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Abstract
CREB-binding protein (CBP) is an important coactivator of basal transcription machinery and a
critical regulator of cellular proliferation, differentiation, and apoptosis. It is hypothesized that CBP
function is regulated by post-translational modifications, such as phosphorylation and methylation.
Specific kinase-mediated phosphorylation of CBP has been shown to affect not only intrinsic histone
acetyl transferase activity, but also transcriptional activity of various target promoters and interaction
with binding partners. While most of the identified CBP phosphorylation sites have been mapped to
the N-terminus of the protein, based on previous studies of the CBP homolog (p300), Protein Kinase
B/Akt is predicted to phosphorylate the C-terminus of CBP. However, there is no direct evidence of
Akt-mediated phosphorylation of CBP. Here we report the first purification procedure of recombinant
fragment of CBP, encompassing the cysteine/histidine-rich domain 3 (CH3) and glutamine-rich (Q)
domain of the protein, which is suitable for structural and interaction studies. We provide the first
evidence of protein-protein interaction between the full-length Akt1 and the C-terminus of CBP by
fluorescence spectroscopy and the subsequent phosphorylation of CBP by in vitro phosphorylation
assay. Our results suggest that Akt signaling may have important implications on the in vivo
molecular interaction of CBP with various transcription factors and modulation of cellular responses.

Introduction
CREB-binding protein (CBP)1 and its homolog p300 belong to a class of proteins that play a
vital role in remodeling the chromatin structure at the target promoters and facilitating gene
transcription by RNA polymerase. CBP and p300 serve as protein scaffolds for a number of
nuclear transcription factors, thus mediating transcriptional responses to numerous intracellular
and extracellular signals [1-4]. CBP and p300 regulate cell proliferation, differentiation,
apoptosis, and response to viral challenges. The intrinsic histone acetyl transferase (HAT)
activity of these proteins facilitates chromatin unwinding and subsequent recruitment of other
coactivators to the basal transcription machinery.

While CBP and p300 share overlapping functions, significant differences exist. For instance,
mice that are heterozygous for CBP gene (Crebbp+/−) show defects in hematopoietic
differentiation, while Ep300+/− mice do not show any such abnormal differentiation [5].
Moreover, studies have shown that CBP and p300 associate with different proteins and have
different substrate specificity [6]. Regardless of their differences, defects in CBP and p300
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expression have been implicated in several human diseases, ranging from developmental
disorders to cancer progression [7].

Several studies have implicated CBP as the rate-limiting cofactor in gene transcription
[8-13], suggesting a model of competitive binding between transcription factors that require
CBP for activation. One mechanism by which CBP activity is regulated in the cells is through
post-translational modifications, such as phosphorylation, acetylation, ubiquitinylation, and
methylation [14]. Thus, post-translational modifications of CBP may bring about changes in
its HAT activity, protein-protein interactions, substrate specificity, or stability [14-16]. It is
well established that CBP is a target of various protein kinases, including MAPK/ERK,
CaMKIV, and IKKα [2,17-25]. Several specific phosphorylation sites have been identified at
the N-terminal half of the CBP [18-20]. For instance, CBP phosphorylation at S301 and S436
resulted in increased HAT and transcriptional activity during neuronal differentiation [18] and
recruitment of transcription factors AP-1 and Pit-1 via growth factor signaling pathways [19],

1Abbreviations used:

CREB 3′,5′-cyclic adenosine monophosphate response element binding protein

CBP CREB-binding Protein

HAT histone acetyl transferase

MAPK mitogen-activated protein kinase

ERK extracellular signal-regulated kinase

CaMKIV Ca2+/calmodulin-dependent protein kinase IV

IKKα IκB kinase alpha

AP-1 activating protein-1

NF-κB nuclear factor-kappaB

MMP-9 matrix metalloproteinase-9

PKB Protein Kinase B

PI3K phosphatidylinositol 3-kinase

mTOR mammalian target of rapamycin

HMECs human mammary epithelial cells

Tam tamoxifen

Bis-Tris propane1,3-Bis[tris(hydroxymethyl)methylamino]propane

DTT DL-dithiothreitol

EDTA ethylenediamine-tetraacetic acid

IPTG isopropyl-β-D-thiogalactopyranoside

GST glutathione S-transferase

HRP horseradish peroxidase

BSA bovine serum albumin

FPLC fast phase liquid chromatography

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis

PP2A protein phosphatase 2A

NMR nuclear magnetic resonance.
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respectively. Recently, IKKα-mediated phosphorylation of CBP at S1382 and S1386 resulted
in increased HAT activity as well as tumor growth and upregulation of anti-apoptotic NF-κB-
responsive genes due to a switch in binding preference of CBP from p53 to NF-κB [20].
Although numerous studies have implicated the C-terminal region of CBP as a target of
phosphorylation [13,17,21-25], only in the past few years that specific phosphorylation sites
have been identified. In particular, phosphorylations of CBP Ser-2016 [25] and Ser-2080
[13] by ERK1 have been shown to be important for transcriptional activity in cardiac cells and
regulation of coactivator association with AP-1 sites in the MMP-9 promoter, respectively.

