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ABSTRACT

The 439 amino acid yeast Gen5 protein contains a C-terminal bromodomain, which is required for
SAGA (Spt-Ada-Gcen5-Acetyltransferase) mediated nucleosomal acetylation and transcriptional
coactivation. Bromodomains are acetyl-lysine binding modules found in many chromatin binding
proteins and histone acetyltransferases. Recently, both in vivo and in vitro studies indicate that
bromodomains are able to discriminate the acetylation state of lysine side-chains within histone
proteins. Here, the cloning, expression and bioactivity of a recombinant bromodomain from the
yeast Genb protein is described. The bromodomain from Genb was cloned from yeast genomic
DNA enabling effective one-step purification by affinity chromatography. Steady-state
fluorescence anisotropy was used to quantify the interaction of Gen5 with acetylated histone H3.
The present cloning, expression, and purification procedure enabled the preparation of large
quantity and high vyields of biologically active recombinant Gcn5 bromodomain for in vitro
structure and function studies.

l. INTRODUCTION and modifying additional sites in the vicinity
required for transactivation by SAGA [8,9].
The yeast Gen5 protein, a histone Some HAT complexes, like SALSA (SAGA
acetyltransferase (HAT), is the catalytic altered, Spt8 absent) and SLIK (SAGA-like)
subunit of the SAGA (Spt-Ada-Genb- have unique subunits, such as the Gcn5
Acetyltransferase) histone acetyltransferase protein, that act as histone acetyl-
complexes [1]. The 439 amino acid Gcn5 transferases.  The Gcn5 protein is an
protein contains an amino-terminal N- important part of such complexes and,
acetyltransferase domain and a C-terminal depending on which complex it belongs to, it
bromodomain (BrD), which is required for can determine the specific lysine to be
SAGA-mediated nucleosomal acetylation. acetylated [10].
An Ada2p transcriptional coactivator BrDs, originally identified in the
domain, which creates a ternary structure Drosophila (fruit fly) Brahma gene (hence
(referred to as the SAGA subcomplex) is the term bromo-domain), represent a family
required to modulate the HAT activity of of evolutionarily conserved protein modules
Gen5 [2-4]. Taken together, the fact that approximately 100 amino acids in length that
BrDs bind acetylated histones [5], and are found in chromatin associated proteins
acetyltransferases tag the e-amine of lysine [3,6,9]. A growing number of genetic
side-chains [6,7], the Gcn5 protein may studies indicate that biological function of
serve an important role in transcriptional bromodomains are dependent upon acetyl-
activation by targeting acetylhistone sites lysine binding [11-13]. These new findings
suggest an important posttranslational
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Figure 1. Sequence alignments of BrDs from representative BrD-containing proteins, including
Gcen5. Amino acids making direct contact with acetyl-lysine (bold) or side chains flanking the
acetyl-lysine of the histone tail (underlined) are indicated. ClustalW from within BioEdit was used
to perform the alignment. Secondary structure (loop and helix) annotation is based on the

structure of Gen5 (PDB ID: 1E6I).

SAGA [14], SALSA [15], and RSC
(Remodels Structure of Chromatin) [16-19].
In vivo and in vitro studies suggest that
important biological role of Gen5 proteins in
human and yeast, no quantitative analysis of
acetylation-dependent binding interactions
has yet been performed. Here, bioactivity of
the purified BrD from yeast Gcn5 is
rigorously examined using fluorescence
anisotropy to give solution-phase dynamics
of the acetylation dependence of BrD-
histone complex formation.

. MATERIALS AND METHODS
a. Materials

All reagents used for standard
molecular biology procedures were obtained
from Fisher (Hanover Park, IL). Enzymes
were purchased from New England BioLabs
(Ipswich, MA). Ampicillin, chloramphenicol,
and isopropyl-B-D-thiogalactopyranoside
(IPTG) were ordered from Acros Organics
(Hampton, NH). F-moc amino acids and
peptide synthesis reagents were purchased
from Advanced Chemtech (Louisville, KY).

b. Instrumentation

Polymerase chain reaction was
performed using the Mastercycler Gradient
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isolated BrDs preferentially target only a
subset of the many possible histone
acetylation sites [20-22]. In spite of the
Thermocycler from Eppendorf (Westbury,
NY). Histone H3 peptides were synthesized
on an Endeavor 90 peptide synthesizer
(Aapptec, Louisville, KY), purified using
high-performance liquid chromatography
and characterized using matrix-assisted
laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry.
Fluorescence anisotropy measurements
were performed on a Quantamaster-6/2003
Spectrofluorometer in T-format, with a 75W
Xenon lamp and analyzed with Felix32
Fluorescence Analysis Software (PTI,
Canada). An USB2000-UV-VIS
Spectrometer from Ocean Optics (Dunedin,
FL) was used to measure absorbance and a
Gel Logic 200 imaging system from Kodak
(New Haven, CT) was used to quantify DNA
and protein gels.

