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Phosphorylation of the cAMP response element binding protein
(CREB) at Ser-133 in response to hormonal stimuli triggers cellular
gene expression via the recruitment of the histone acetylase
coactivator paralogs CREB binding protein (CBP) and p300 to the
promoter. The NMR structure of the CREB:CBP complex, using
relevant interaction domains called KID and KIX, respectively,
reveals a shallow hydrophobic groove on the surface of KIX that
accommodates an amphipathic helix in phospho (Ser-133) KID.
Using an NMR-based screening approach on a preselected small-
molecule library, we identified several compounds that bind to
different surfaces on KIX. One of these, KG-501 (2-naphthol-AS-E-
phosphate), targeted a surface distal to the CREB binding groove
that includes Arg-600, a residue that is required for the CREB:CBP
interaction. When added to live cells, KG-501 disrupted the CREB:
CBP complex and attenuated target gene induction in response to
cAMP agonist. These results demonstrate the ability of small
molecules to interfere with second-messenger signaling cascades
by inhibiting specific protein–protein interactions in the nucleus.

cAMP response element binding protein � transcription

Protein–protein interactions often serve as key regulatory
points for signal propagation in response to extracellular

stimuli. The formation of protein–protein complexes is of par-
ticular interest in the field of transcriptional regulation, where
multiple low-affinity interactions appear to contribute to the
recruitment of the transcriptional apparatus to the promoter (1).
Initially thought to result from low energy interactions between
unstructured regions, the recognition of an activator by its
coactivator cognate often involves discrete surface contacts
between well-folded protein domains. Moreover, the interaction
surfaces between such protein pairs often are modulated by
covalent modifications at residues near the protein–protein
interface.

Phosphorylation of the cAMP response element binding
protein (CREB) at Ser-133 stimulates its association with the
coactivator paralogs CREB binding protein (CBP) and p300
via a direct mechanism (2); the Ser-133 phosphate forms a
hydrogen bond with Tyr-658 and an ion pair with Lys-662 in
the KIX domain (3). Binding of CREB to CBP�p300 is further
stabilized by a random coil-to-helix transition in KID that
provides the majority of hydrophobic surface contacts with
residues lining a shallow groove in KIX (4, 5). The KIX domain
folds into a three-helix structure with helices �1 and �3 aligned
in nearly parallel fashion to form a groove that accommodates
hydrophobic residues in KID. Helix �2 does not participate
directly in surface contacts with KID but appears to stabilize
KIX structure.

The CREB binding site in KIX also recognizes other activa-
tors, most notably the protooncogene c-Myb (6). Similar to
phospho (Ser-133) KID, c-Myb binds to KIX via an amphipathic
helix that forms numerous surface contacts with residues lining
the shallow hydrophobic groove in KIX (7). Notably, surfaces

distal to the CREB-binding site in KIX have been found to
modulate KID:KIX complex formation. Binding of the mixed
lineage leukemia (MLL) protein to KIX, for example, potenti-
ates the interaction of phospho-CREB with KIX (8); MLL
associates with a distinct surface on KIX and stabilizes a
conformation that in turn favors binding of CREB (9). By
contrast, methylation of KIX at Arg-600 by the arginine meth-
ylase CARM1 disrupts the CREB:CBP interaction (10). Arg-600
is located on helix �1 in KIX, distal to the CREB binding site;
and mutations at this site alter KIX structure and block forma-
tion of the KID:KIX complex (2, 11).

Delineating the relative importance of the CREB:CBP and
other activator–coactivator complexes for target gene activation
in response to various stimuli requires the development of
small-molecule antagonists that selectively block these interac-
tions. Despite their key roles in signal transduction, however,
most protein–protein complexes are thought to be refractory to
such intervention, owing to the absence of deep enzymatic
pockets along the interface that could readily accommodate a
small molecule.

Using an NMR-based screening approach (12), we have
identified several KIX binding compounds, including two that
disrupt the KID:KIX interaction in vitro. Further, in vivo studies
reveal that one of these (KG-501) inhibits the cAMP-dependent
activation of cellular genes via CREB. Unexpectedly, this com-
pound was found to recognize a surface in KIX adjacent to the
shallow groove that binds P-CREB. These studies suggest that
activator– coactivator complexes are amenable to small-
molecule intervention, and the development of such antagonists
provides a useful approach for dissecting regulatory networks
that are activated in response to hormonal stimuli.

