (for AcCoA) are similar
for all constructs (Fig. S2). Changes in acetylation level upon
deletion of the RING or AL loop must therefore reflect differing
interactions between the catalytic core and its substrates.

The PHD and ZZ Domain Interact with SUMO-1. Although ZZ-type
zinc fingers have been implicated in protein—protein interactions
(24, 31), the biological function of the ZZ domain of CBP/
p300 has yet to be determined. The discovery that the ZZ
domain of the ubiquitin-ligase HERC2 binds SUMO-1 (32)
prompted us to examine whether the CBP core can also bind
SUMO-1. Several backbone amide cross peaks in the 'H-""N
heteronuclear single quantum coherence (HSQC) spectrum of
15N-labeled SUMO-1 are selectively broadened upon addition of
equimolar BCHZARAAL (Fig. 44 and Fig. S34). The residues
experiencing the greatest perturbation are located in the N- and
C-terminal regions and p-sheet of SUMO-1, suggesting that
these regions interact directly with CBP (Fig. 4B and Fig. S3D).
While this manuscript was in preparation, Diehl et al. (25)
reported that the ZZ domain of CBP/p300 interacts with
SUMO-1. Surprisingly, the site through which SUMO-1 binds to
the CBP core differs from that through which it binds to the
isolated ZZ domain (Fig. 4B), suggesting that additional sites on
the CBP core interact with SUMO-1. We therefore investigated
the interactions of SUMO-1 with various CBP constructs. Ad-
dition of the isolated ZZ domain caused slight broadening of
several cross peaks in the SUMO-1 'H-'N HSQC spectrum
(Fig. S3B), in agreement with the previous finding that the ZZ
domain has a SUMO-interacting motif (25). Specific broadening
of SUMO-1 cross peaks also occurs upon addition of the BRD-
CH2 construct (Fig. S3C), although to a lesser extent than for
BCHZARAAL (Fig. S3 4 and C), suggesting that the isolated
BRD-CH2 cannot bind to SUMO-1 as tightly as BCHZ. Con-
versely, cross peaks in the HSQC spectrum of the isolated BRD-
CH2 construct, assigned to residues in the C-terminal region of
the PHD finger, are also broadened by interaction with SUMO-1
(Fig. S4). Taken together, it is clear that within the context of the
CBP catalytic core, the PHD and ZZ domains function co-
operatively to bind SUMO-1.

The BRD, PHD, and ZZ Domains Facilitate Intramolecular SUMOylation
of CBP. Because RING and PHD zinc fingers frequently function
as E3-SUMO ligases (33, 34), we performed SUMOylation as-
says to determine whether the CH2 and ZZ domains might
perform a similar function in the CBP core. CBP becomes
SUMOylated at three lysines in the CRD1 domain, recruiting
Daxx and histone deacetylases through the covalently attached
SUMO-1 to negatively modulate the transcription of target
genes (27). In vitro SUMOylation assays were performed for two
CBP constructs, CBCHZ spanning residues from CRD1 to ZZ
and CBCH spanning residues from CRD1 to HAT (Fig. 2). In-
creased SUMOylation was observed for CBCHZ (Fig. 4C),
showing that the ZZ domain enhances CRD1 SUMOylation.
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Schematic representation of the domain architecture of CBP. The recombinant protein constructs used in the HAT and SUMOylation assays are
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Fig. 3. The influence of proximal domains on CBP HAT activity. (A) In vitro
HAT activity of recombinant CBP protein constructs. Acetylation of nucleo-
somal histone H3 in HeLa cell nuclear extract and of full-length p53 probed
using anti-H3K18Acd/anti-H3K27Ac and anti-p53K382Ac antibodies, respec-
tively. A Coomassie-stained gel for the CBP proteins is shown below. Other
irrelevant bands from the nuclear extract also appear in this gel. (B) In vitro
assays showing autoacetylation of the CBP protein constructs and acetyla-
tion of a recombinant 62-residue AL substrate, probed using an anti-acetyl-K
antibody. A Coomassie-stained gel for the CBP proteins and the AL is shown
below. (C) In vitro acetylation of a recombinant p53 C-terminal peptide
(p53C, 31 aa). p53 acetylation was monitored by using an anti-p53K382Ac
antibody. Coomassie-stained gels for the CBP proteins and the p53C peptide
are shown below.