Purification of

c. Expression and

Bromodomains

Cloning, expression and purification
of the BrD from the GCN5 gene (GenBank
Accession No. CAA97281), were performed
using standard recombinant DNA
techniques [23]. Sequence alignments were
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used to determine the coding region
expected to represent the fully functional
BrD (Figure 1) and for the design of PCR
primers. The gene region corresponding to
the single BrD were PCR amplified using
specific primers, which introduced the
restriction enzyme sites Sap | (5-
GCTCTTC-3’) and Pst | (5-CTGCAG-3’) on
the sense and antisense primers,
respectively, for subcloning into pTWIN1
(New England Biolabs). This construct
places a hexa-histidine tag after the carboxy
terminus of the BrD for effective one-step
purification. Primers for the Gen5 BrD 5’ -
GGTGGTGCTCTTCTAACGATGCGTTGGC
ACAAC-3'° and 5- GGTGGTCTGCAGT
TAATCAATAAGGTGAG-3 correspond to
amino acids 321 through 439 in the native
sequence. The PCR product was cloned
into the parent vector and transformed into
DH5a competent cells. The identities of the
recombinant vectors were confirmed by
PCR screening using universal T7 primers.
Successful candidates were sent to the
Biomedical Core Research Facilities at the
University of Michigan for sequencing.
Rosetta (DE3) cells (Novagen, San Diego,
CA) were used for protein expression. Cells
were grown in LB media supplemented with
ampicillin (50 pg/ml) and chloramphenicol
(34 pg/ml) and induced with 1 mM IPTG.
The high purity of each BrD was achieved
by one-step chitin affinity chromatography
and visualized by Coomassie stained SDS-
PAGE analysis. Proteins were dialyzed
overnight in a solution of 20 mM NaCl, 5 mM
Tris, 0.33% B-mercaptoethanol, and 0.05%
Tween20 at 4 ° C. The concentration of
purified BrD was determined by Bradford
assay using a BSA standard.

d. Synthesis, purification and
characterization of fluorescein labeled
histone H3 peptides.

Fluorescein labeled histone H3 peptides
with the sequence:
ARTKQTARKSTGGKAPRKQLASKAA
(locations of acetyl-lysine side chains are in
bold) derived from amino acids 2-26 of yeast
histone H3 (GenBank Accession No:
P61830) were synthesized on PAL-PEG-PS
resin by automated solid-phase peptide
synthesis (Millipore 9050 peptide
synthesizer) using F-moc chemistry. For the
modified peptide, acetylated lysines (AcK)
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were incorporated at all lysine (K) positions
and fluorescein was coupled to the a-amine

of the N-terminal end wusing O-(7-
azabenzotriazol-1-yl)-N, N, N9, N9, -
tetramethyluronium hexafluorophosphate

(HATU) activated coupling chemistry. The
peptides were removed from the resin and
deprotected by TFA cleavage methods for 4
h. Fluorescein is stable to standard
deprotection and cleavage conditions. The
peptides were purified by RP-HPLC on a
Zorbax C8 column (9.4 mm X 25 cm) using
a water (0.1 % TFA) to acetonitrile (0.1 %
TFA) gradient. ldentities and purities of the
H3 peptides were confirmed by MALDI-TOF
using a-cyano-hydroxycinnamic acid as
matrix. The expected mass of the fully
acetylated peptide is 3175.2 and multiple
peaks centered at (m/z) = 3176.9 in each
mass spectrum are observed for the singly
charged species (data not shown). The
expected mass of the unmodified peptide is
2969.2 Da and a single peak is observed at
(m/z) = 2968.8 Da in the mass spectrum
[23]. Stock solution concentrations of the
fluorescein-labeled histone H3 peptides
were determined spectrophotometrically
based on the extinction coefficient of ¢
491nm = 88,000 M-1 cm-1 for fluorescein
[24].