Materials and Methods
NMR Sample Preparation and Analysis. The gene sequence encod-
ing the KIX domain of mouse CBP (residues 586–672) in the
pET-21a(�) expression vector has been described (4). KIX
protein was expressed in transformed Escherichia coli
BL21(RIL) cells (Stratagene) growing in minimal M9 media
containing 15N-labeled ammonium chloride. Methods for ex-
pression and purification of the KIX domain by RP-HPLC have
been described (4). NMR experiments were recorded on a
500-MHz Unity Inova spectrometer (Varian) equipped with an
automatic sample changer and a 50-position sample tray. Typical
15N�1H heteronuclear single quantum coherence experiments
contained 250 �M of uniformly 15N-labeled KIX in 20 mM
Tris-acetate, 50 mM NaCl, 10% D2O buffer at pH 5.5. Data were
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processed with NMRPIPE (13) and analyzed with NMRVIEW (14).
The automated analysis of chemical-shift perturbations for hit
identification was performed with an in-house written program
adapted for use within NMRVIEW. Resonances for the KIX
protein were assigned based on previous NMR analyses (4).

In Vitro Binding and Transcription Assays. GST and GST-KIX
proteins were purified from E. coli BL21(RIL) cells transformed
with pGEX-4T1 and pGEX-KT KIX bacterial expression vectors
(6) (Amersham Pharmacia). Proteins were purified with gluta-
thione-sepharose 4B beads (Amersham Pharmacia) followed by
elution with 20 mM glutathione by using standard protocols.
Proteins were dialyzed (50 mM Tris, pH 7.5�150 mM NaCl) and
stored in 40% glycerol. To produce 32P-labeled CREB, purified
PKA catalytic subunit was incubated with His-tagged CREB and
32P-�ATP in PKA buffer (50 mM Tris, pH 7.5�10 mM MgCl2�1
mM DTT) at 30°C for 30 min. The phosphorylation reaction was
stopped with 100 mM EDTA, and the protein was purified on a
Centrisep column according to the manufacturer’s instructions
(Princeton Separations, Adelphia, NJ). For the in vitro binding
assays, purified GST fusion proteins were incubated with the
compounds dissolved in DMSO (10 mM stock) or DMSO vehicle
for 15 min in 200 �l of binding buffer (20 mM Tris, pH 7.5�100
mM NaCl�1 mM MgCl2�0.05% Nonidet P-40) at room temper-
ature. Purified 32P-labeled CREB protein was added to the
mixture and incubated for an additional 30 min. Samples were
precipitated with glutathione-sepharose 4B beads for 30 min and
then washed three times with binding buffer. Samples were
analyzed by SDS-gel electrophoresis followed by autoradiogra-
phy of either vacuum-dried gels or nitrocellulose-transferred
gels. Quantitation of precipitated 32P-labeled CREB was done
by using a Molecular Dynamics PhosphorImager and the
IMAGEQUANT program. In vitro transcription assays were per-
formed as described (15).

Cell Culture and Transfection. HEK293T cells were maintained in
DMEM, 10% FCS with antibiotics. Cells were plated in 12-well
dishes for transfection of plasmid DNA by using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.
At 24 h after transfection, compounds dissolved in DMSO (10
mM stock) were added directly to the culture medium for 15 min.
Cells were then stimulated with forskolin (10 �M) for a total
incubation time of 4 h. Lysates were harvested and assayed for
luciferase activity as described (16). The plasmids used for
transfection included NF-�B luciferase (Clontech), pFR-Luc
(Stratagene), evenskipped (EVX-1)-luciferase (16), GAL4-KID,
KIX-VP16, and GAL4-CREB (17). Cotransfection of CMV
�-galactosidase expression plasmid and measurement of �-ga-
lactosidase activity of the extracts was used to normalize for
transfection efficiency.