Previous studies have shown that human p300 (residues 1829-1834) contains a consensus motif
for Protein kinase B/Akt wherein Ser-1834 serves as the phospho-acceptor site [26,27]. PKB/
Akt, a key player in the PI3K/Akt/mTOR signaling pathway, belongs to a family of serine/
threonine kinases that regulates various cellular processes, including proliferation, cell cycle
progression, metabolism, angiogenesis, motility and apoptosis [28,29]. The Akt consensus
motif is conserved in human (residues 1866-1871) and mouse (residues 1867-1872) CBP and
spans a portion of the cysteine/histidine-rich domain 3 (CH3) and glutamine-rich domain (Q)
of the protein [26] (Fig. 1A). Phosphorylation of p300 Ser-1834 by Akt blocks the
transactivation of the CAAT-enhancer binding protein [26] and increases the transcriptional
activity of ICAM-1 promoter [27]. While the corresponding residue in CBP (Thr-1871 in human
and Thr-1872 in mouse) has been suggested to be an Akt phosphorylation site, there is no direct
evidence for this. Given the location of the Akt consensus motif within the region of CBP that
interacts with other proteins that play a role in the regulation of cellular growth and
differentiation [30], it will be interesting to examine the exact contribution of PI3K/Akt/mTOR
signaling to these cellular processes (Fig. 1A).

Our laboratory has shown that CBP is required for cellular growth arrest and apoptosis in
acutely damaged human mammary epithelial cells (HMECs) [12,31-33]. In particular,
apoptosis induced in HMECs by the partial estrogen antagonist/agonist Tamoxifen (Tam) is
associated with rapid loss of both phosphorylation at Akt Ser-473 and Akt activity [32]. In the
present study, we have employed site-directed mutagenesis and in vitro interaction techniques
to investigate whether the C-terminal CBP fragment spanning the Akt consensus motif is a
direct binding partner and phosphorylation site of Akt. Here we demonstrate that the C-
terminus of CBP can interact directly with full-length Akt1 in vitro and contains a reversible
Akt-mediated phosphorylation site(s). Our in vitro data suggests a potential role of Akt1-
mediated phosphorylation of CBP in modulating a wide variety of cellular responses, as
proposed by other groups [24,26,27,34].

Materials and methods
Materials

Bis-Tris propane, DTT, EDTA, ammonium sulfate, kanamycin, and chloramphenicol were
purchased from Sigma-Aldrich (St. Louis, MO). BugBuster® protein extraction reagent,
Benzonase® nuclease, bacterial expression vector pET24b, competent cells BL21(DE3) and
BL21(DE3)pLysS, T7 promoter primer, T7•Tag® antibody HRP conjugate were from
Novagen (Madison, WI). Protease inhibitor cocktail set II and IPTG were purchased from
Calbiochem (San Diego, CA). CHT™ ceramic hydroxyapatite type I resin, gel filtration
standards, Bradford assay reagent, and polyvinylidene difluoride (PVDF) membrane were
from Bio-Rad (Hercules, CA). High performance Superdex 200 10/300 GL column was
purchased from GE Healthcare (Piscataway, NJ). The activated GST fusion protein of full-
length human Akt1 (GST-Akt1) and rabbit phospho-Akt substrate monoclonal antibody were
from Cell Signaling Technology (Danvers, MA). It should be noted that activated GST-Akt1
contains T308D/S473D double mutations. Donkey polyclonal anti-rabbit IgG HRP conjugate
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and rabbit polyclonal IgG against the C-terminus of CBP (C-20) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA).

PCR mutagenesis of CH3 CBP fragment
The Ala (A) or Asp (D) substitutions at CBP Thr-1872 were made by PCR mutagenesis, using
the pCR®2.1 construct (Invitrogen; Carlsbad, CA) containing the CBP residues 1756-1878
(GenBank accession no. NM_001025432) as a DNA template. Although the source of this
DNA is from a mouse species, the nucleotide sequence of the aforementioned CBP residues
is 90% identical in mouse and human (GenBank accession no. NM_004380). The CBP
fragment is flanked by EcoRI sites. Reverse primers for the T1872A and T1872D substitutions
were 5′-GGCACGTTGCGGGTGTTCATGGCGGCCATCCGCCGGCGCATGAG-3′ and 5′-
GGCACGTTGCGGGTGTTCATGTCGGCCATCCGCCGGCGCATGAG-3′, respectively.
The bold nucleotides indicate the change in wildtype nucleotide sequence, while the underlined
codons indicate the alanine and aspartic acid mutations. The forward primer used for the
mutagenesis reaction was 5′-
GCAGCCAGGGCGAGCCACAGTCAAAGAGCCCCCAGGAGTCACGC-3′. Following
the amplification of the CBP fragment (373 nucleotides), EcoRI digestion was performed. The
resultant DNA insert was ligated into a pET24b vector cut with EcoRI and dephosphorylated
with calf intestinal alkaline phosphatase (New England Biolabs). Competent BL21(DE3) cells
were transformed with individual ligation reactions. The correct insertion of substituted
nucleotides and correct orientation of the mutant cDNAs were validated by DNA sequencing,
using a T7 promoter primer of pET24b (Novagen) and an internal CBP primer (5′-
AGCCACAGTCAAAGAGCCC-3′). During the construction of CBP CH3/pET24b, a single
Trp at the C-terminus was incorporated to serve as an intrinsic probe of local dynamic changes.
The confirmed sequence of the cloned CBP is shown in Fig. 2.