e. Assay for bioactivity of BrD

All fluorescence anisotropy
measurements were performed on a
Quantamaster-6/2003 Spectrofluorometer in
T-format, with a 75W xenon lamp and
analyzed with  Felix32  Fluorescence
Analysis Software (PTI, Canada). Vertically
polarized excitation at 488 nm was used
with detection in the vertical and horizontal
planes at 520 nm, corresponding to the
spectral properties of fluorescein. Steady-
state fluorescence anisotropy
measurements were performed as forward
titrations, as previously described [20]. In
general, 10 - 50 nM of a given fluorescein-
labeled histone peptide is titrated with 0 to
0.1 mM (final concentration) of the BrD until
the maximum anisotropy was attained.
Anisotropy values for each data point were
calculated and plotted versus protein
concentration using a two-state model of
binding to attain the equilibrium dissociation
constant (KD) for BrD binding to the
unmodified or acetylated H3 peptide [20].
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The data are the average of at least three
independent measurements and fit using a
nonlinear least-squared algorithm
(SigmaPlot).

1. Results and Discussion

a. Expression and purification strategy for
Gcnb bromodomain

Sequence alignments using the
Gcen5 sequence were used to determine the
coding region expected to represent the fully
functional BrD (Figure 1) and for the design
of PCR primers. Gene regions
corresponding to amino acids 321 to 439 in
the native Gen5 protein sequence were PCR
amplified using specific primers, which
introduced the restriction enzyme sites Sap |
and Pst | for subcloning into pTWIN1. This
system was developed to express the
individual Gen5 BrD fused to a cleavable
chitin-affinity tag for effective, one-step
purification (see Materials and Methods).
The successfully screened and sequenced
pTWIN1-Gcnb BrD construct was
transformed into the Rosetta (DE3) E. coli
strain.  Analysis of crude extracts and
column purified proteins by SDS-PAGE
indicate that 1 mM IPTG at OD600 of 0.4
results in the optimal expression of protein.
Induction times of 8-12 hours proved to yield
the most protein based on SDS-PAGE
analysis. Under these conditions expression
was 15-25 mg/L culture. Optimization of the
lysis step for the native protocol to a final
concentration of 3 mg/mL lysozyme for 30-
60 minutes resulted in the highest amounts
of crude protein. Protein was eluted from
the column by addition of 50 mM
dithiothreitol (DTT) to the elution buffer and
adjusting the pH to 8.5.

SDS-PAGE analysis of each step of
the purification process was examined for
one liter of cell culture (typically yields 5 g of
cell pellet). Total protein was determined for
each BrD by quantifying the intensity of the
indicated lane (Figure 2). The average total
protein for the crude extract was
approximately 60 mg, with about 30% of that
being from the BrD. The final elution step
yields roughly 15 mg of BrD, representing
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Figure 2. SDS-PAGE monitoring of Genb
BrD purification steps. Fractions of the BrD
were collected and examined after
successive purification steps. Lane 1: crude
lysate, lane 2: lysate flow-through and wash,
lane 3: eluted BrD protein, lane 4: broad
range protein marker (New England Biolabs,
Ipswitch, MA).

greater than 90% of the total protein.
Overall, the average yield of the BrD is 10-
15 mg per liter of culture. SDS-PAGE
analysis was used to approximate the
molecular weights of the expressed samples
based on migration distance relative to a
protein marker. The calculated molecular
weight, based on amino acid sequence, for
the BrD is 18.8 kDa. Based on SDS-PAGE
analysis, the Gen5 BrD has an approximate
molecular weight of 21.2 kDa when
compared with the migration distance
relative to known protein standards (Figure
2). The observed difference between the
calculated and observed molecular weight
of approximately 10 % is within the margin
of error for the method. The high purity of
the GenS-BrD was visualized by Coomassie
stained SDS-PAGE gel analysis (Figure 2).
The difference between the calculated
molecular weight and the size determined
from migration distance was approximately
10% of the calculated molecular weight for
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Figure 3. Binding curves for the Gen5 BrD bound to acetylated or unmodified histone H3
peptides. 20 nM fluorescein-labeled H3 peptide containing modified (e) or unmodified (o) lysine
side chains was titrated with Gcn5-BrD. Plots of the fluorescence anisotropy titrations are
represented as fraction of the H3 peptide bound to the indicated BrD (Ai-Amin/Amax-Amin) by
rescaling the raw anisotropy data along the y-axis and plotting the data as a function of the log of
BrD concentration. All plots were fit to a two-state binding model.