Quantitative PCR. Total RNA was extracted from HEK293T cells
or primary hepatocytes by using TRI Reagent (Molecular
Research Center, Cincinnati) followed by an additional purifi-
cation step using the RNeasy kit (Qiagen, Valencia, CA) ac-
cording to the manufacturer’s instructions. cDNA was prepared
by reverse transcription of 100–500 ng of total RNA by using
Superscript II enzyme and oligo(dT) primer. The resulting
cDNAs were amplified by using the SYBR green PCR kit and
measured with the ABIPRISM 7700 sequence detector
(PerkinElmer). All mRNA expression data were normalized to
GAPDH expression in the corresponding sample. Oligonucle-
otide sequences for the primers used are available on request.

Western Blot Analyses. To assay for CREB phosphorylation, cells
were stimulated with forskolin (10 �M) after compound incu-
bation for 30 min and then lysed in SDS lysis buffer (4 M
urea�100 mM Tris, pH 8�500 mM NaCl�10 mM EDTA�1%

SDS) containing protease and phosphatase inhibitors. Standard
SDS-gel electrophoresis and Western blotting procedures were
used to analyze the cell extracts. Nitrocellulose blots were probed
with anti-CREB and anti-phospho-specific pSer-133 CREB
antibodies (16).

Acetyltransferase Assay. Purified full-length p300 protein (30 ng)
was incubated with KG-501 compound or the histone acetyl
transferase (HAT) inhibitor compound, lysyl CoA (10 �M) in
HAT assay buffer (10 �g of histones�50 mM Tris, pH 8.0�20 mM
butyric acid�10% glycerol�1 mM PMSF�1 mM DTT) containing
14C-Acetyl CoA for 30 min at 30°C. Samples were analyzed on
a 15% SDS-gel followed by autoradiography. Signal strength was
amplified by incubation of the gel in Enlightening solution
(NEN) before vacuum-drying the gel.

FRET Analysis. HEK293T or NIH 3T3 cells were transfected with
nuclear-targeted YFP-KID (YKIDN) and KIX-CFP (KIXCN)
fusion proteins and incubated with DMSO, Fsk, and�or KG-501
as indicated and transferred in a live cell observation chamber to
a Leica TCS laser confocal microscope. Cyan fluorescent protein
emission was measured before and after selective photobleach-
ing of yellow fluorescent protein by using a 514-nm laser, and
FRET efficiency was calculated as described (18).

Results
We screened for compounds that bind to KIX by using a
preselected library of 762 compounds that was previously used
for ligand discovery and binding site identification (19). Screens
were conducted in a two-stage process, using 2D 15N-1H het-
eronuclear single quantum coherence spectra to monitor com-
pound binding to uniformly 15N-labeled KIX. In the first stage,
spectra were recorded on samples containing a pool of five
compounds at 500 �M concentration. Samples were rank-
ordered according to the extent of amide chemical shift changes,
and the top 10 samples were further analyzed by recording
spectra of KIX in the presence of each compound individually.
Four library compounds that bound to distinct regions of the
KIX domain were identified and selected for further study.

Fig. 1 shows data for two candidate compounds, pamoic acid
(KG-122, Fig. 1a) and naphthol-AS-E-phosphate (KG-501, Fig.
1b). The chemical shift changes caused by each small molecule
can be compared in the 15N-1H heteronuclear single quantum
coherence spectra of 250 �M KIX in the absence (black) or
presence of 500 �M (red) of each compound (Fig. 1 a and b Top).
Mapping the most affected backbone amide sites onto the
protein structure revealed two distinct modes for binding to KIX.
KG-122 interacts with KIX through a face of the protein
involving residues at the C-terminal fragments of helices �1 and
�3, the N-terminal half of helix �2, and the small 3–10 helix G2.
Chemical shift perturbations at residues further away from this
area (residues 602, 639, 651, 654, and 655) may result from
reorientation of the helices or long-range effects caused by the
aromatic rings of the small molecule. This region overlaps with
the interface used by KIX to bind the transcriptional factor c-Jun
and coactivator protein MLL (9, 20). Notably, Lys-662, which
forms an ion pair with the Ser-133 phosphate, is also shifted by
KG-122, suggesting a potential inhibitory effect of this com-
pound on the KID:KIX complex.