Protein expression
The wildtype (WT) and mutant CBP CH3 fragments (T1872A or T1872D) were expressed in
E. coli BL21(DE3)pLysS cells, which incorporate an 11-amino acid T7 tag sequence at the N-
terminus. A 1L Luria Broth containing 30 μg/ml of kanamycin and 34 μg/ml of
chloramphenicol were inoculated with 1 ml starter culture and grown at 37°C until OD600 ~0.5.
The cell culture was then induced with a final concentration of 1 mM IPTG and grown for
additional 12-16 hours. Following harvest by centrifugation at 4°C, the cell pellet was
resuspended in BugBuster protein extraction reagent (Novagen) by pipetting and supplemented
with protease cocktail inhibitor II (Calbiochem) and Benzonase® nuclease (Novagen),
following manufacturer’s recommendations. Cell debris was removed by centrifugation at
12,000 rpm for 20 min, while the clarified supernatant was precipitated at 4°C with
(NH4)2SO4 at 90% saturation. The resulting milky suspension was spun down at 12,000 rpm
for 20 min at 4°C to yield a pellet, which was subsequently dissolved in 10 mM Bis-Tris
Propane, 50 mM NaCl, 10 mM DTT, 1 mM EDTA, pH 7. Cell lysate was stored at −20°C until
use or purified as described below. Total protein concentrations of cell lysates and fractionated
peaks described below were determined via Bradford Protein Assay (Bio-Rad), using bovine
serum albumin (BSA) as a protein standard.

Determination of isoelectric point of target protein
Based on previous futile attempts to purify the CH3 fragment of CBP by immunoprecipitation
with monoclonal antibody against T7 Tag, we explored the possibility of isolating our
expressed target protein by ionic charge. To determine which ion exchange media is
appropriate, a 2-dimensional (2-D) gel electrophoresis was performed on cell lysate of WT
CBP CH3 fragment using a ZOOM IPGRunner™ system (Invitrogen), following
manufacturer’s recommendations. Parallel protein gels were run and subjected to either to
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Coomassie blue staining or Western blot analysis as described below. The experimental
isoelectric point (pI) was manually determined, using the ruler tool of Kodak Imager software.

Western Blotting
Proteins resolved in a pre-cast Bis-Tris gel (Invitrogen) were electrotransferred to a PVDF
membrane, followed by blocking in 10% BSA solution prepared in TBST (Tris-buffered saline
with 0.1% Tween-20). This membrane was then probed separately with specific antibodies. In
the case of proteins resolved by 2-D gel electrophoresis, the PVDF membrane was treated
separately with HRP conjugate of T7 tag antibody at 1:5000 dilution and Akt substrate motif
antibody at 1:1000 dilution. Following three 5-min washes in TBST, the separated proteins on
a PVDF membrane were visualized by chemiluminescence using SuperSignal West Dura
Extended Duration Substrate (Pierce) and a Kodak Image Station 2000MM.

Chromatographic separation of protein mixture
Purifications of the WT and mutant CBP CH3 fragments were performed in two
chromatographic steps, using an AKTA FPLC (GE Healthcare). The first chromatography
employed hydroxyapatite column (Bio-Rad) equilibrated in 10 mM Na2HPO4, pH 7, followed
by linear gradient to 400 mM Na2HPO4, pH 7 at a flow rate of 1.0 ml/min. Fractionated peaks
were analyzed by 4-12% gradient SDS-PAGE and SYPRO Ruby staining (Molecular Probes).
Parallel Western blot analyses were performed with antibodies against T7 tag and Akt substrate
motif. Fractions positively identified by Western blots near the theoretical molecular weight
(MW) were pooled together and applied to a size exclusion column (Superdex 200) that had
been equilibrated in 10 mM Bis-Tris Propane, 50 mM NaCl, 10 mM DTT, 1 mM EDTA, pH
7. Based on the elution profile of gel filtration standards and theoretical molecular weight of
T7-tagged CBP fragment, the expected retention time was 30.7 min. Fractionated peaks
obtained from the Superdex 200 were subjected to SDS-PAGE and Western blot analyses as
described above. Each purification medium was cleaned up and regenerated as recommended
by manufacturer.

