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Abstract
An acetyl-histone peptide library was used to determine the thermodynamic parameters that define
acetylation-dependent bromodomain—histone interactions. Bromodomains interact with histones by
binding acetylated lysines. The bromodomain used in this study, BrD3, is derived from the
polybromo-1 protein, which is a subunit of the PBAF chromatin remodeling complex. Steady-state
fluorescence anisotropy was used to examine the variations in specificity and affinity that drive
molecular recognition. Temperature and salt concentration dependence studies demonstrate that the
hydrophobic effect is the primary driving force, consistent with lysine acetylation being required for
binding. An electrostatic effect was observed in only two complexes where the acetyl-lysine was
adjacent to an arginine. The large change in heat capacity determined for the specific complex
suggests that the dehydrated BrD3—histone interface forms a tightly bound, high-affinity complex
with the target site. These explorations into the thermodynamic driving forces that confer acetylation
site-dependent BrD3—histone interactions improve our understanding of how individual
bromodomains work in isolation. Furthermore, this work will permit the development of hypotheses
regarding how the native Pb1, and the broader class of bromodomain proteins, directs multisubunit
chromatin remodeling complexes to specific acetyl-nucleosome sites in vivo.
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Histone acetylation is a key regulator of transcription; however, it is still a matter of debate as
to whether the regulatory features are influenced by modification at specific lysine sites or it
is the cumulative electrostatic consequences of random lysine acetylation. Mounting evidence
indicates that large multiprotein chromatin remodeling complexes regulate transcription by
localizing to certain chromatin sites through the interaction of bromodomain (BrD)1 proteins
with acetylated nucleosomes [1-7]. The BrD is a protein motif, approximately 100 amino acids
in length, primarily associated with targeting subunits of chromatin remodeling complexes
[8]. The biological role of the BrD centers on its ability to discriminate the acetylation state of
lysine residues in histone proteins. In fact, there is growing evidence that the position of the
acetyl-lysine is not random, but instead, the BrD requires acetylation at specific sites for high-
affinity binding [9]. For example, fluorescence resonance energy transfer assays were used to
show that the bromodomain protein Brd2 requires the interaction between its bromodomain
and an acetyl-histone to amplify transcription in vivo [10]. To activate transcription after SAGA
(Spt-Ada-Gcn5 acetyl-transferase) complex directed acetylation at specific nucleosomal
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locations, BrD proteins of the Swi2/Snf2 complex are required to displace acetyl-histones
[11]. Likewise, the yeast RSC (remodels the structure of chromatin) complex requires multiple
BrD proteins to recognize acetylated nucleosomes so as to facilitate movement of RNA
polymerase II, possibly regulating movement through the coding region [12]. This correlation
between histone acetylation state and gene activity led to speculation that these molecular tags
are involved in regulating gene function [13,14].

The human polybromo-1 (Pb1) protein was recently identified as a subunit of the polybromo,
BRG1-associated factors (PBAF) chromatin remodeling complex required for kinetochore
localization and regulation of certain genes [15-17]. Computational analysis of the 1634-amino
acid Pb1 protein revealed the presence of six tandem bromodomains [18], indicating that Pb1
is capable of binding multiply acetylated histone proteins. Recent in vitro studies indicate that
Pb1 bromodomains discriminate both the acetylation state and the location of the lysine side
chains within the histone tail regions [9]. The work investigated the acetylation site specificity
of all six bromodomains binding to acetylated histones using steady-state fluorescence
anisotropy. It was shown that Pb1 bromodomains bind acetylated lysine side chains with high
affinity at specific positions within the N-terminal tail of histone H3. The specific and
nonspecific binding activities for a given BrD were shown to differ by more than two orders
of magnitude in some cases. Interestingly, duplicate target sites were identified for two of the
bromodomains, suggesting that the Pb1 protein may interact with both copies of histone H3
on nucleosome assembly. It is possible that the multiple bromodomains from Pb1 cooperatively

