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ABSTRACT: Among the different histone deacetylase
(HDAC) isozymes, HDAC8 is the most highly malleable
enzyme, and it exhibits the potential to accommodate
structurally diverse ligands (albeit with moderate binding
affinities) in its active site pocket. To probe the molecular basis
of this feature, we performed detailed thermodynamic studies
of the binding of structurally similar ligands, which differed
with respect to the “cap”, “linker”, and “metal-binding” regions
of the suberoylanilide hydroxamic acid (SAHA) pharmaco-
phore, to HDAC8. The experimental data revealed that although the enthalpic (ΔH°) and entropic (ΔS°) changes for the
binding of individual SAHA analogues to HDAC8 were substantially different, their binding free energies (ΔG°) were markedly
similar, conforming to a strong enthalpy−entropy compensation effect. This effect was further observed in the temperature-
dependent thermodynamics of binding of all SAHA analogues to the enzyme. Notably, in contrast to other metalloenzymes, our
isothermal titration calorimetry experiments (performed in different buffers of varying ionization enthalpies) suggest that
depending on the ligand, its zinc-binding group may or may not be deprotonated upon the binding to HDAC8. Furthermore, the
heat capacity changes (ΔCp°) associated with the ligand binding to HDAC8 markedly differed from one SAHA analogue to the
other, and such features could primarily be rationalized in light of the dynamic flexibility in the enzyme structure in conjunction
with the reorganization of the active site resident water molecules. Arguments are presented that although the binding
thermodynamic features described above would facilitate identification of weak to moderately tight-binding HDAC8 inhibitors
(by a high-throughput and/or virtual screening of libraries of small molecules), they would pose major challenges for the
structure-based rational design of highly potent and isozyme-selective inhibitors of human HDAC8.

Biophysical and mechanistic studies of enzyme−ligand
interactions are routinely pursued to gain molecular

insights into the structural−functional features of enzymes.1

The knowledge gained from such studies is widely utilized in
the structure-based rational design of enzyme inhibitors as
novel therapeutics.2 Although the structure-based strategy has
been successful with certain enzymes, its widespread utility is
often limited because of the inherent structural flexibility of
enzymes and proteins.3,4 Apparently, the “static” structural
information obtained from the X-ray crystallographic studies
cannot be reliably utilized for the affinity optimization of lead
molecules in a drug discovery program.5,6 Furthermore, the
structure-based rational design of the isozyme-selective
inhibitor for an enzyme is even more challenging because of
the conserved active site pocket shared by its isozymes.
In investigating the structural−functional features of human

histone deacetylases (HDACs), we as well as others have
realized that among the different HDAC isozymes, HDAC8 is

the most highly flexible and/or malleable enzyme, and thereby,
it possess the capability of accommodating a wide range of
structurally diverse ligands into its active site pocket.7−9

Notably, unlike the other HDAC isozymes, HDAC8 exhibits
weaker binding affinities for all the “pan” (nonspecific) HDAC
inhibitors as well as the fluorogenic acetylated peptide
substrate.10−12

Histone deacetylases (HDACs) are hydrolytic enzymes that
catalyze the deacetylation of an acetylated lysine moiety of
histones as well as non-histone proteins.13,14 The human
HDAC isozymes are categorized into four major classes based
on their phylogeny. Class I HDACs (HDAC1−3 and -8) and
class II HDACs (HDAC4, -6, -7, -9, and -10) are metal-
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dependent deacetylases and are inhibited by canonical HDAC
inhibitors such as TSA (trichostatin A) and SAHA (sub-
eroylanilide hydroxamic acid).13,15 In contrast, class III HDACs
(sirtuins) are metal-independent enzymes that utilize NAD+ as
a cosubstrate.16 Class IV HDAC (HDAC11) is phylogenetically
unrelated to all the other classes of HDAC.17

An aberrant expression of several HDAC isozymes (including
HDAC8) has been linked with various pathological conditions,
including cancer.18−22 HDAC8 has been found to be
overexpressed in neuroblastoma tumor, which accounts for
∼7% of the total pediatric cancers.19,20 An inhibition of the
catalytic activity of HDAC induces growth arrest and apoptosis
in various malignant cells as well as in xenograft mouse models.
HDAC inhibitors, namely, SAHA and Romidepsin, have
already been approved by the U.S. Food and Drug
Administration (FDA) for the treatment of T-cell lympho-
ma.23,24 These inhibitors reportedly produce side effects in
clinical settings primarily due to the lack of target specificity
and/or selectivity. Thus, there has been an ongoing effort to
design and/or discover isozyme-selective inhibitors of human
HDACs.24