Steady-state emission of WT CBP CH3 fragment
The spectral properties of WT CH3 were monitored by fluorescence spectroscopy in the
absence or presence of GST-Akt1 fusion protein (Cell Signaling) at 1:1 and 10:1 molar ratios,
using an excitation wavelength of 290 nm and slit widths of 10 nm via Shimadzu RF-1501
spectrofluorophotometer. Emission spectra were corrected for reference buffer, in this case 25
mM Tris, 5 mM DTT, pH 7.4 with 0.1% PEG 8000. The emission spectra of WT CBP CH3
with increasing GST-Akt1 concentrations were also determined.

Determination of equilibrium dissociation constants of WT and mutant CBP fragments
Equilibrium binding studies were performed to determine the relative affinities of CBP CH3
fragments for Akt1. Serial dilutions of equilibrated [Akt1•CBP CH3] complex, consisting
initially of 40 nM Akt1 and 400 nM CBP CH3, were prepared in 25 mM Tris, 5 mM DTT,
0.1% PEG 8000, pH 7.4. Under such conditions, the observed spectral changes are primarily
attributed to the emission of the CBP CH3 fragments. The steady-state emission of CBP CH3
was monitored at excitation wavelength of 290 nm at 25°C and corrected for the emission
intensity of the reference buffer. Specifically, the interaction between CBP CH3 and Akt1 was
monitored from the increase in intensity at 345 nm, which is within the wavelength range at
which solvent-accessible Trp exhibits strong emission. The mole fraction of bound CBP CH3
was determined from the following ratio: x = (ICH3-Imax)/(ICH3-Icomplex), where ICH3, Imax,
and Icomplex are the intensity for the unbound CBP CH3, observed maximum intensity, and
intensity for the complex, respectively. The equilibrium dissociation constant (KD) for each
CBP CH3 fragment was derived from the equation below via DeltaGraph 4 (Salt Lake City,
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UT), where v is the mole fraction of CBP CH3 bound to total protein and P and C are the upper
and lower plateau, respectively:

Detection of protein-protein interaction via GST pull-down assay
The interaction between GST-Akt1 fusion protein and WT CBP CH3 fragment was confirmed
by GST pull-down technique. Briefly, 500-μl reactions containing 5 μg of purified GST-Akt1
or S. japonicum GST (GenScript) were incubated with 50 μl of 50% slurry of Glutathione
Sepharose beads (GE Healthcare) in 20 mM Tris/1 mM EDTA/100 mM NaCl, pH 7.4 (NET
buffer) at 4°C for 1 hour with rotation. Beads were then centrifuged at 14,000 rpm for 2 min,
followed by two washes with NET buffer. The immobilized GST-Akt1 or GST were incubated
with equimolar amounts of WT CBP CH3 at 4°C for 2 hrs with rotation. Thereafter, beads
were washed two times with NET buffer containing 0.5% Nonidet P-40. The pull-down
complex was resuspended in reducing 1X sample buffer (Invitrogen), denatured by heating at
70°C for 10 min, and resolved by 8% SDS-PAGE. Pull-down assay was also performed with
GSK-3α/β fusion protein (Cell Signaling), which is a known substrate of Akt1. This was
followed by SYPRO Ruby (Invitrogen) staining to determine sizes and abundance of associated
proteins. Parallel Western blots were also performed, using anti-T7 tag (Novagen) and anti-
GST (GE Healthcare) antibodies to detect associated WT CBP CH3 and GSK-3α/β,
respectively.

Phosphorylation of CBP CH3 fragment by Akt1
To determine whether the CH3 domain of CBP contains a phospho-acceptor site, we performed
an in vitro kinase assay using the activated Akt1 fusion protein which contains an N-terminal
GST tag (GST-Akt1). Briefly, 5 μg of wildtype or mutant CBP CH3 were reacted with 0.1
μg of GST-Akt1 in kinase buffer (25 mM Tris, 5 mM β-glycerophosphate, 2 mM DTT, 0.1
mM Na3VO4, 10 mM MgCl2, pH 7.5) containing 5 μCi of γ-32P-ATP (NEN) for 1 hr at 37°
C. Parallel reactions without GST-Akt1 were also prepared. Reactions containing 1 μg of
GSK-3α/β fusion protein (Cell Signaling) serve as controls. As additional control, 1 unit of
protein phosphatase 2A (PP2A) was added to a reaction containing WT CBP CH3.
Phosphorylated proteins were resolved by 4-12% SDS-PAGE and visualized by
autoradiography.