1Abbreviations used

BrD  
bromodomain

SAGA  
Spt-Ada-Gcn5 acetyl-transferase

RSC  
remodels the structure of chromatin

Pb1  
polybromo-1

BrD3  
third amino-terminal bromodomain

IPTG  
isopropyl-β-D-thioga-lactopyranoside

Ni2+—NTA  
nickel—nitrotriloacetic acid

MALDI—TOF  
matrix-assisted laser desorption ionization time-of-flight

LB  
Luria—Bertani

BSA  
bovine serum albumin

HATU  
O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate

TFA  
trifluoroacetic acid

AcK  
acetyl-lysine
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bind a discreet histone acetylation array to localize the PBAF complex to specific chromatin
locations.

The thermodynamic features of many protein complexes have been studied, but such
investigations into the acetylation dependence of BrD—histone interactions, central to
transcriptional regulation and epigenetic phenomena, have not been explored prior to this work.
Because many biological processes are mediated by highly selective noncovalent interactions,
an analysis of the thermodynamic parameters that define specificity will yield a quantitative
description of BrD—histone interactions and provide insights into the so-called histone code
hypothesis. Here the detailed thermodynamic parameters associated with site-specific and
nonspecific binding events are described for acetylation-dependent BrD—histone interactions.
The range of binding affinities for different AcK positions in the histone H3 tail makes the
third amino-terminal bromodomain (BrD3) an interesting model for the study of the
thermodynamic features driving acetylation-dependent protein—protein binding events. The
results of this work are a strong first step in characterizing the driving forces that confer the
molecular recognition features of this important system. Furthermore, this work will permit
the development of hypotheses regarding how the native Pb1, and the broader class of
bromodomain proteins, directs multisubunit chromatin remodeling complexes to specific
acetyl-nucleosome sites in vivo.

Materials and methods
Materials

Enzymes were purchased from New England Biolabs (Ipswich, MA, USA). All reagents used
for cloning and standard molecular biology procedures were obtained from Fisher (Hanover
Park, IL, USA). Kanamycin, chloram-phenicol, and isopropyl-β-D-thiogalactopyranoside
(IPTG) were ordered from Acros Organics (Hampton, NH, USA). Nickel—nitrotriloacetic acid
(Ni2+—NTA) agarose used in protein purification was ordered from Qiagen (Valencia, CA,
USA). Fmoc amino acids and peptide synthesis reagents were purchased from Advanced
Chemtech (Louisville, KY, USA) and synthesized at the protein core facility at Arizona State
University.

Instrumentation
PCR was performed using the Mastercycler Gradient Thermocycler from Eppendorf
(Westbury, NY, USA). Histone H3 peptides were synthesized on a 9050 peptide synthesizer
(Millipore, Bedford, MA, USA), purified using high-performance liquid chromatography, and
characterized using matrix-assisted laser desorption ionization time-of-flight (MALDI—TOF)
mass spectrometry. Steady-state fluorescence anisotropy measurements were performed on a
Quantamaster-6/2003 spectrofluorometer in T-format with a 75-W Xenon lamp and were
analyzed with FeliX32 fluorescence analysis software (PTI, London, ON, Canada). A
USB2000 UV—Vis spectrometer from Ocean Optics (Dunedin, FL, USA) was used to measure
absorbance. A Gel Logic 200 imaging system from Kodak (New Haven, CT, USA) was used
to quantify DNA and protein gels.