In contrast to KG-122, KG-501 mainly perturbs backbone
amides at sites along helices �1, �2, and, to a lesser extent, a few
residues located in the central region of helix �3 (residues 651,
653, 655, and 659). Both helices �1 and �3 contribute a number
of key residues to the interface used by KIX to bind the KID
domain of CREB as well as the transactivation domain of c-Myb
(3, 7). The perturbed sites include several residues between R600
and V608 (Fig. 1b), a region that also experiences significant
chemical-shift changes upon complexation with Myb (21). As
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well, this area is adjacent to Arg-600, shown by previous mu-
tagenesis studies to be critical for the CREB:CBP interaction (2,
11). Moreover, methylation of KIX at Arg-600 by the methyl-
transferase CARM1�PRMT4 has been found to block CREB
target gene activation in response to cAMP agonist by disrupting
the CREB:CBP complex (10).

Based on their ability to perturb residues that are important
for the formation of the KID:KIX complex, we hypothesized that

KG-122 and KG-501 would disrupt the binding of phospho
(Ser-133) CREB to KIX. To test this notion, we performed in
vitro binding assays by using purified recombinant phospho
(Ser-133) CREB and GST-KIX proteins. Both compounds
inhibited the CREB:CBP interaction in pull-down assays, but
KG-122 was eliminated from further study because of solubility
problems (Fig. 2a). KG-501 disrupted phospho (Ser-133) CREB
binding to KIX with a Ki of �90 �M, using concentrations of

Fig. 1. Analysis of KIX residues affected by addition of KG-122, pamoic acid (a), and KG-501, naphthol-AS-E-phosphate (b). (Top) The 15N-1H heteronuclear single
quantum coherence spectra show KIX alone (black) and with compound added (red) at [protein] � 250 �M and [compound] � 500 �M. (Middle) The bar charts
represent the combined 1H and 15N chemical shift changes (�� � [��(1H)2 � 0.1*��(15N)2]1/2) per residue. Helical regions of the KIX domain are represented as
rectangles. Gray bars in a indicate amide residues whose peaks have broadened beyond detection because of addition of KG-122 and for which an arbitrary value
of 0.35 ppm was assigned. The black line represents that average shift, and the red line indicates �1 SD. (Bottom) Ribbon representations of KIX, yellow (Protein
Data Bank ID code 1KDX), highlighting backbone amides exhibiting significant chemical shift changes upon the addition of KG-122 or KG-501. For reference,
the pKID polypeptide has been included and is shown in green. For KG-122, the average shift was 0.078 ppm with a SD of 0.064 ppm. Magenta spheres, �� �
0.142 ppm (1 SD more than average); pink spheres, 0.11 � �� � 0.142 ppm (0.5 SD). For KG-501 the average shift was 0.063 ppm with a SD of 0.048 ppm. Magenta
spheres, �� � 0.111 ppm (1 SD); pink spheres, 0.087 � �� � 0.111 ppm (0.5 SD). KG-122 and KG-501 are shown on the same scale as the KIX structure (stick model)
to compare their relative sizes.
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CREB that were within the linear range of the binding assay
(Fig. 2b and Fig. 4, which is published as supporting information
on the PNAS web site). In contrast, 2-naphthol, a parent
molecule of KG-501, displayed little inhibitory effect. A similar
Ki was observed for binding of phospho (Ser-133) CREB protein
to full-length flag-tagged p300 (Fig. 2c). KG-501 does not appear
to inhibit KIX domain function through general unfolding; the
KIX NMR spectrum remained clearly defined in the presence of
this small molecule at concentrations as high as 500 �M (Fig. 1b
Top).

To control for unanticipated effects of KG-501 on CREB, we
tested whether KG-501 could modulate the association between
CREB and the coactivator transducer of regulated CREB
activity (TORC) (22, 23). In contrast to CBP�p300, TORC binds
to the leucine zipper region of CREB via a CREB binding
domain that displays no sequence similarity with KIX. Even at
doses as high as 250 �M, KG-501 had no effect either on CREB
homodimerization via its basic leucine zipper domain (Fig. 2d
Upper) or CREB:TORC complex formation (Fig. 2d Lower) by
pull-down assay of 32P-labeled CREB protein to GST-TORC
(amino acids 1–46). Despite its ability to block the CREB:p300
interaction, KG-501 also had no effect on KIX-independent
functions of p300, including its intrinsic HAT activity (Fig. 2e).
Taken together these data indicate that the in vitro inhibitory
effects of KG-501 on the CREB:CBP complex are mediated
primarily through a specific action on the KIX domain.