GST-CRD1 and GST-CRD1-BRD-CH2 (CBC; Fig. 2) fusions
were also assayed for SUMOylation in vitro. CRD1 SUMOylation
was significantly increased for CBC, showing that the BRD-
CH2 region also promotes intramolecular SUMOylation (Fig.
4D). The enhancement of CRD1 SUMOylation by ZZ and BRD-
CH2 is consistent with the NMR results that show that the ZZ and
PHD domains both interact with SUMO-1 (Fig. S3). This en-
hancement was not observed for the isolated CRD1 peptide when
BRD-CH2 and ZZ domains were separately added to the re-
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action mixture (Fig. 4D, lane 5), showing that these domains
promote SUMOylation only when they are covalently linked to
the CRD1 domain.

Because E3 ligases often recruit the E2~SUMO-1 thioester
conjugate to facilitate SUMOylation of substrate (35), we used
NMR to probe for interactions with the SUMO E2 ligase Ubc9.
Many cross peaks in the 'H-'"N HSQC spectrum of BRD-
CH2 were broadened and shifted upon addition of Ubc9, indicating
direct protein—protein interaction (Fig. S5). The residues that
showed the largest chemical shift changes are localized on two sur-
faces: one in the BRD and the other in the PHD (Fig. S5 B and C).
Conversely, many cross peaks in the '"H-N HSQC spectrum of
Ubc9 were shifted or broadened upon addition of BRD-CH2,
confirming the binding interaction (Fig. S5D). Taken together, the in
vitro SUMOylation assays and NMR experiments strongly suggest
that the BRD, PHD, and ZZ domains function synergistically, within
the context of the intact CBP catalytic core, as an E3 ligase to
promote intramolecular SUMOylation of the CRD1 domain.

The BRD Interacts with the Acetylated AL. The "H-""N HSQC spectrum
of *N-labeled BRD is perturbed by addition of an acetylated peptide
corresponding to the AL (residues 11557 to S1619 of CBP), showing
that the BRD binds to the acetylated AL (Fig. 54 and Fig. S6C); in
contrast, no change was observed upon addition of the nonacetylated
AL (Fig. S6B). The consensus binding motif for the CBP BRD
consists of a hydrophobic or aromatic residue at position —2 and a
lysine or arginine at position —3 or —4 from the acetylated lysine (36—
38) (Fig. S64). None of the lysines within the AL have hydrophobic
or aromatic residues at position —2, but two (K1588 and K1596) have
lysines at the —3 or —4 position (Fig. S64). Addition of the seven-
residue acetyl-K1596 (Ac-K1596) peptide (Fig. S6A) to the isolated
BRD caused chemical shift changes and broadening of the same
"H-15N HSQC cross peaks of the BRD as are perturbed by binding
of the acetylated 63-residue AL construct (Fig. 5 4 and B). Addition
of 10-fold excess of the Ac-K1596 peptide resulted in substantial
changes in chemical shift of BRD cross peaks (Fig. 5B and Fig. S6D),
associated with residues in the acetyl-lysine binding pocket (Fig. 5C).
In contrast, addition of a 10-fold excess of the Ac-K1588 peptide
caused little change in the "H-""N HSQC spectrum of the BRD (Fig.
S6E). Thus, the interaction between the BRD and the AL region of
CBP appears to be specific and requires acetylation of K1596.