Expression and purification of single bromodomains
Cloning, expression, and purification of BrD3 from the PB1 gene (GenBank accession no.
AF225871) were performed using a previously described method [19]. BrD3 corresponds to
amino acids 315 to 473 in the native Pb1 sequence. In general, BrD3 was PCR amplified,
inserted into a pET30(b) expression vector using NdeI/KpnI, and transformed into DH5α cells
for subcloning. The construct positions a carboxy-terminal protease cleavable hexa-histidine
tag for effective one-step purification. Rosetta (DE3) cells (Novagen, San Diego, CA, USA)
were used for protein expression due to the high number of rare tRNAs in the polybromo region
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of the PB1 gene. Cells were grown in Luria—Bertani (LB) media supplemented with
kanamycin (50 μg/ml) and chloramphenicol (34 μg/ml) and induced with IPTG. The high purity
of each BrD was achieved by one-step nickel affinity chromatography (Ni2+—NTA), as
visualized by Coomassie-stained SDS—PAGE analysis [19]. Dialyzed samples examined by
SDS—PAGE showed only one band at approximately 22 kDa, confirming the purity of these
preparations. The concentration of purified BrD3 was determined by Bradford assay using a
bovine serum albumin (BSA) standard.

Synthesis, purification, and characterization of fluorescein-labeled histone H3 peptides
All peptides were synthesized on PAL-PEG-PS resin by automated solid-phase peptide
synthesis using Fmoc chemistry as described previously [19]. Fluorescein-labeled H3 peptides
(Fig. 1) were derived from the amino-terminal 25 amino acids (the tail region) of human histone
H3 (GenBank accession no. AAN10051). Acetylated lysines were incorporated at one of the
indicated lysine positions, and fluorescein was coupled to the α-amine of the N-terminal end
using O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate
(HATU)-activated coupling chemistry. The peptides were removed from the resin and
deprotected by cleavage with trifluoroacetic acid (TFA) methods for 4 h. Fluorescein is stable
to standard deprotection and cleavage conditions. The peptides were purified by a two-step
process using Sephadex G-25 size exclusion chromatography in 10 mM Tris (pH 7.5), followed
by reversed-phase HPLC on a Zorbax C8 column (9.4 mm × 25 cm) using a water (0.1% TFA)-
to-acetonitrile (0.1% TFA) gradient. Identities and purities of the H3 peptides were confirmed
by MALDI—TOF using α-cyano-hydroxycinnamic acid as matrix. The expected mass of each
monoacetylated peptide was 3011.4, and multiple peaks centered at m/z 3012.0 in each mass
spectrum were observed for the singly charged species (data not shown). Each H3 peptide had
the same mass and yielded nearly identical mass spectra. The expected mass of the unmodified
peptide was 2969.2 Da, and a single peak was observed at m/z 2968.8 Da in the mass spectrum
[9]. Concentrations of purified H3 peptides were determined spectrophotometrically based on
the extinction coefficient of ε491nm = 88,000 M-1 cm-1 for fluorescein [20].

Fluorescence anisotropy measurements
Steady-state fluorescence anisotropy measurements were performed as forward titrations as
described previously [19,21]. In general, 10 to 50 nM of a given fluorescein-labeled histone
peptide was titrated with 0 to 0.1 mM (final concentration) of BrD3 until the maximum
anisotropy was attained. Fluorescence anisotropy measurements used vertically polarized
excitation at 488 nm and detection in the vertical and horizontal planes at 520 nm,
corresponding to the spectral properties of fluorescein. Anisotropy is calculated as A =(Ivv —
gIvh) / (Ivv + 2gIvh), where Ivv is the fluorescence intensity with vertically polarized excitation
and vertically polarized emission, Ivh is the fluorescence intensity with vertically polarized
excitation and horizontally polarized emission, and g = (Ihv/Ihh) is a factor correcting for the
polarization dependence of the spectrometer. Steady-state fluorescence measurements were
performed in 20 mM Tris (pH 7.8), 100 mM NaCl, and 5% glycerol except in the case of the
salt titrations, where the concentration of NaCl was as given in the figures and tables. Salt
dependence measurements were performed by the addition of the appropriate amount of 1 M
NaCl in the same Tris buffer to yield the indicated final salt concentration. Temperature
dependence measurements were performed by incubating each sample at the given
temperature. The data are the averages of at least three independent measurements and fit using
a nonlinear least squares algorithm (SigmaPlot). A thermally controlled sample compartment
was used to maintain a constant temperature for each set of measurements. To minimize sample
evaporation during experiments, the cuvettes were capped during titrations at higher
temperatures. The change in the total fluorescence signal, after being adjusted at each titration
point for dilution, varied by less than 2% over the course of these measurements, suggesting
that evaporation did not adversely affect these measurements.