X-ray crystallographic studies of ligand−protein interaction
have unraveled the mode of binding of an HDAC inhibitor to
the enzyme active site pocket.7−9 On the basis of the structural
data of the enzyme−ligand complex, a canonical inhibitor, such
as SAHA, has been shown to contain “cap”, “linker”, and
“metal-binding” regions (Figure 1). Notably, the knowledge

gained from the structural studies of HDAC8−ligand
complexes has been utilized for the structure-based rational
design of HDAC8-selective inhibitors by modifying different
regions of the SAHA pharmacophore, which has largely been
unsuccessful. However, a high-throughput screening of libraries
of small molecules has led to the identification of several
HDAC8-selective inhibitors, which bear no structural resem-
blance to a canonical enzyme inhibitor.25−27

It has been widely recognized that the therapeutic efficacy of
enzyme inhibitors (as potential drugs) in clinical settings is
directly related to the thermodynamic (e.g., ΔH°, ΔS°, and
ΔCp°) parameters of the enzyme−inhibitor complexes.28−31

For instance, the in vivo efficacy of the drugs, which interfere
with the CD4−gp120 interaction (involved in the HIV
infection), has been correlated with the thermodynamic

parameters (viz., enthalpy and entropy) of the drug−target
complexes.32 Likewise, the therapeutic efficacy of the HMG−
CoA inhibitors (statins) has been positively correlated with
their enthalpies of binding to the enzyme.30 The drug-induced
conformational modulation of the target protein dictates the
cellular efficacy of the drug, presumably by altering the
protein−protein interaction networks associated with various
cellular processes.33

In view of the facts described above, we purported to
investigate the contribution of the different segments of the
SAHA pharmacophore (i.e., “cap”, “linker”, and “metal-binding”
regions) in determining the overall thermodynamics of binding
of the inhibitor to HDAC8. This was achieved by performing
the isothermal titration calorimetry (ITC) studies for the
binding of the selected SAHA analogues (Figure 2) that slightly
differed with respect to the “cap”, “linker”, and “metal-binding”
regions. We conceived that the knowledge gained from the
thermodynamic studies would provide insights into the
structure-based rational design of tight-binding and/or
isozyme-selective inhibitors for HDAC8. Our experimental
data revealed that although the enthalpic and entropic changes
for the binding of these SAHA analogues to the enzyme were
different, their binding free energies were markedly similar.
Furthermore, the magnitudes of the proton inventory, intrinsic
enthalpic changes, and heat capacity changes associated with
the enzyme−ligand complexes significantly differed from one
SAHA analogue to the other, and such differences could not be
rationalized in light of the structural differences among the
ligands and/or their plausible complexes with the enzyme. Our
experimental outcomes presented herein shed light on the
potential challenges of structure-based rational design of highly
potent and isozyme-selective inhibitors of HDAC8.

■ MATERIALS AND METHODS

The recombinant form of human HDAC8 was overexpressed
and purified from a heterologous host (Escherichia coli) using
the protocols described previously.34 All the reagents used in
experiments were of analytical grade. Trichostatin A (TSA) was
purchased from Sigma. SAHA (suberoylanilide hydroxamic
acid) was custom synthesized by Enzo Life Sciences (Plymouth
Meeting, PA). Coumarin-SAHA (C6-cSAHA) and thiol-SAHA
(t-SAHA) were synthesized in our laboratory as described
previously.34,35

C7-cSAHA and MH-12/4 were synthesized in our laboratory
using the synthetic protocol described below. The synthetic
scheme of C7-cSAHA was similar to that of C6-cSAHA34

except for the use of azelaic acid monomethyl ester in the
former case as opposed to suberic acid monomethyl ester in the
latter. The physical characteristics and the nuclear magnetic
resonance (NMR) data of C7-cSAHA are as follows:
C19H24N2O4; off-white solid; 1H NMR (DMSO-d6, 400
MHz) δ 1.29 (m, 4H), 1.46−1.51 (q, J = 6.7 Hz, 2H), 1.59
(m, 2H), 1.91−1.95 (t, J = 7.2 Hz, 2H), 2.34−2.37 (t, J = 7.4
Hz, 2H), 2.39 (s, 2H), 6.25 (s, 2H), 7.47−7.49 (d, J = 7.1, 2H),
7.69−7.71 (d, J = 8.6, 2H), 7.77 (s, 2H), 10.48 (s, 1H); 13C
NMR (DMSO-d6, 100 MHz) δ 7.4,14.3, 14.6, 18.0, 21.7, 26.0,
28.4, 94.9, 101.5, 104.2, 104.5, 115.3, 132.2, 142.6, 143.2, 149.5,
158.5, 161.6.
MH-12/4 was synthesized (Scheme 1) using a similar

method as described previously.36 The detail synthetic protocol
and the physical characteristics of the intermediates are given
below.