Negative Regulation of Histone Acetyltransferase Activity by
Autoacetylation. The CBP and p300 HATSs acetylate multiple ly-
sines on the four core histones (39), including H3K27Ac, which is
an important histone mark associated with transcriptionally active
genes (40-42). The CBP and p300 BRDs interact with hyper-
acetylated nucleosomes (43, 44), binding promiscuously to acety-
lated histone tails (12-14). To determine whether the CBP BRD is
functionally important in histone acetylation, we monitored
H3K27 acetylation in promiscuously acetylated nucleosomes in
HeLa cell nuclear extract in the presence of ischemin, a specific
CBP/p300 BRD inhibitor (45). Addition of increasing amounts of
ischemin strongly attenuated acetylation of H3K27 by the CBP
catalytic core (Fig. 64), showing that interactions with the BRD
are essential for H3K27 acetylation. A similar attenuation was
observed upon addition of increasing amounts of the seven-
residue Ac-K1596 peptide, although higher concentrations are
required to reach the same level of inhibition as ischemin. These
results suggest that acetylation of K1596 in the AL might down-
regulate histone acetylation by competition for binding to the CBP
BRD. Binding of Ac-K1596 to the BRD is likely to be enhanced
within the intact CBP catalytic core due to its increased effective
concentration. In contrast to our observations with ischemin, the
bromodomain inhibitor I-CBP112 activates CBP/p300 toward
acetylation of a subset of H3 and H4 residues (H3K18, H3K23,
HA4KS) within nucleosomal substrates, whereas a different in-
hibitor, CBP30, has no effect on histone acetylation (46). It is
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apparent that the role of the BRD in regulating acetylation of
histones within intact nucleosomes is complex and that further work
will be required to elucidate the molecular mechanisms that un-
derlie the differing effects of the various bromodomain inhibitors.

To establish whether negative regulation of HAT activity by
the autoacetylated AL can occur in cis, we replaced K1596 in the
BCHZ construct by arginine. In HAT assays using HeLa cell
nuclear extract as substrate, the K1596R mutant exhibited sub-
stantially increased H3K27 acetylation compared with the self-
acetylated wild-type BCHZ (Fig. 6B). The increased acetylation
activity of K1596R can be attributed to the loss of negative
regulatory interactions between the BRD and the AL. Negative
regulation of the HAT activity was also observed for mutants of
full-length CBP in a human cell line. Acetylation of H3K27 by
CBP monitored after transient expression of wild-type, K1596R,
or ABRD CBP in HEK293T cells showed that deletion of the
BRD almost completely abrogates acetylation of H3K27 (Fig.

6C, lane 4). Furthermore, H3K27 was more highly acetylated by
the K1596R mutant than by wild-type CBP (Fig. 6C, lane 3),
lending support to a model in which self-acetylation of the AL
has a negative regulatory function in mammalian cells.

The AL, which is rich in charged and polar amino acids and
highly deficient in bulky hydrophobic side chains, is predicted to
be intrinsically disordered (47). Disorder of the AL, in a 93-kDa
CBP construct containing the BRD, CH2, HAT, ZZ, and the
adjacent TAZ2 domain (BCHZT), was confirmed by NMR (SI
Text and Fig. S7). K1596 is located near the center of the AL
region (Fig. S64), which is long enough to allow Ac-K1596 to
reach the binding site of the BRD.

Discussion

The regulation of histone acetylation can be achieved at several
different levels, including the competing activity of HATs and
HDACs and Ac-CoA metabolism (46, 47). The activity of HATs
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Fig. 5. Interaction between the BRD and acetylated autoregulatory loop (AL) of CBP. (A) Overlay of a region of the 'H-'>N HSQC spectra of the '>N-labeled
BRD free (red) and in complex with the acetylated 63-residue AL peptide (blue). (B) Changes in the 'H-">N HSQC spectrum of the '°N-labeled BRD upon
titration with the acetylated K1596 peptide at a molar ratio of 1:0 (red), 1:2.5 (yellow), 1:5 (green), and 1:10 (blue). Peaks that exhibit chemical shift per-
turbations are marked with residue numbers. Full versions of these spectral overlays can be found in Fig. S6 C and D. (C) Residues that experience chemical
shift changes greater than average plus 1 SD upon addition of Ac-K1596 peptide are mapped (in red) onto the structure of the BRD of CBP.