Thompson and Chandrasekaran Page 4

Anal Biochem. Author manuscript; available in PMC 2009 June 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Determination of thermodynamic functions
The contribution of the hydrophobic effect and the electrolyte effect to the stability of each
BrD3—H3 complex was determined by analyzing the temperature and salt concentration
dependence of the observed association equilibrium constant Kobs. For binding to a specific
DNA sequence, Kobs is given by:

(1)

where [BrD]eq is the concentration of unbound BrD3, [H3]eq is the concentration of a given
H3 peptide, and [BrD — H3]eq is the concentration of bound complex at equilibrium. This
analysis is based on the assumption that site-specific binding can be described as a two-state
system. Considering that there is only one acetyl-lysine per peptide and that bromodomains
show negligible binding to unmodified lysines, the two-state model is an appropriate
description of the unbound-to-bound transition. Here the stability of the bound complex is
determined by the differences in the noncovalent interactions between the BrD3 and the H3
peptide as solution conditions are varied. Equilibrium titration data were evaluated by fitting
to Eq. (1) using a nonlinear least squares algorithm as described previously [9,21]. Each
equilibrium binding constant value reported is the average of at least three independent
titrations. The experimental error in determining equilibrium binding constant values was
approximately ±15%.

Results
Specific binding of BrD3 to acetylated K9 of histone H3

The specific binding affinity of BrD3 was determined for different solution conditions by
monitoring the anisotropy of a fluorescein-labeled histone H3 peptide displaying an acetyl-
lysine at position 9 (AcK9) as a function of the BrD3 concentration. Fig. 2 shows representative
binding curves at a few selected temperatures and salt concentrations for the association of
BrD3 with H3—AcK9, the previously identified high-affinity target site for BrD3 [9].
Titrations were performed to attain an equilibrium constant for each sample condition based
on a two-state binding model. Plots of the fluorescence anisotropy titrations are represented as
a fraction of the indicated monoacetylated H3 peptide bound as a function of BrD3
concentration (Ai — Amin/Amax — Amin). Raw anisotropy data are rescaled along the y axis to
represent the fraction of H3 peptide complexed with BrD3 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 constants (Kobs) and the corresponding binding free energies
(ΔG°) determined for the complete range of salt concentrations (50–250 mM NaCl) and
temperatures (283–313 K) are shown in Table 1.

To understand the role of the electrostatic effect in site-specific BrD—acetyl-histone
recognition, binding experiments were performed using buffer conditions with increasing ionic
strength. As the NaCl concentration is increased from 50 to 250 mM, the Kobs for the interaction
of BrD3 and AcK9 shows a decrease from 13.7 × 105 M-1 to 8.3 × 105 M-1 (Table 1). This
nearly twofold reduction in the binding constant represents a modest, yet detectible,
electrostatic contribution to the binding event. In contrast, the observed equilibrium constant
for BrD3 binding to AcK9 shows a strong dependence on temperature. The increase in binding
strength as temperature is increased from 283 to 300 K is followed by a decrease in the binding
strength as the temperature increases beyond 300 K (Table 1). This is due to an unfavorable
binding enthalpy at lower temperatures that becomes favorable at higher temperatures, as
described in more detail below. BrD3 interacts with the peptide displaying AcK9 with high
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affinity from 298 to 303 K with Kobs values of 14.1 × 105 M-1 and 11.1 × 105 M-1, respectively.
However, binding at the temperature extremes is weaker (Kobs ∼ 3 × 105 M-1), representing
nearly a fivefold difference in the association constant. Overall, equilibrium binding to the
AcK9 site occurs with association constants in the 2.9 × 105 M-1 to 14.1 × 105 M-1 range for
the temperatures examined here.