Having seen that KG-501 blocks formation of the CREB:CBP
complex in vitro, we examined whether this compound attenuates
CREB target gene expression in vivo. Exposure of HEK293T
cells to KG-501 blocked induction of the CREB-dependent
evenskipped (EVX-1) promoter (16) by cAMP agonist in a
dose-dependent manner; but KG-501 had no effect on the
constitutive expression of a cotransfected Rous sarcoma virus-
�-gal reporter (Fig. 3a). Removal of KG-501 from cells by
replacement of the culture medium reversed the inhibitory
effects of this compound on cAMP-inducible reporter activity,
arguing against a general toxic effect of KG-501 on HEK293T
cells (Fig. 5, which is published as supporting information on the
PNAS web site). Treatment of HEK293T cells with KG-501 also
blocked induction of endogenous CREB target genes (NR4A2,
�CG, c-fos, and RGS2) by forskolin, indicating that KG-501
likely exerts a general effect on CREB activity (Fig. 3b and Fig.
6, which is published as supporting information on the PNAS
web site). Addition of KG-501 did not interfere with phosphor-
ylation of CREB at Ser-133 in response to forskolin, however,
suggesting that this compound acts downstream of PKA to block
CREB target gene expression (Fig. 3c).

To rule out potential regulatory effects of KG-501 on other
CBPs in vivo, we performed transient assays of HEK293T cells
transfected with GAL4-CREB expression vector encoding the
GAL4 DNA binding domain fused to the CREB transactivation
domain (amino acids 1–283). Pretreatment with KG-501 dis-
rupted cAMP-dependent induction of GAL4-CREB in a dose-
dependent manner, demonstrating the ability of this compound
to block CREB activity specifically (Fig. 3d). Despite its inhib-
itory effects on CREB, KG-501 did not appear to disrupt RNA
polymerase II (pol II) activity; no changes in cellular levels of
elongating pol II were observed by Western blot assay of
HEK293T extracts with phospho (Ser-2) pol II-specific antisera
(Fig. 7, which is published as supporting information on the
PNAS web site). Indeed, at concentrations sufficient to eliminate
CREB-dependent transcription in vivo (5–10 �M), KG-501 also
had no effect on transcription from CREB-independent p21 and
adenovirus major late promoters by in vitro transcription assay
(Fig. 8, which is published as supporting information on the
PNAS web site). These results indicate that KG-501 is unlikely
to interfere with CREB-dependent transcription via direct
inhibition of the transcriptional apparatus.