Figure 1. Crystal structure of HDAC8 bound with SAHA (Protein
Data Bank entry 1T69) showing the “cap”, “linker”, and “metal-
binding” regions of the ligand. The gray contour represents the inner
surface of the enzyme’s ligand-binding cavity. This figure was
generated using UCSF Chimera (http://www.cgl.ucsf.edu/chimera/).
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2-(4-Pyren-1-yl-butyrylamino)-propionic Acid Methyl
Ester (2). Methyl alanine hydrochloride (279 mg, 2 mmol) was
added to a solution of 4-pyren-1-yl-butyric acid (1) (576 mg, 2
mmol) prepared in DMF (20 mL). HOAt (272 mg, 2 mmol)
and HATU (761 mg, 2 mmol) were added to the reaction
mixture, followed by DIPEA (774 mg, 6 mmol). The mixture
was stirred overnight under a nitrogen atmosphere at room
temperature. The reaction was quenched with brine, and
subsequently, DMF was evaporated under reduced pressure.
The resulting residue was dissolved in dichloromethane,
washed with 10% citric acid, 4% NaHCO3, and brine, and
then dried using Na2SO4. The solvent was evaporated, and the
residue was purified by flash chromatography (Rf = 0.6 in a 3:1
ethyl acetate/hexane mixture) that yielded 521 mg (70% yield)
of the pure compound: 1H NMR (DMSO-d6, 400 MHz) δ 1.20
(d, 3H, J = 8 Hz), 2.01−2.04, (m, 2H), 2.30−2.32 (m, 2H),
3.30−3.33 (m, 2H), 3.70 (s, 3H), 4.20−4.41 (m, 1H), 7.89 (d,
1H, J = 10.4 Hz), 7.99−8.01 (m, 1H), 8.08−8.23 (m, 6H), 8.31
(d, 1H, J = 9.2 Hz), 8.43 (m, 1H).
N-(1-Hydroxycarbamoyl-ethyl)-4-pyren-1-yl-butyra-

mide (3). Compound 2 was reacted with NH2OH and KOH in
methanol. After the reaction, the pH of the reaction medium
was adjusted to 3−4 using a solution of 2 N HCl. The reaction
mixture was further diluted upon the addition of water, which
yielded a white precipitate. The resulting mixture was cooled to
4 °C, and the precipitate was filtered and dried under vacuum
to produce the final product: 41% yield; 1H NMR (DMSO-d6,
400 MHz) δ 1.15 (d, 3H, J = 8 Hz), 1.95−1.97 (m, 2H), 2.24−

2.27 (m, 2H), 3.26−3.28 (m, 2H), 4.2−4.23 (m, 1H), 7.95 (d,
1H, J = 6.4 Hz), 8.05−8.08 (m, 2H), 8.11−8.15 (m, 2H), 8.22
(d, 1H, J = 4 Hz), 8.24 (d, 1H, J = 2.8 Hz), 8.26−8.29 (t, 2H, J
= 12, 6 Hz), 8.40 (d, 1H, J = 7.6 Hz); 13C NMR (DMSO-d6,
100.6 MHz) δ 19.11, 28.16, 32.94, 35.41, 46.56, 124.23, 124.82,
124.90, 125.43, 125.59, 126.78, 127.14, 127.87, 128.11, 128.21,
128.82, 129.96, 131.11, 131.55, 137.33, 169.91, 172.28.

Isothermal Titration Calorimetry (ITC) Studies. The
thermodynamic parameters for the binding of inhibitors to
HDAC8 were determined by isothermal titration calorimetry
on a VP-ITC instrument (Microcal Inc., Northampton, MA).
All the ITC experiments were performed in at least duplicate or
triplicate, and the mean values of the ITC-derived thermody-
namic parameters along with the standard deviation are
reported in the Results and Discussion. To ensure that the
recombinant enzyme expressed and purified in our exper-
imental settings was fully active, we determined its specific
activity when it was freshly prepared as well as prior to
performing the thermodynamic experiments. For thermody-
namic experiments, we used the enzyme that has >90% of its
maximal specific activity. For every batch of the enzyme (of
highest purity), we performed a control ITC titration
experiment with SAHA. Because SAHA invariably gives a
stoichiometry of 0.9−1, we calculated the “active site”
concentration of the enzyme based on the observed (ITC-
derived) stoichiometry of the enzyme−SAHA complex. In most
batches of freshly prepared enzyme, the specific activity of the
enzyme directly correlated with its “active site” concentration.