Park et al.

PNAS | Published online June 19, 2017 | E5339

wv
=2
=
a
w
<
=
o

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703105114/-/DCSupplemental/pnas.201703105SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703105114/-/DCSupplemental/pnas.201703105SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703105114/-/DCSupplemental/pnas.201703105SI.pdf?targetid=nameddest=SF6

L T

/

1\

=y

Ischemin
No ]
Anti- :
A — -
HaK2TAG |- | B
ACKISOE —  Anti-H3
Anti- ———
H3K27Ac I"" - I

& 2 _@c}é\& {3‘@&@@

& @“q ANt-HEK2TAG | - |

— ANti-H3 | m————
v Anti-HA

Anti-B-actin | e — — —

Fig. 6. Acetylation at K1596 negatively regulates the HAT activity. (A) Acetylation of nucleosomal H3K27 by the CBP BCHZ construct is impaired by the BRD
inhibitor ischemin (Top) or the Ac-K1596 peptide (Bottom) in an in vitro HAT assay using nucleosomes in HeLa cell nuclear extract as substrate. Acetylation of
H3K27 was probed using an anti-H3K27Ac antibody. The concentrations of ischemin were 12.6, 31.3, 62.5, and 125 pM in lanes 2-5, and the concentrations of
Ac-K1596 motif were 62.5, 125, 250, and 500 uM in lanes 2-5. (B) In vitro HAT assays using nucleosomes in Hela cell nuclear extract as substrate showing
enhancement of histone H3K27 acetylation by the K1596R mutant BCHZ construct. Acetylation of H3K27 was probed using an anti-H3K27Ac antibody.
(C) Acetylation of H3K27 in HEK293T cells that were transiently transfected with full-length CBP (wild-type, K1596R, or ABRD). CBP was expressed as an
HA-tagged protein. Acetylation of H3K27 was probed using an anti-H3K27Ac antibody. The amount of expressed CBP was monitored using an anti-HA

antibody, and p-actin was used as a loading control.

is also regulated by binding partners, associated protein domains,
and autoacetylation (48). Taken together, the X-ray structures of
the HAT and flanking domains of p300 (13) and CBP (this work)
provide a comprehensive view of the central catalytic core of
these essential transcriptional coactivators and insights into their
regulation. The structures of the apo CBP HAT domain and the
Lys-CoA-bound p300 HAT domain (13, 29) are nearly identical,
showing that the active site and cofactor binding site are fully
preformed in the absence of bound ligands. No significant
structural changes are required to accommodate Ac-CoA, and
the hydroxyl oxygen atom of the critical Y1504 (equivalent to
Y1467 in p300), which protonates the CoA leaving group, is close
(0.9 A) to its position in Lys-CoA-bound p300 (29, 49).

The domains that flank the CBP and p300 HATs play an
important role in regulation of their catalytic activity. Deletion
of the CBP BRD strongly impairs histone H3K27 acetylation
in HEK293 cells (Fig. 6C), and in vitro experiments using post-
translationally modified nucleosome arrays showed that deletion of
the p300 BRD abrogated acetylation at all histone sites that were
assayed (44). The BRD clearly plays an important regulatory role in
recruiting CBP/p300 to hyperacetylated nucleosomes to activate
CBP/p300-mediated acetylation programs. The PHD appears to be
tightly packed against the BRD and HAT domains through a net-
work of hydrophobic, hydrogen-bonding, and electrostatic interac-
tions. Substitution of Y1205 in CBP by Leu in p300 (Fig. S1B)
appears to alter the PHD-BRD interface and reposition the BRD
active site at a larger distance from the HAT domain, which may
account for the differing selectivity of CBP and p300 in acetylation
of histone substrates (21, 22). The interface between the PHD and
HAT domains is highly conserved in the CBP and p300 structures.
The Rubinstein-Taybi syndrome mutation E1279K (E1278 in hu-
man CBP), which would disrupt this interface by breaking salt
bridges to R1683 and R1684, impairs histone acetylation in vitro
and transcriptional activation in cells (16).