Results
Experimental pI of recombinant CBP CH3 fragment is different from theoretical pI

Earlier attempts to purify the CBP CH3 were based on the assumption that the protein fragment
has a theoretical pI of ~10.4, as determined by either Compute pI/MW or ProtParam tool
(http://us.expasy.org/tools/), and thus be able to bind to a cation exchanger below its pI.
However, none of the attempted cation exchangers were able to capture the target proteins at
the recommended buffering conditions. To determine the actual pI of CBP CH3 in cellular
lysates expressing the protein of interest, a 2-D protein gel electrophoresis was performed,
followed by detection of the T7-tagged CBP CH3 protein via Western blot analysis. Several
migrating proteins were observed as spots of varying intensity on the Coomassie blue-stained
gel (Fig. 1B). Of these, only a few spots stained positive for the T7 tag (Fig. 1C) and Akt
substrate motif (Fig. 1D). In both stained gel and parallel Western blots, only one spot was
clearly positioned near the theoretical MW of the CBP CH3 fragment (MW 20.9 kDa), as
indicated by a circle in Fig. 1B, 1C, and 1D. The experimental pI of this protein fragment (pI
~6.5) was approximately 3.9 units below its theoretical pI.
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A two-step purification scheme was sufficient to yield a homogenous CBP CH3 fragment
We have employed two chromatographic steps to purify wildtype and mutant CBP CH3
fragments. All purification steps were performed at room temperature. The frozen bacterial
lysate was thawed, spun down at 4°C to remove particulate matter, applied to a 5-ml sample
loop (GE Healthcare) connected to a hydroxyapatite column, and then fractionated via an
AKTA FPLC system. Hydroxyapatite has a chemical composition of Ca10(PO4)6(OH)2 [35]
and binds to proteins via ionic interactions either between the positively charged calcium ions
of the resin (Ca2+) and the negatively charged carboxylic side chains of polypeptide (COO−),
or between the negatively charged phosphate ions (PO4

2−) of the resin and the positively
charged amino side chains (NH3

+) of polypeptide [36-38]. Given the experimental pI of the
T7-tagged CBP CH3 fragment (Fig. 1B) and pH of the equilibration buffer, the protein
fragment would have an overall net negative charge. As a result, the primary interaction of the
protein fragment is through calcium ions. Bound proteins are then eluted by competitive
binding with phosphate ions as indicated in Materials and methods.

All fractions collected from hydroxyapatite column were monitored at absorbance of 280 nm
(Fig. 3A) and characterized by SDS-PAGE and Western blotting (Fig. 4). Only fractions
containing the T7 tag near the theoretical MW of CBP CH3 fragments were pooled together
(Fig. 4, lane 5) for the size exclusion chromatography, as described in Materials and methods.

To determine the expected retention time of the CBP CH3 fragment in the Superdex 200
column, a calibration curve was derived from a plot of gel filtration standards of known
molecular weight vs. retention volume (data not shown). As indicated in Fig. 3B, the protein
fragment eluted at 30.55 min, which is near the calculated retention time of 30.7 min. Western
blot analysis indicated that the pooled fractions contained T7-tagged protein (Fig. 4B, lane
9). The pooled fractions were concentrated via a Microcon® centrifugal filter device (MWCO
10,000 Da; Millipore), subjected to final dialysis in 10 mM Bis-Tris Propane, 50 mM NaCl,
10 mM DTT, 1 mM EDTA, pH 7 at 4°C, and stored at −20°C until use. Based on densitometric
analysis of stained gels (Fig. 4A), the pooled CBP CH3 fragments are ~98% pure and have an
observed MW of 22.6 kDa (data not shown). Typical protein recovery for purification of 1L
culture or 35-ml cell lysate is about 6% (Table 1). We also confirmed the identity of the purified
fragment by Western blotting against the C-terminus of CBP (C-20) at 1:250 dilution. A single
band was found at the observed MW (data not shown).

Fluorescence emission of WT CBP CH3 fragment
As indicated earlier, the recombinant fragment of WT CBP CH3 has one Trp incorporated at
the C-terminus, which shows an average emission maximum at 330 nm (Fig. 5). Upon addition
of increasing concentrations of Akt1 fusion protein (i.e., GST-Akt1) and incubation for 1 min
at 25°C, the emission spectra showed a 10-fold increase in intensity but with no shift in
wavelength maximum (data not shown). This increase in intensity is likely to be due to the
intrinsic fluorescence of GST-Akt1, which has a single Trp in the GST tag sequence and 7 Trp
in the Akt1 sequence. As shown in Fig. 5A (compare dashed and solid lines), the emission
intensity of 10 nM GST-Akt1 is about 4.2-fold greater than that of 10 nM WT CBP CH3 alone,
as expected for a protein with several Trp residues. The average wavelength maximum of GST-
Akt1 (331 nm) is similar to that of WT CBP CH3. However, at 10:1 molar ratio of CBP
CH3:GST-Akt1, the CBP fragment contributes ~73% of the total fluorescence (Fig. 5B,
compare solid and dotted lines; compare dashed and dotted lines).