Nonspecific acetyl-lysine binding by BrD3
The salt and temperature dependence data for the interaction of BrD3 with each of the low-
affinity acetylation sites are shown in Table 1. The equilibrium constant is lower for nonspecific
binding than for the specific binding for all samples and solution conditions. The Kobs values
for the nonspecific acetyl-lysine sites (AcK4, AcK14, and AcK23) from 50 to 250 mM NaCl
show a 10 to 20% decrease in the binding constant over the NaCl concentration range examined.
The Kobs values for BrD3 binding to AcK4 and AcK23 are roughly 0.4 × 105 M-1 and 1.0 ×
105 M-1, respectively, showing a decrease in binding only when NaCl concentrations exceed
200 mM. The AcK18 peptide exhibits the greatest NaCl dependence of all BrD—acetyl-histone
complexes, and this is attributed to the arginine flanking the acetyl-lysine at that position. At
the highest salt concentrations, BrD3 binds the nonspecific acetylation sites with an affinity in
the range of 8- to 27-fold lower than it binds the AcK9 target site (Table 1). In comparison, at
the lowest salt concentrations, BrD3 binds nonspecific acetyl-histone sites with a 12- to 43-
fold lower association constant than is observed for the specific AcK9 site. In cases where a
strong electrostatic component exists, nonspecific interactions between biomolecules compete
less effectively than binding of ions in solution as salt concentration is increased.

The temperature dependence of Kobs for the interaction of BrD3 with the nontarget acetyl-
lysine positions (AcK4, AcK14, AcK18, AcK23) was also examined to better understand the
thermodynamic driving forces for nonspecific BrD—histone interactions. Parallel
measurements of BrD3 binding at these sites occur at affinities 10- to 40-fold less than those
observed for the high-affinity AcK9 target site and show smaller relative temperature-
dependent changes. This is evident when comparing the data as a function of temperature for
specific binding (BrD3—AcK9) with the nonspecific binding of BrD3 to AcK4, AcK14,
AcK18, and AcK23 (Fig. 3). As the temperature is increased from 283 to 303 K, the nonspecific
binding shows a 1.3- to 1.8-fold (less than 2-fold) increase in the association constant. This
weaker dependence on temperature exhibited by nonspecific binding reflects a smaller negative
change in heat capacity than is observed for the specific BrD3—AcK9 complex.

Titrations of BrD3 with unmodified histone H3 show negligible anisotropy change in the
concentration range and solution conditions examined here, indicating that BrD3 does not
interact with peptides in the absence of acetyl-lysine. The hydrophobic binding pocket of the
BrD is unable to form a stable thermodynamic complex with unmodified (charged) lysines.
The KD values previously were estimated to be in the millimolar range [19], beyond the titration
range of the current experiments. Effectively, the Pb1 bromodomains show only modest
binding to unmodified histone H3 peptide even at the highest concentrations examined.
Because BrD3 shows only residual anisotropy change in the absence of acetyl-lysine, the salt
and temperature dependence studies show no condition-dependent changes in binding.
Rigorous controls were carried out to ensure that anisotropy changes resulted from the
formation of the BrD3—histone complex. Titrations without BrD using the buffer itself
resulted in no anisotropy change. Parallel titrations substituting a BrD with BSA were
performed to rule out nonspecific binding to the fluorescein-labeled H3 peptide because BSA
is not expected to interact with histone peptides. BSA concentrations up to 10 mM caused no
change in anisotropy (data not shown), confirming that the anisotropy change was a function
of BrD—acetyl-histone complex formation.
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Examination of hydrophobic effect for specific and nonspecific binding
Large negative changes in heat capacity occurring on the removal of hydrophobic surfaces
from water exposure are characteristic of protein folding and conformational changes [22,
23]. More recently, such changes in heat capacity were shown to be proportional to the change
in water-exposed hydrophobic surface area, yielding important information about the binding
interface [24-28]. To understand this hydrophobic effect, the temperature dependence of
Kobs (Fig. 3 and Table 1) was fit to Eq. (2) and the standard heat capacity change (ΔCp) was
determined for each BrD3—acetyl-histone complex:

(2)

Here lnKobs and  are values at T* = 298 K. The choice of reference temperature is arbitrary
and does not affect the results of the fit. This equation assumes that  is independent of
temperature. The errors from fitting the equilibrium constants for each temperature to Eq. (2)
are within 20% of the stated values for ΔCp (Table 2). Eq. (2) assumes that ΔCp is independent
of temperature within experimental uncertainty [29]. It was suggested [30,31] that the
thermodynamics of such processes (where heat capacity is large and temperature is
independent) can be characterized by the change in heat capacity and two temperatures: TH
and TS. Using this approach, the temperature dependence of the enthalpic and entropic
contributions to the binding free energy can be calculated with the above parameters using the
following two equations:

(3)

(4)

where TH is the temperature at which ΔH° = 0 and occurs at the maxima of the van’t Hoff plot
(Kobs is maximum) and TS is the temperature at which ΔS° = 0 and occurs at the minima of a
plot of ΔG° versus temperature (ΔG° is minimum).

Association constants for site-specific protein interactions typically exhibit maxima at
temperatures in the physiological range [32,33]. This is observed, for example, in Fig. 3, which
plots the ln Kobs as a function of 1/T for the binding of BrD3 to each H3 peptide. For AcK9,
the natural log of the equilibrium constant shows a maximum at approximately 297 K.
Furthermore, because aqueous solutions of aliphatic and aromatic molecules have positive heat
capacities [34], binding of the ligand should be accompanied by a negative change in heat
capacity resulting from the reduced solvent exposure of the acetyl-lysine and regions of the
hydrophobic pocket. Analysis of these data using Eq. (2) reveals a negative heat capacity
change on the association for binding of BrD3 to AcK9 (ΔCp = -1.6 kcal/K · mol). The plots
indicate that the interaction enthalpies exhibit strong temperature dependencies, and this is
commonly observed for specific binding interactions involving proteins [35].

The temperature dependence of the enthalpic and entropic contributions to the binding free
energy was further evaluated using Eqs. (3) and (4). The resulting thermodynamic profiles of
the histone H3—BrD3 interaction are shown in Fig. 4, which plots the free energy, entropy,
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and enthalpy as functions of temperature. At 298 K, binding is both enthalpically and
entropically favorable for BrD3 binding to AcK9 (ΔH = -6.5 kcal/mol and ΔS = 15.8 cal/
K·mol). The TH and TS values for AcK9 binding are 296.6 and 301.6 K, respectively, whereas
the nonspecific complexes range from 294.8 to 299.9 K for TH and from 301.6 to 314.5 K for
TS (Table 2). Site-specific binding for BrD3 becomes enthalpically favorable and entropically
unfavorable as temperature increases, such that at 308 K association is entirely enthalpically
driven for AcK9 (ΔH = -26.3 kcal/mol and ΔS = -58.6 cal/K·mol). Each of the nonspecific sites
shows weaker dependencies on temperature than BrD3 binding to the target AcK9 site as
indicated by the slope of the enthalpy and entropy plots (Fig. 4).

Discussion
The condition-dependent interaction between BrD3 and acetyl-histone H3 was examined using
steady-state fluorescence anisotropy to yield a thermodynamic description of the molecular-
level features that confer binding selectivity and affinity. The bromodomain used in this study,
BrD3, is derived from the Pb1 protein, which is a subunit of the PBAF chromatin remodeling
complex. This BrD has been shown to interact with different acetyl-lysines on histone H3 as
high-affinity (specific) or low-affinity (nonspecific) complexes that differ by nearly two orders
of magnitude. The BrD3 binds the target site (AcK9) with high affinity, having an equilibrium
constant in the nanomolar range, and binds the nontarget sites with affinities in the micromolar
range. The dependence of Kobs on NaCl concentration and temperature indicates that the overall
binding event is driven predominantly by the hydrophobic effect, consistent with binding
occurring only after lysine acetylation (loss of positive charge). These explorations into
acetylation-dependent BrD—histone interactions provide a clear understanding of how
individual domains work in isolation, thereby permitting the development of hypotheses
regarding the larger histone acetylation pattern that acts as the binding target of multi-Brd-
containing chromatin remodeling complexes.