The principal differences between the structures of the CBP
and p300 catalytic cores are the presence of the ZZ domain in
the CBP construct and the weak and diffuse nature of the
electron density for the CBP RING domain (T1211-K1272). The
diffuse electron density most likely reflects orientational disorder
rather than internal flexibility of the RING domain; the elements
of secondary structure identified in NMR studies of a CBP
BRD-CH2 construct (12) correspond precisely to the locations
of secondary structural elements in the X-ray structure of the
p300 RING domain, suggesting that the CBP RING is stably
folded. Electron density was also absent for most RING residues
in a CBP BRD-CH?2 construct, consistent with flexibility of the
CBP RING in the absence of stabilizing lattice contacts (37).
The bromodomain structures are nearly identical in the CBP
core and the BRD-CH2 construct, but structural differences are
observed in regions of the PHD that pack against the HAT.
Although the ZZ and most likely the RING form well-folded
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globular domains, both appear to be linked to the catalytic core
through flexible connections, as shown for the ZZ domain in
Fig. SIF.

Deletion of the CBP or p300 RING domains enhances auto-
acetylation and acetylation of the p53 tetramer (13, 18) (Fig. 3 4
and B). The RING domain appears to function as a gatekeeper,
regulating access to the acetyltransferase active site by bulky
substrates (13). Because the RING is attached to the catalytic
core through a flexible linker, interactions or posttranslational
modifications that modulate its position may play a regulatory
role by controlling access of substrates to the active site of the
HAT domain.

The CBP and p300 HAT domains contain a lysine-rich AL that
functions as an autoinhibitor of HAT activity by competing with
substrates for binding in the active site; inhibition is relieved by loop
deletion or by hyperacetylation of the AL to displace it from the
active site and allow access by other substrates (20). Inhibition is
also relieved by enhancer RNAs, which bind directly to the AL to
stimulate CBP acetyltransferase activity and promote gene expres-
sion (50). The present work reveals additional functions of the AL.
First, deletion of the AL greatly impairs K382 acetylation of the
p53 tetramer (Fig. 34), suggesting that the loop may also play a role
in substrate recruitment, perhaps, in the case of p53, by binding to
the acidic grooves in the tetramerization domain located close to
the site of acetylation. Second, following activation of the CBP
HAT by autoacetylation of the disordered AL, Ac-K1596 binds in
an intramolecular manner to its own bromodomain, competing with
histones for binding to the CBP catalytic core. This intramolecular
interaction acts as a negative regulator of histone acetylation and
may promote dissociation of CBP from chromatin. Our results
suggest a potential mechanism, involving intramolecular interaction
between acetylated K1596 and the BRD, by which autoacetylation
induces dissociation of CBP and p300 from the preinitiation com-
plex, a requirement for transcription to begin (51).

Although the bromodomain of CBP/p300 performs a well-
established function in acetyl-lysine recognition (12, 13, 52), the
functions of the PHD, RING, and ZZ domains remain poorly
understood. The observation that SUMO-1 interacts with the ZZ
domain (ref. 25 and this work) and the PHD domain, and that
the E2 ligase Ubc9 interacts with the BRD and PHD domains,
suggests an intriguing possibility that the CBP/p300 core might
function as a SUMO E3 ligase for intramolecular SUMOylation
of the adjacent CRD1 domain. Indeed, in vitro assays confirmed
that the BRD-CH2 region does promote SUMOylation of
CRD1, that SUMOylation is enhanced when the ZZ domain is
also present in the CBP core construct, and that SUMOylation is
most efficient in cis, that is, when the CRD1, BRD-CH2, and
77 domains are part of the same polypeptide chain (Fig. 4).
Mechanistically, SUMO E3 ligases function to bring sub-
strates and E2~SUMO thioester into close proximity to pro-
mote SUMO transfer (35). In CBP, the substrate CRD1 domain is
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covalently attached to the E3 moiety, so recruiting and properly
positioning the E2~SUMO thioester through the E3 function
can facilitate SUMOylation of the substrate. Intramolecular SUMO
E3 ligase activity has also been observed in the KAP1 corepressor,
where a PHD domain functions to promote SUMOylation of spe-
cific lysine residues in the adjacent bromodomain (53). PHD and
RING domains frequently function as SUMO E3 ligases (33, 34,
54). Although the CBP core contains a RING finger, our NMR
data show that the RING domain does not interact directly with
either SUMO-1 or Ubc9. Instead, the BRD, PHD, and ZZ zinc
finger function synergistically to endow E3 ligase activity on the
CBP catalytic core.