Fluorescence titration of WT CBP CH3 with Akt1
The intrinsic fluorescence signal of WT CBP CH3 was exploited to determine whether the
association or dissociation between this protein fragment and GST-Akt1 can be monitored. At
saturating concentrations of WT CBP CH3 or its Thr-1872 mutants, the fluorescence of the
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GST-Akt1•CBP CH3 complex is primarily due to Trp emission of the CBP CH3 fragment (Fig.
5B). Moreover, the titration curves for each protein were hyperbolic (Fig. 6), suggesting a
single binding site of each protein fragment on Akt1 [39]. The equilibrium dissociation
constants (KD) of WT CBP CH3, T1872A CH3, and T1872D CH3 for Akt1 are 4.30 nM, 1.20
nM, and 4.07 nM, respectively. These fairly similar KD values indicate that Ala or Asp
mutations at Thr-1872 do not significantly alter the binding affinities of each CH3 fragment
for Akt1.

In vitro interaction between WT CBP CH3 and Akt1
To determine whether or not WT CBP CH3 fragment binds directly to Akt1 and confirm our
fluorescence binding studies, GST pull-down assays were performed. As indicated in Fig. 7A,
WT CBP CH3 (MWobs ~22.6 kDa) was able to form a complex with GST-Akt1 compared to
control GST. On the basis of densitometric scanning of stained gels (Fig. 7A and Table 2), the
level of pull-down complex with WT CBP CH3, however, is 27-fold lower than with
GSK-3α/β (MWobs ~27 kDa). This result shows that WT CBP CH3 interacts directly with
Akt1, albeit its interaction is weaker than that of GSK-3α/β. To confirm that the associated
protein with GST-Akt1 is CBP CH3 fragment, parallel Western blot analyses were performed
with antibodies against T7 tag. Figure 7B shows a visible band corresponding to T7-tagged
CBP CH3 fragment, indicating successful capture by GST-Akt1. The identity of GSK-3α/β
fusion protein was also confirmed by Western blotting (Fig. 7C), including its N-terminal GST
tag (MWobs ~26 kDa).

CBP fragment spanning the CH3 domain contains a phospho-acceptor site(s)
While the aforementioned in vitro interaction studies confirm GST-Akt1•CBP CH3
interaction, these studies do not determine the phosphorylation status of the suspected phospho-
acceptor site in the CBP CH3 fragment, Thr-1872. Here, we determined whether Thr-1872
serves as the sole Akt1-mediated phosphorylation site, as suggested by others based on Akt
consensus motif [24,26,27,34]. As indicated in Fig. 8 (lanes 2, 4, and 6), radioactive 32P was
incorporated in both WT and mutant CBP CH3 fragments in the presence of Akt1, suggesting
that Thr-1872 is not the exclusive site of phosphorylation. This result is consistent with our
equilibrium binding studies, which indicate indiscriminate binding of CBP CH3 fragments for
Akt1. In contrast, the phosphorylation of GSK-3α/β was 3-fold greater than any of the CBP
CH3 fragments (Fig. 8, lane 8). To confirm that the observed phosphorylated band of the WT
CBP CH3 is not a residual effect of the assay conditions, parallel incubations with protein
phosphatase 2A (PP2A) were performed. One unit of PP2A is sufficient to abrogate the
phosphorylation of WT CBP CH3 fragment (Fig. 9, compare lanes 1 and 7). In comparison,
this amount of PP2A resulted in 1.8-fold decrease in phosphorylation of GSK-3α/β (Fig. 9,
compare lanes 4 and 8), while no change in a reaction containing either Akt1 alone or Akt1
with PP2A, as expected for unphosphorylatable T308D/S473D Akt1 (data not shown).

Discussion
Molecular interactions play a central role in the proper functioning of all biological systems
[40-42]. Having an understanding of the structural and functional importance of protein-
protein, protein-peptide, and protein-ligand interactions represents an opportunity for drug
discovery or biomarker development. Fluorescence spectroscopy is a powerful tool for
monitoring and elucidating interactions between biomolecules [43-45], given its high
sensitivity in dilute solutions and availability of the equipment.

In the present study, we have exploited the intrinsic fluorescent properties of Trp in a
recombinant fragment of an important nuclear coactivator of steroid/thyroid signaling, CBP,
to study its potential protein-protein interaction with Akt1 in vitro. To our knowledge, this is
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the first in vitro study to demonstrate the association between CBP and cell survival factor Akt
by fluorescence spectroscopy and phosphorylation of a protein fragment spanning the CH3
domain and part of the Q-rich domain of CBP by Akt1.