The polyampholytic character of proteins makes their dependence on salt more complicated
than a structurally rigid polyanion such as DNA, which has a high axial charge density [36].
Equilibrium constants for specific and nonspecific interactions are weak functions of the salt
concentration for the acetylation-dependent protein—protein interactions examined here. A
decrease in the equilibrium association constant with increasing ionic strength, characteristic
of the competition between the charged ligands and ions for available binding sites at the protein
interface, is not observed for most acetylated peptides and is only weakly observed for AcK9
and AcK18. A comparison of the Kobs as a function of salt concentration, for the interaction
of BrD3 with the high-affinity AcK9 and low-affinity AcK18 peptides, shows a modest
electrostatic effect (Table 1). Although BrD3 binds AcK18 with nearly 20-fold lower affinity
under optimal conditions, the observed equilibrium association constant for both complexes
reveals the largest ionic contribution to the binding stabilization for all of the complexes
examined here. Inspection of both AcK9 and AcK18 peptides shows an arginine to the amino
side of the acetyl-lysine (Fig. 1), suggesting that a salt bridge forms at the histone—BrD3
interface. Computational analysis of Pb1—BrD3 reveals a glutamic acid within the binding
region capable of forming a salt bridge with the arginine of the histone tail [37-39]. In contrast,
the nonspecific sites AcK4, AcK14, and AcK23, which do not have charged side chains
flanking the acetyl-lysine, show a negligible electrostatic effect. Interestingly, AcK4 has an
amino acid separating the acetyl-lysine from the arginine, yet it exhibits negligible salt
concentration dependence. This suggests that the glutamic acid might be too constrained to
form a stable salt bridge with the arginine over a larger separation distance. The selective nature
of the observed electro-static effect in peptides having charged groups near the acetyl-lysine
supports the observations from structural data that the BrD—histone interface encompasses
multiple amino acids in addition to the acetyl-lysine [37,39-46].
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The variation in the ΔCp values between specific and nonspecific BrD3—acetyl-histone
complexes determined experimentally was compared with the values calculated based on the
change in solvent-exposed surface area [47-49]:

(5)

where ΔAnp and ΔAp are the changes in nonpolar and polar surface area, respectively. The
ΔCp values from nonspecific to specific range from -400 to -1600 J/K · mol, indicating
significant variation in the hydration of the BrD—histone interface. In the case of the specific
BrD3—AcK9 complex, the experimental ΔCp shows a greater effect than can be attributed
solely to the change in solvent-exposed surface area on complex formation. Here the
relationship between the change in heat capacity and solvent-exposed surface area suggests
that the acetyl-lysine flanking side chains exert an effect on the structure of the bound
complexes that is greater than simply the additional change in heat capacity contributed by
AcK alone. Such differences previously were linked to ligand-induced folding or
conformational changes associated with the binding event. For comparison, structural data for
the Brg1 bromodomain complexed to histone H3 [39] were used to determine the total surface
area for the interface, where the Brg1 engulfs the acetyl-lysine and two amino acids to each
side of the AcK. The surface area of the Brg1—histone interface is 292.4 Å2. Using Eq. (5),
the ΔCp was calculated to be 850 ± 50 J/K · mol for the Brg1—H3 complex. Assuming that
the homologous BrD3—H3 complex has a comparable surface area, the additional
contributions to heat capacity change may be due to an induced folding mechanism.