The domains flanking the HAT domain play a pivotal role in
regulation of acetyltransferase activity by directing the enzymatic
activity of the core. Another important regulatory function of these
domains is in control of SUMOylation of the cell cycle regulatory
domain CRDI1. These functions are intimately linked: competition
between autoacetylation and SUMOylation of lysine residues in
CRD1 determines whether CBP/p300 function as transcriptional
activators or repressors in response to various signals.

Materials and Methods

Protein Preparation. cDNA sequences from mouse CBP encoding residues 1,079-
1,751 for BCHZ, 1,079-1,872 with a Y1504F mutation for BCHZT, 1,079-
1,700 for BCH, 989-1,751 for CBCHZ, 989-1,700 for CBCH, 1,079-1,751 with a
deletion of 1,211-1,272 for BCHZAR, 1,079-1,751 with a replacement of 1,557-
1,618 by a 5-aa SGGSG linker for BCHZAAL, 1,079-1,751 with a deletion of
1,211-1,272 and a replacement of 1,557-1,618 by a 5-aa SGGSG linker for
BCHZARAAL, 1,324-1,700 for HAT, and 1,557-1,619 for AL were cloned into
the vector pHis parallel 2 (55) with a TEV-cleavable N-terminal Hisg tag. The
proteins were expressed in E. coli BL21(DE3)DNAY cells and induced by 1 mM
IPTG at 15 °C. Cells were resuspended in buffer A (25 mM Tris-HCl, pH 8.0,
0.3 M NacCl, 2 mM DTT, and 50 uM ZnSO,) that contains 10 units of benzonase
(Novagen) and EDTA-free protease inhibitor mixture (Roche) and sonicated.
The soluble fraction after sonication was applied to cOmplete His-Tag purifi-
cation resin (Roche) equilibrated with buffer A containing 5 mM imidazole.
The proteins were eluted with buffer A containing 300 mM imidazole. The
Hisg tag was cleaved by TEV protease and removed from the protein solution
by cOmplete His-Tag purification resin. All of the HAT-containing proteins
expressed in E. coli were deacetylated with Hise-tagged SIRT2 at 1:100 molar
ratio in buffer A containing 1 mM NAD" for 16 h at 4 °C. SIRT2 was removed
from CBP constructs using cOmplete His-Tag purification resin. Proteins were
further purified by size exclusion chromatography using Superdex 75 (GE
Healthcare Life Sciences) equilibrated with buffer A. CBCHZ and CBCH were
purified by ion exchange chromatography using Q-Sepharose (GE Healthcare)
before size exclusion chromatography.