Fig. 2. KG-501 inhibits the in vitro interaction between the CBP KIX domain
and phospho (Ser-133) CREB. (a) Comparison of KG-501 (2-naphthol-AS-E-
phosphate) and KG-122 (pamoic acid) effects on CREB:CBP interaction relative
to 2-naphthol. Purified GST-KIX protein was preincubated with 100 �M of
each compound. 32P-labeled Ser-133 phosphorylated CREB protein (0.2 pmol)
was added to the binding reaction, and the bound proteins were precipitated
with glutathione-agarose. Samples were analyzed by gel electrophoresis
followed by autoradiography. In, 20% input 32P-CREB. (b) Purified GST-KIX
protein was preincubated with increasing micromolar concentrations of KG-
501 or 2-naphthol. In, 10% input 32P-CREB. (c) KG-501 inhibits binding of CREB
to full-length p300. Purified flag-tagged full-length p300 protein was prein-
cubated with the indicated micromolar concentrations of KG-501. 32P-labeled
Ser-133 phosphorylated CREB protein was added to the binding reaction, and
the bound proteins were precipitated with anti-Flag antibody-conjugated
agarose. Samples were analyzed as in a. In, 20% input 32P-CREB. (d) KG-501
does not inhibit CREB dimer formation or complex formation between CREB
and the coactivator TORC1. GST, GST-KIX, GST-CREB bZIP (amino acids 271–
341) (Upper) or GST-TORC1 (Lower) fusion proteins were preincubated with
DMSO vehicle (�) or increasing amounts of KG-501 compound [100 and 250
�M (Upper) and 100, 250, and 500 �M (Lower)]. Complexes of CREB bound to
KIX were precipitated and analyzed as in a. In, 10% input 32P-CREB. (e) Effect
of KG-501 on p300 HAT activity. Purified p300 was incubated with DMSO (�),
KG-501, or the p300 HAT inhibitor lysyl CoA (28). Acetylase activity was
measured by incubation with histones and 14C-acetyl CoA followed by gel
electrophoresis (15% gel) and autoradiography.
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Having observed that KG-501 blocks CREB activity in
HEK293T cells, we hypothesized that this compound inhibits
target gene expression by disrupting the CREB:CBP interaction
in vivo just as it did with the in vitro interaction between the
isolated KID and KIX domains. To test this notion, we carried
out mammalian two-hybrid assays with GAl4-KID and KIX-
VP16 expression vectors. Exposure to forskolin (10 �M) strongly
induced the KID:KIX interaction by this assay, and pretreatment
with KG-501 (10 �M) reduced the interaction by 95% (Fig. 3e).
We also used a FRET assay to monitor the CREB:CBP inter-
action in live cells by expressing KID and KIX polypeptides fused
to enhanced yellow (EYFP:YKIDN) and enhanced cyan (ECFP:
KIXCN) fluorescent proteins, respectively (18). No interaction
between YKIDN and KIXCN polypeptides was detected in
HEK293T cells under basal conditions (data not shown), but
treatment with forskolin strongly promoted complex formation
(Fig. 3f ). Pretreatment with KG-501 (50 �M) inhibited the
cAMP-induced KID:KIX interaction by �60% in HEK293T
cells. Similar effects of KG-501 on KID:KIX complex were
observed in NIH 3T3 cells, demonstrating that the inhibitory
properties of this compound are not cell type-specific (Fig. 9,
which is published as supporting information on the PNAS web
site). Taken together, these data are consistent with the notion
that KG-501 inhibits induction of cAMP-responsive genes, at
least in part, by blocking the CREB:CBP interaction.

Discussion
The NMR-based screening approach enabled us to identify
several classes of KIX binding compounds that recognize dif-
ferent surfaces on the KIX domain and to explore the functional
importance of these surfaces for CREB:CBP complex formation
and target gene activation. In particular, the ability of KG-501 to
disrupt the CREB:CBP interaction illustrates the role of a distal
surface on KIX for regulation of this complex.

Chemical-shift mapping suggests that KG-501 binds to a
surface composed of residues in the �1 and �2 helices. This
binding event could be responsible for a conformational change
reported by chemical shift changes of amides in these two helices
and to a lesser degree by several amides on residues in �3. Unlike
mutation of Arg-600 at the N terminus of �1, which has been
found to disrupt the CREB:CBP complex by unfolding the KIX
domain (11), KG-501 does not cause any drastic, global confor-
mational changes. Instead, KG-501 affects the environments of
a group of residues in the �1 and �3 helices that are also
perturbed by Myb binding (21). These results illustrate an
underlying connection between KG-501 and CREB binding sites
on KIX, such that binding to one surface causes reciprocal
changes in the other by repositioning its helices with respect to
each other.

Although a number of compounds with related chemical
structures to KG-501 (naphthol-AS, naphthol-AS-TR, naphthol-
AS-phenylacetate, naphthol-AS-OL-acetate, naphthol-AS-MX-
butyrate, naphthol-AS-MX-acetate, naphthol-AS-E-acetate,