To study the potential molecular interaction between the C-terminal fragment of CBP and Akt1
in greater detail, we have undertaken a large-scale expression of the CBP fragment containing
a T7 tag at the N-terminus and Trp at the C-terminus. Here, we report for the first time the
successful purification of a non-GST fusion tag of CBP by ion-exchange chromatography that
resulted in relatively homogenous proteins (Fig. 4). In particular, CBP CH3 fragment was
primarily captured via Ca2+•••COO− coordination between the positively charged calcium ions
of the hydroxyapatite resin and the negatively charged carboxylic groups of the acidic protein
fragment [35-37]. The resulting purified CBP CH3 fragment has an observed MW (22.6 kDa)
that is nearly 2 kDa larger than expected. This discrepancy in MW may be attributed to yet to
be identified secondary structure at either the N-terminal T7 tag or the last 43 C-terminal
residues (Fig. 2) and will be addressed in future structural studies. Nonetheless, the purified
CBP CH3 fragment will serve as a valuable tool for future studies to better understand the role
of CBP interaction with other proteins in cancer progression.

Full activation of Akt1 requires phosphorylation of Ser-473 and Thr-308 at the activation loop
of the kinase domain and hydrophobic motif of the regulatory domain, respectively [46,47].
To mimic this activation in our in vitro assays, a commercially available GST fusion protein
containing the full-length Akt1 with T308D/S473D mutations was used. This Akt double
mutant was found to be constitutively active and sufficient to phosphorylate a number of
substrate targets [48,49]. The binding of CBP CH3 fragment to activated Akt1 resulted in a
significant increase in Trp fluorescence, perhaps due to a decreased solvent exposure of the
fluorophore(s) in either CBP CH3 or Akt1 at the site of contact (Fig. 5 and 6). While our data
demonstrates interaction between CBP CH3 fragment and Akt1 (Fig. 5, 6, and 7), the specific
sites of contact between these two proteins cannot be deduced from our studies. Detailed
structural analysis of this complex by either mass spectrometry or NMR is warranted.

While Ser-1834 of human p300 has been shown to be an Akt phosphorylation site [26,27], it
is not known whether the corresponding residue in CBP is the exclusive site of phosphorylation
(Fig. 1A). Our data shows that the CBP CH3 fragment is phosphorylated by Akt in vitro (Fig.
8 and Fig. 9), and this phosphorylation event is reversed by PP2A (Fig. 9). However, Thr-1872
is not the exclusive site of phosphorylation, as the removal of phosphorylatable Thr (T1872A)
or substitution with unphosphorylatable Asp (T1872D) at residue 1872 of CBP CH3 fragment
does not block phosphorylation by activated Akt1. This result suggests an alternative
phosphorylation site(s) in the CBP fragment.

The discrepancy between our studies and previous studies [26,27] is presumably due to
differences in the surface accessibility (Table 3) of the Akt consensus motifs in human p300
(1.031) and CBP (0.789), as determined by Motif Scan (http://scansite.mit.edu/index.html),
resulting in a slightly higher probability of Akt-mediated phosphorylation of p300 S1834
(0.193%) compared to CBP T1871 (0.171%). Upon closer inspection of the sequence of human
CBP C-terminus (GenBank accession no. NM_004380), Ser-1771 shows a higher probability
of Akt1-mediated phosphorylation (0.396%) compared to Thr-1871 (0.171%) at medium
stringency (Table 3). Similar result was obtained with the mouse CBP (GenBank accession
no. NM_001025432), considering that CBP is highly homologous in human and mouse (data
not shown).

Based on the surface accessibility of the predicted Akt-mediated phosphorylation sites (Table
3), human CBP Thr-1871 (or mouse CBP T1872) appears to be buried compared to Ser-1771
(or mouse CBP S1772), and thus has a lower probability of coming in contact with Akt1.
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Whether this biochemical reaction occurs is not known, given the important limitation of the
calculation of surface accessibility. In this case, the structural feature of the entire CBP C-
terminus, which is yet to be determined, is not taken into account. Perhaps, detailed
examination of the rapid kinetics of Akt1•CBP CH3 interaction and subsequent
phosphorylation of CBP CH3 fragment will provide better understanding of the catalytic
mechanism of Akt1. Future studies will look into the in vitro as well as in vivo phosphorylation
status of CBP Ser-1772 and its site-directed mutants.