different runs of the purified BrD sample.
Dialyzed samples examined by SDS-PAGE
show only one band confirming the purity of
these preparations.

b. Characterization of Bioactivity

The specific binding affinity was
examined for the Gen5-BrD to either a fully
acetylated histone H3  peptide or
anunmodified histone H3 peptide to quantify
the steady-state binding. In each case, this
was accomplished by monitoring the change
in fluorescence anisotropy of the indicated
fluorescein labeled H3 peptide as a function
of the concentration of the BrD. Binding
studies were performed by titrating 20 nM
H3 peptide with 0 to 100 uyM of the BrD
(Figure 3). Titrations were performed to
attain an equilibrium constant for the
histone-BrD interaction based on a two state
binding model. Plots of the fluorescence
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anisotropy titrations are represented as
fraction of the H3 peptide bound by the BrD
(Ai-Amin/Amax-Amin). The raw anisotropy
data are rescaled along the y-axis to
represent the fraction of H3 peptide with
bound BrD, simply by linearly rescaling the
measured anisotropies from 0
(experimentally measured lower baseline) to
1 (measured upper baseline). The titration

midpoint for individual determinations
represents the equilibrium dissociation
constant.

The binding of H3 peptide by Genb-
BrDs shows an affinity in the micromolar
range for the acetylated H3 peptide (Figure
3). Equilibrium dissociation constants (KD)
determined from the binding assays indicate
that the BrD has a KD value of 1.2 yM. This
is consistent with prior studies of Gen5 using
NMR methods (25). For comparison, the
binding of the Gen5-BrD with unmodified H3
peptide indicate negligible binding affinity in
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the range examined. The average KD value
for the BrDs can only be estimated to be
greater than 1 mM. In fact, the BrD does not
form stable complexes with the unmodified
histone peptide and only show modest
binding at the highest concentrations
examined. Control experiments substituting
a BrD with different concentrations of BSA
(1 uM, 10 pM, 100 pyM and 1 mM) with the
modified and unmodified histone H3
peptides shows no change in anisotropy
(data not shown). This indicates the change
in anisotropy is not due to solution
conditions, but is attributable of the
formation of BrD-histone peptide complex.

Bromodomains distinguish
acetylated from unacetylated lysine side
chains primarily by electrostatic effects. For
example, the BrD is unable to bind to an
unacetylated lysine, due to the strong
electrostatic interaction between lysine and
DNA. Even in the absence of DNA, as
examined here, the charged lysine is not
stabilized by the hydrophobic binding pocket
of the BrD. However, upon lysine
acetylation, the interaction between BrD and
acetyllysine is stronger due to
thermodynamic stabilization mainly
attributed to the hydrophobic effect. Taken
together, the electrostatic driving force that
stabilizes histone-DNA interaction via lysine-
phosphate contacts is lost upon acetylation,
permitting the hydrophobic effect to drive the
BrD-acetylhistone interaction. The structural
and functional consequences of this event
have shown that recognition between BrD-
acetyllysine is a prerequisite for further
transcriptional processes [21,24].

Based on results from these
experiments, we were able to show that the
single BrD from yeast GcnS protein
preferentially interacts with acetylated
histone H3 peptides than unacetylated H3
peptides. Equilibrium dissociation constant
values attained here (KD ~ 1.2 pyM) are
comparable to those values previously (KD
~ 0.9 uM) attained for Gen5 using NMR
methods (25). The modest difference can
be attributed to a variety of factors,
including; solution conditions, experimental
temperature and the different technique
employed. To further our understanding of
the molecular level details that drive such
acetylation-dependent binding events by
BrD proteins, mutagenesis, thermodynamic
and kinetic studies will be performed. From
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a molecular perspective, rigorous
examination of BrD-acetylhistone
interactions  will reveal fundamental
information about acetylation-dependent
protein interactions and general binding
features for bromodomain proteins. From a
macromolecular perspective, further studies
will reveal important insights into the central
role of these proteins in gene regulation and
epigenetic phenomena.
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