analyzed by Western blot analysis using a specific anti-phospho-CREB anti-
body (5322). (Lower) Effect of pretreatment with DMSO, KG-501, or the PKA
inhibitor H89 on CREB phosphorylation after addition of forskolin for 30 min.
(d) Effect of KG-501 on GAL4 CREB (amino acids 1–283) activity in HEK293T
cells cotransfected with GAL4-luciferase reporter plasmid and treated with
forskolin as in a. (e) KG-501 inhibits the mammalian two-hybrid interaction
between Gal4-KID with KIX-VP16. HEK293T cells were transfected with GAL4-
KID, VP16-KIX, and GAL4-luciferase reporter plasmids and treated as in a with
10 �M KG-501. ( f) Effect of KG-501 on the CREB:CBP interaction in living cells.
FRET analysis of YFP-KID (YKIDN) with CFP-KIX (KIXCN) polypeptides. HEK293T
cells were transfected with the YKIDN and KIXCN plasmids and preincubated
with KG-501 (50 �M). The cells were then stimulated with forskolin, and FRET
efficiency was measured as described (18).

Fig. 3. KG-501 inhibits CREB signaling in vivo. (a) Effect of KG-501 on
induction of the CREB-responsive promoter evenskipped (EVX-1) by cAMP
agonist. EVX-1 luciferase reporter plasmid was transfected into HEK293T cells.
At 24 h posttransfection, cells were pretreated with the indicated amount of
KG-501 or DMSO vehicle for 20 min followed by coincubation with forskolin
or DMSO. Cells were harvested at 4 h, and luciferase activity was measured.
Luciferase activity was normalized to �-gal activity from cotransfected Rous
sarcoma virus-�-gal expression plasmid. (b) Quantitative PCR analysis of mRNA
levels for CREB target gene NR4A2. Relative mRNA levels were normalized to
GAPDH expression. Effect of KG-501 (10 and 25 �M) on target gene expression
in HEK293T cells under basal and forskolin (10 �M, 45 min) treated conditions
are shown. (c) KG-501 does not interfere with CREB Ser-133 phosphorylation
in response to forskolin. HEK293T cells were pretreated with 10 �M KG-501 or
DMSO vehicle for 30 min and then coincubated with forskolin. (Upper) Cells
were harvested at the indicated time points, and whole-cell lysates were
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naphthol-AS-D-chloroacetate, and naphthol-AS-D-acetate)
were tested for their ability to inhibit the KID:KIX interaction,
all of these show low solubility in water, leading to inconsistent
results in binding and transactivation studies (J.L.B. and M.M.,
unpublished work). Future efforts in this direction will reveal,
however, the extent to which various moieties in KG-501 pro-
mote binding to the KIX domain.

Commensurate with its effects on the CREB:CBP complex,
KG-501 interfered with the induction of CREB target genes by
cAMP. Notably, KG-501 appeared more potent at disrupting
CREB-dependent transcription (Ki � 10 �M) compared to the
CREB:CBP interaction (Ki � 50 �M) by FRET assay. These
differences may reflect reduced affinity of KG-501 for tagged
versions of KIX used in our experiments compared with the
full-length CBP. Alternatively, a partial reduction in CREB:CBP
complex formation may be sufficient to completely disrupt target
gene activation in response to cAMP.

CBP is recruited to a wide variety of transcriptional com-
plexes, and the presence of the KIX domain has often been cited
as critically important for in vivo transcriptional activation (24).
Demonstrating the inherent limitations of targeting a domain
with numerous binding partners, we also have observed inhib-
itory effects of KG-501 on other factors that associate with the

KIX domain, such as NF-�B, although the extent of these effects
relative to CREB is unclear (Fig. 10, which is published as
supporting information on the PNAS web site). Additional
chemical refinements, perhaps involving covalent links between
KG-501 with small molecules like KG-122 that target other
surfaces of KIX, may allow for the development of compounds
with greater affinity and selectivity for CREB.

The inhibition of protein–protein interactions by small-
molecule antagonists offers possibilities in approaches to disease
intervention. In a recent study, for example, antagonists that
block binding of MDM2 to the tumor suppressor p53 were found
to stabilize p53 and enhance its growth inhibitory properties,
offering potential treatment for certain cancers (25). Given its
ability to regulate hepatic gluconeogenesis during fasting and in
diabetes, CREB has also been identified as a potential thera-
peutic target (26, 27). By disrupting the expression of target
genes involved in hepatic glucose production, small-molecule
CREB:CBP antagonists may offer potential therapeutic benefit
to type II diabetic patients.
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