<DNA sequences from mouse CBP encoding residues 989-1,067 for CRD1 and
989-1,317 for CRD1-BRD-CH2, human SUMO-1, and human Ubc9 were cloned
into the vector pGEX-4T-2 (GE Healthcare) with a thrombin-cleavable N-terminal
GST tag. The proteins were expressed in E. coli BL21 cells and induced by 1 mM
IPTG at 25 °C. Cells were resuspended in buffer B (25 mM Tris-HCl, pH 7.5, 0.1 M
Nadcl, 1 mM DTT, and 50 pM ZnSQO,) containing 10 units of benzonase (Novagen)
and EDTA-free protease inhibitor mixture (Roche) and sonicated. The soluble
fraction after sonication was applied to glutathione-Sepharose 4B (Sigma-
Aldrich) equilibrated with buffer. The proteins were eluted with 50 mM
Tris-HCl, pH 8.0, and 10 mM reduced L-glutathione. CRD1 and CRD1-BRD-
CH2 were further purified by ion exchange chromatography using SP-Sepharose
(GE Healthcare) and then dialyzed against 25 mM Tris-HCl, pH 8.0, 150 mM Nacl,
1 mM DTT. GST-tagged SUMO-1 and Ubc9 were cleaved using thrombin and
then passed through a second glutathione-Sepharose 4B column to remove GST.
Cleaved SUMO-1 and Ubc9 were further purified by size exclusion chromatog-
raphy using Superdex 75 (GE Healthcare Life Sciences) equilibrated with buffer
containing 25 mM Tris-HCl, pH 8.0, 100 mM Nacl, and 1 mM DTT.

Bromodomain-binding and NMR experiments were performed using the
more stable BRDCH2 construct containing residues 1,079-1,317 of mouse CBP.
The BRDCH2 protein was expressed in E. coli BL21 cells and purified by a
combination of glutathione-Sepharose 4B (Sigma-Aldrich), thrombin cleavage,
and Sephacryl S-100 (GE Healthcare Life Sciences), as described previously (12).

Crystallization and Structure Determination. Purified BCHZAAL at 10 mg/mL in
buffer A was crystallized using the sitting-drop vapor diffusion method.
Crystals were grown by mixing 1 pL of protein and reservoir solution con-
taining 0.3 M trisodium citrate, pH 7.0, and 20% (wt/vol) PEG3350 at 22 °C. The
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crystals were flash-cooled in liquid nitrogen using reservoir solution supple-
mented with 25% (vol/ivol) ethylene glycol as cryoprotectant. Diffraction data
were collected at the Advanced Photon Source (APS) on the General Medical
Sciences and Cancer Institute Structural Biology Facility (GM/CA) CAT 23ID-D
beamline and processed with HKL-2000 (56) in space group C2. The structure
of BCHZAAL was solved by molecular replacement using Phaser (57) with the
p300 core structure (PDB ID code 4BHW) as a search model. Model building
and refinement were carried out using Coot (58) and Phenix (59), respectively.

NMR Spectroscopy. '>N-labeled proteins were prepared by growing E. coli cells
in ">NH,4Cl-supplemented minimal media. Two-dimensional "H,"*N-HSQC
spectra were acquired for uniformly '>N-labeled proteins in NMR buffer
(25 mM Tris-HCl, pH 7.0, 50 mM Nacl, 1 mM DTT in 90% H,0:10% 2H,0). Unless
otherwise specified, NMR spectra were acquired at 30 °C on Bruker 600-, 750-,
800-, and 900-MHz spectrometers. All NMR data were processed and analyzed
using NMRPipe (60) and Sparky (61). 'H,"”N-HSQC spectra of 100 M free SUMO-
1 and its 1:1 complexes with the ZZ or BRD-CH2 domains were obtained in NMR
buffer, as were spectra of 100 pM free BRD-CH2 and its 1:1 complex with SUMO-1.
"H,">N-HSQC spectra of 75 uM free SUMO-1 and the 1:1 complex with
BCHZARAAL were recorded in 25 mM Tris-HCl, pH 7.0, 300 mM Nadl, 1 mM DTT in
90% H,0:10% 2H,0 at 28 °C. "H,"N-HSQC spectra of 100 uM free BRD-CH2 and
the 1:1 complex with Ubc9 were obtained in 25 mM Tris-HC, pH 7.0, 200 mM Nadl,
1 mM DTT in 90% H,0:10% 2H,0. 'H,"N-HSQC spectra of 100 uM free Ubc9 and
the 1:1 complex with BRD-CH2 were obtained in 25 mM Tris-HCl, pH 7.0, 200 mM
NaCl, 1 mM DTT in 90% H,0:10% 2H,0. "H,">N-HSQC spectra of 100 pM AL
peptide (63 aa) and 83 uM BCHZT were obtained in 25 mM Tris:-HCl, pH 7.0,
200 mM Nacl, 1 mM DTT in 90% H,0:10% 2H,O. Interactions between the BRD
and AL were investigated by monitoring chemical shift perturbations upon addi-
tion of equimolar unmodified or acetylated AL peptides to 200 pM 'N-BRDCH2.
The peptides containing Ac-K1588 (SKNAK-acK-K) or Ac-K1596 (NKKTN-acK-N)
were commercially prepared by Biomatik. The Ac-K1588 peptide was added to
200 pM ">N-BRDCH2 at 10:1 molar ratio. The Ac-K1596 peptide was titrated into
200 pM ">N-BRDCH?2 at 2.5:1, 5:1, and 10:1 molar ratio.