Figure 2. Chemical structures of the SAHA analogues containing different “cap”, “linker”, and “metal-binding” groups.

Scheme 1. Synthetic Scheme of MH-12/4
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Hence, we did not have to normalize the enzyme concentration
based on the observed stoichiometry of the enzyme−SAHA
complex.37 The observed stoichiometry for the binding of all
the ligands was close to 1.
HDAC8 and inhibitor solutions were prepared in a 50 mM

Tris/Hepes/triethanolamine/phosphate mixture (pH 7.5)
containing 100 mM NaCl and 1 mM TCEP, and they were
thoroughly degassed under vacuum. The sample cell of the
calorimeter was filled with 1.8 mL (effective volume of 1.4 mL)
of 10 μM HDAC8 in a 50 mM Tris/Hepes/triethanolamine/
phosphate mixture (pH 7.5) containing 100 mM NaCl and 1
mM TCEP. The enzyme was titrated with 45 aliquots (4 μL
each) of 200/400 μM inhibitor (ligand), prepared in the buffers
described above. During the course of the titration, the reaction
mixture was continuously stirred at 300 rpm. The magnitude of
heat produced per injection was calculated by integrating the
area under each peak using Origin provided by Microcal. The
experimentally observed heat signals were corrected for the
background heat signals, which were essentially the heats of
dilution of the ligands in the buffer. In most cases, the
background signals were comparable to the heat signals
obtained at the end of the titration. Hence, the analysis of
the ITC data produced similar results whether we subtracted
the heat of dilution signals or the residual heat signal (average
of five injections) present at the end of the titration (when the
enzyme was fully saturated by the ligand). However, to avoid
any unforeseen error in the data analysis, we performed the
heat of dilution (control titration) experiment with all the
ligands utilized herein, and those control experimental data
along with the corresponding ITC titration profiles for the
binding of different ligands to HDAC8 are shown in the
Supporting Information (see Figures S1−S6). The background-
subtracted ITC data are presented as the amount of heat
produced per mole of the injectant (ligand) as a function of the
molar ratio of the ligand to enzyme. To ensure that the enzyme
is fully saturated with the ligand (in view of their binding
affinities in the micromolar range), we maintained the molar
ratio of the ligand to enzyme in the range of 3−5. The
experimental data were analyzed using the single-site binding
model as described previously by Wiseman et al.,38 which
yielded the magnitudes of the stoichiometry (n), the association
constant (Ka), and the standard enthalpy change (ΔH°) for the
binding of ligands to HDAC8.
Proton Inventory and Intrinsic Enthalpies for the

Binding of Inhibitors to HDAC8. To determine the proton
inventory and the intrinsic enthalpic parameters for the binding
of the ligands to HDAC8, the ITC experiments were performed
in four different buffers, phosphate, Hepes, triethanolamine,
and Tris at pH 7.5, which have different ionization enthalpies
(ΔH°ion).

39 The magnitude of ΔH°obs obtained from the ITC
titration experiments was plotted as a function of the ionization
enthalpies (ΔH°ion) of the buffers mentioned above. The data
were analyzed by eq 1.

Δ ° = Δ ° + Δ °H H p Hobs ins ion (1)

where ΔH°ins is the intrinsic enthalpy for the binding of
inhibitor to the enzyme, ΔH°ion is the ionization enthalpy of
the buffer, and p is the moles of proton released upon binding
of inhibitor to HDAC8.
Temperature-Dependent Isothermal Titration Calo-

rimetry (ITC) Studies. To determine the magnitude of heat
capacity changes (ΔCp°) associated with the binding of
inhibitors to HDAC8, ITC experiments were performed in

the temperature range of 5−25 °C in Tris-HCl buffer, whose
ΔCp° value for the ionization is the lowest among all the buffers
mentioned above.39 HDAC8 was found to be thermally stable
in the temperature range described above, which is evident
from the temperature-dependent catalytic activity of the
enzyme as well as the CD spectra of the protein (data not
shown). The ΔCp° values for the binding of the inhibitors were
calculated as the temperature derivatives of the binding
enthalpies.