In general, nonspecific interactions are stabilized by the formation of the hydrophobic binding
pocket around the AcK. The ΔCp of approximately 500 ± 100 J/K · mol observed for the
nonspecific complexes most likely represents the baseline surface area dehydrated on binding
the acetyl-lysine within the binding pocket. The additional 1000 J/K·mol observed in the
specific complex is a significantly more dehydrated interface formed by optimal contacts from
the flanking side chains of the histone and optimized folding by the BrD. Specific interactions
further exert contact ion pairs between the flanking side chains of the histone and the BrD loop
region as well as the added hydrophobic contribution by the greater complementary contact
interface formed by the flanking side chains with the BrD. The difference in each case likely
is a result of the larger solvent-exposed surface area in the nonspecific complex, which does
not form a tight fit at the macromolecular interface, compared with the specifically bound
complex. The site-specific binding of BrD3 to histone H3 displaying AcK9 may be due to
multiple features inherent to an induced fit mechanism, including the folding of the BrD around
the acetyl-lysine and dehydration of the binding interface that encompasses one or more amino
acids to the amino and carboxy sides of the acetyl-lysine.

A comparison of the loop regions of Brg1, P/CAF, and Gcn5 shows significant conformational
differences to accommodate peptide binding [37,39,41]. Furthermore, the BrD—acetyl-lysine
interface in the hydrophobic pocket is further maximized by contacting amino acids that flank
the acetyl-lysine. The position variability of acetyl-lysine within the hydrophobic pocket is
roughly 8 Å, with larger effects on spatial orientation of flanking side chains of the peptide
ligand. Because the histone tail sequences are nearly invariant from yeast to human, this
variation in sequence and structure of BrD loop regions is likely to participate in the recognition
mechanism. A key observation from sequence alignments between bromodomains is the lack
of sequence variation at positions that comprise the interface with the acetyl-lysine.
Conversely, BrD regions that make contact with side chains surrounding the acetyl-lysine of
the histone tail are highly variable. As the data here show, there are clear biophysical
consequences to these sequence variations that contribute to thermodynamic stabilization of
complex formation and, by extension, site-specific binding by bromodomains.
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Fig. 1.
Monoacetylated histone H3 peptides. The primary sequence of the H3 peptide is derived from
the amino-terminal 25 amino acids of the human histone H3 protein. The name for each
respective histone H3 peptide is based on the position of the underlined acetyl-lysine (AcK).
Fluorescein was introduced at the α-amine of the peptide backbone (not shown).
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Fig. 2.
Representative binding curves for BrD3 binding to the fluorescein-labeled AcK9 (A) and
AcK14 (B) histone H3 peptides. The fluorescence anisotropy of 10 nM fluorescein-labeled H3
peptide is plotted as a function of the log of the nonlabeled BrD3 concentration. (A) BrD3
binding to AcK9 at several salt concentrations and temperatures: ●, 298 K, 0.050 M Na+; ▾,
308 K, 0.050 M Na+; ∎, 298 K, 0.250 M Na+. (B) BrD3 binding to AcK14 at several salt
concentrations and temperatures: ●, 298 K, 0.050 M Na+; ▾, 308 K, 0.050 M Na+; ∎, 298 K,
0.250 M Na+. All plots were fit to a two-state binding model.
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Fig. 3.
Dependence of ln Kobs on T-1 for binding interaction between BrD3 and AcK4 (●), AcK9
(▾), AcK14 (∎), AcK18 (◆), and AcK23 (▴). ln Kobs versus reciprocal temperature (1000/T)
is plotted over a range of temperatures (283–313 K). Lines are fit to Eq. (2) as described in
Discussion.
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Fig. 4.
Thermodynamic profiles of specific and nonspecific interactions of BrD3. Plots of free energy
(●), enthalpy (▾), and entropy (∎) of binding versus temperature are given for AcK9 (A) and
AcK14 (B). It should be noted that the entropy is given as —TΔS to present the data with
enthalpy and free energy in the same units.
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