The backbone resonances of BRD-CH2 were assigned previously (12). The
backbone assignments of SUMO-1 were obtained from Biological Magnetic
Resonance Data Bank (ID 6304) (62). The assignments of the dispersed cross
peaks in the HSQC spectrum of the 63-residue AL peptide (Fig. S5D) were
made using triple-resonance methods and '3C,"*N-labeled peptide. Because
of severe cross-peak overlap, most of the Glu and Lys resonances have not
been assigned at this time.

In Vitro SUMOylation Assay. In vitro SUMOylation assays were carried out
using a commercial SUMOylation kit (Boston Biochem) following the
manufacturer-provided protocol. The final CBCHZ, CBCH, CRD1, and CRD1-
BRD-CH2 substrate concentration was 2 pM. For the control experiments,
Mg-ATP was not added to the reaction mixture. To assess the function of
BRD-CH2 and ZZ in trans SUMOylation, 5 M BRD-CH2 and ZZ were added
to a CRD1 sample. All SUMOylation reactions were incubated at 37 °C for 3 h
and then quenched by adding 2x SDS-sampling buffer. SUMOylated proteins
were detected by a Western blot using anti-SUMO-1 antibody (ENZO Life
Science). Five independent SUMOylation assays were performed, and band
intensities were quantified using densitometry.

In Vitro HAT Assay. In vitro histone acetylation assays were performed on 25 pug
of Hela cell nuclear extract (Santa Cruz Biotechnology) in 50 mM Tris-HCl,
pH 8.0, 100 mM NaCl, 1 mM DTT buffer supplemented with 1 mM Ac-CoA. The
reaction was initiated by adding 0.5 pM purified CBP proteins (BCHZ, BCHZAR,
BCHZAAL, and BCH, all of which were exhaustively deacetylated by in-
cubation with SIRT2), and samples were incubated at 37 °C for 1 h. To test
the acetyltransferase activity with the BRD inhibition, 12.6, 31.3, 62.5, or
125 pM ischemin and 62.5, 125, 250, or 500 pM Ac-K1596 peptide were added to
reactions. Acetylation of H3, p53, and the AL was monitored by Western blots
using anti-H3K27Ac antibody (Abcam), anti-p53K382Ac antibody (Abcam),
and anti-acK antibody (Abcam), respectively. Ischemin was purchased from
Calbiochem. All acetylation assays were performed in duplicate.

In-Cell HAT Assay. Human HEK293T cells were obtained from ATCC and
maintained in DMEM (Gibco) supplemented with 10% calf serum. The cells
were transiently transfected with 1 pg of vector control or pcDNA3.1 plasmid
constructs expressing HA-tagged wild-type or mutant CBP using Lipofect-
amine 2000 (Invitrogen). After 48 h, cells were harvested and lysed by the
freeze-and-thaw method in 50 mM Tris-HCl (pH 7.5), 150 mM NacCl, and 0.1%
Triton X-100 supplemented with 1 mM PMSF and one Complete Protease
Inhibitor tablet (EDTA-free; Roche), and then centrifuged at 13,000 x g for
10 min. The supernatant was used to check the expression level of CBP by
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Western blot using anti-HA.11 antibody (Covance). Anti-p-actin antibody
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