In summary, our studies provide the first report of successful purification of CBP fragment
with naturally fluorescent Trp for binding studies and the first direct evidence for in vitro
phosphorylation of CBP C-terminal fragment by Akt1. Given the roles of both Akt and CBP
in human cancers and the availability of agents targeting the PI3K/Akt/mTOR signaling, we
aim to delineate the exact contribution of in vivo Akt1-mediated phosphorylation of CBP to
breast cancer progression and development of drug resistance in the future. Finally, our high-
throughput fluorescence-based approach to study protein-protein interaction may open new
avenues for drug or biomarker development.
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Fig. 1.
Experimental pI of T7-tagged fragment of CBP spanning the CH3 domain and partial Q-
domain, CBP CH3. (A) Diagram of different domains of CBP, including partial list of known
interacting proteins at the C-terminus. Location of the Akt consensus site within the cloned
fragment of mouse CBP is indicated. The analogous Akt consensus sites at human CBP and
p300 are also shown. (B) Two-dimensional gel electrophoresis of CBP CH3 lysates and
subsequent detection of resolved proteins via Coomassie blue staining and (C) parallel Western
blotting against T7 tag and (D) Akt substrate motif.
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Fig. 2.
Nucleotide and protein sequences of cloned mouse CBP in pET24b. The start and stop codons
within the multiple cloning sites, T7 tag, and EcoRI sites of pET24b are shown in bold,
underlined, and italic nucleotides. The cloned CBP sequence, proposed Akt consensus site,
and beginning and end of CH3 domain are indicated in dashed lines, bold residues, and
asterisks, respectively.
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Fig. 3.
Elution profiles of clarified lysates of CBP CH3 via (A) hydroxyapatite chromatography and
subsequent (B) size-exclusion chromatography of pooled fractions from previous purification
step. Indicated in circles are peaks corresponding to T7-tagged CBP CH3 proteins as assessed
by Western blotting (see Materials and methods and Fig. 4).
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Fig. 4.
Progress of purification of CBP CH3 proteins as monitored by (A) Coomassie blue staining
and (B) Western blotting against T7 tag. Arrows indicate the position of observed MW of T7-
tagged CBP CH3 proteins. Lane 1: MW markers; lane 2: cell lysate; lane 3: Post HA A11-A13
fractions; lane 4: Post HA G7-G14 fractions; lane 5: Post HA H-I fractions; lane 6: FT of Post
HA H-I fractions; lane 7: Post SEC A5-A10 fractions; lane 8: FT of Post SEC A13-B12
fractions; lane 9: Post SEC A13-B12 concentrate; lane 10: T7-tagged positive control (31.1
kDa). HA, hydroxyapatite; SEC, Superdex 200; FT, flow-through.
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Fig. 5.
Representative emission spectra of wildtype CBP CH3 in the absence and presence of GST-
Akt1. (A) Comparison of the emission spectra of 10 nM WT CBP CH3 (solid line), 10 nM
GST-Akt1 (dashed line), and 1:1 molar ratio of WT CBP CH3 and GST-Akt1 (dotted line).
(B) Emission spectra of 100 nM WT CBP CH3 (solid line), 10 nM GST-Akt1 (dashed line),
and 10:1 molar ratio of the two proteins (dotted line).
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Fig. 6.
Equilibrium binding titrations of wildtype and mutant CBP CH3 with Akt1. Titration curves
for WT CBP CH3 (squares), T1872A CH3 (circles), and T1872D CH3 (triangles) were derived
from equation described in Materials and methods. Dissociation constants (KD) of WT CBP
CH3, T1872A CH3, and T1872D CH3 for activated Akt1 are 4.30 ± 0.10 nM, 1.20 ± 0.01 nM,
and 4.07 ± 0.67 nM, respectively.
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Fig. 7.
In vitro interactions between WT CBP CH3 or GSK-3α/β fusion protein and GST-Akt1 as
monitored by (A) SYPRO Ruby staining and (B and C) Western blotting. Control reactions
containing GST were also performed to confirm the specificity of WT CBP CH3:Akt1
interaction (data not shown). In this case, no WT CBP CH3 was pulled down from the control
reactions (data not shown). Immunoblotting with anti-T7 tag antibody (B) was specific only
for WT CBP CH3 fragment, while GST antibody immunoblotting (C) was specific for both
GSK-3α/β and GST.
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Fig. 8.
In vitro phosphorylation assays of CBP CH3 fragments and GSK-3α/β fusion protein in the
absence and presence of Akt1. 32P-labeled proteins were identified in PVDF membrane by
autoradiography. Arrow indicates the location of 32P-CBP CH3 fragments, while star indicates
the location of 32P-GSK-3α/β.
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Fig. 9.
Akt-mediated phosphorylation of WT CBP CH3 fragment is abolished by PP2A. Assay was
performed as in Fig. 8 but in the presence of 1 unit of PP2A.
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Table 2

Protein recovery from GST pull-down assays

Eluted Proteins from GSH Sepharose Percentage of recoveryb

WT CBP CH3 1.67 ± 0.67

GSK-3α/β 31.7 ± 13.5

Akt1 34.4 ± 2.0

b
Densitometric scanning of observed bands in stained gels relative to band density of starting amount of each protein used in the assays.
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Table 3

Predicted phosphorylation sites in the C-terminus of human p300 and CBP

Protein Akt consensus
sequence Predicted site Probability of phosphorylation by Akt

relative to other protein kinases
Surface

accessibility

p300 RRRMAS S1834 0.193% 1.031

CBP RRRMATc T1871 0.171% 0.789

CBP ESRRLSc S1771 0.396% 1.179

c
Corresponding residues in mouse CBP are T1872 and S1772.
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