Calculation of Solvent Accessible Surface Areas. The
solvent accessible polar and nonpolar surface areas (SAS) of
apo-HDAC8 and the HDAC8−inhibitor complexes were
determined using GETAREA.40 The coordinates of apo-
HDAC8 [Protein Data Bank (PDB) entry 3F07], HDAC8−
TSA (PDB entry 1T64), and HDAC8−SAHA (PDB entry
1T69) complexes were downloaded. The HDAC8 monomers
(PDB entry 3F07) containing the bound ligands were separated
from the PDB files. The water molecules were manually deleted
prior to submitting the PDB files to the GETAREA web service
(http://curie.utmb.edu/getarea.html). A default value for the
probe radius (1.4 Å) was used for the calculation of solvent
water accessible surface areas. The structures of SAHA and
TSA were generated using Chem3D (Cambridge Software),
and they were converted into Mol2 file format. These Mol2
files were used to determine the solvent accessible surface areas
of free inhibitors using MarvinView version 6.1.2 (ChemAxon
Ltd.). The changes in solvent accessible surface areas (ΔSAS)
upon binding of inhibitors to HADC8 were calculated using the
following equation.

Δ = −

+

− ‐SAS SAS (SAS

SAS )

HDAC8 inhibitor apo HDAC8

free inhibitor (2)

Such calculation shows that the binding of SAHA to HDAC8
leads to the burial of 799 and 216 Å2 of nonpolar and polar
solvent accessible surface area (SAS), respectively. The
corresponding values for TSA binding were 951 and 131 Å2,
respectively. Hence, the burial of the nonpolar SAS for TSA
binding is 152.38 Å2 higher than that of SAHA. Taking into
account the changes in the polar and nonpolar solvent
accessible surface areas, we estimated the magnitudes of ΔCp°
as described by Murphy and Freire.41 The calculated values of
ΔCp° for the binding of TSA and SAHA to HDAC8 were found
to be −1.64 and −1.2 kcal mol−1 K−1, respectively.

■ RESULTS
To delineate the thermodynamic contributions for the binding
of different regions (viz., “cap”, “linker”, and “metal-binding”)
of the SAHA pharmacophore to HDAC8, we selected the
following SAHA analogues (Figure 2): (1) the normal SAHA
with an anilino group as the “cap”, a linear aliphatic C6 as the
“linker”, and a hydroxamate as the “metal-binding” moiety, (2)
C6-coumarin-SAHA (C6-cSAHA), which is similar to SAHA
except for the substitution of the anilino moiety in the “cap”
region with 7-methyl aminocoumarin, (3) C7-coumarin SAHA
(C7-cSAHA), which is similar to C6-cSAHA except for the
presence of an additional methylene group in the “linker”
region, (4) thiol-SAHA (t-SAHA), which is similar to SAHA
except for the substitution of the “metal-binding” hydroxamate
group with the thiol moiety, (5) TSA in which the flexible
aliphatic C6 “linker” region is replaced by a relatively bulky and
constrained hepta-2,4-diene moiety, and (6) MH-12/4 in which
the “cap” and the “linker” moieties are replaced by 1,8-
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dihydropyrene and N-(1-oxopropan-2-yl) pentamide moieties,
respectively. Using the SAHA analogues mentioned above, we
performed the ITC experiments to characterize their binding to
HDAC8 as described in Materials and Methods. Figure 3 shows
the representative ITC profiles for the binding of SAHA, C6-
cSAHA, C7-cSAHA, t-SAHA, TSA, and MH-12/4 to HDAC8
in 50 mM Tris-HCl buffer (pH 7.5) containing 100 mM NaCl
and 1 mM TCEP at 25 °C. The top panels of the ITC profiles

in Figure 3 show the raw calorimetric data obtained by the
titration of 10 μM HDAC8 with 45 injections (4 μL each) of
200/400 μM individual ligands. We performed the control
(heat of dilution) experiments for these ligands as described in
Materials and Methods (Figures S1−S6 of the Supporting
Information). The area under each peak was integrated to
obtain the heat signal (kilocalories per mole of injectant) for
the formation of the enzyme−ligand complex, and it was

Figure 3. ITC profiles for the binding of the SAHA analogues to HDAC8: SAHA (top left), C6-cSAHA (top middle), C7-cSAHA (top right), t-
SAHA (bottom left), TSA (bottom middle), and MH-12/4 (bottom right). The experimental conditions used for the ITC titrations are described in
Materials and Methods. The corresponding bottom panels show the plots of the integrated heat signal as a function of the molar ratio of ligand to
enzyme. The solid smooth lines in the bottom panels represent the best fits of the data, yielding the observed thermodynamic parameters
summarized in Table 1.

Table 1. Summary of the Thermodynamic Parameters for the Binding of SAHA Analogues to HDAC8 in Tris-HCl Buffer (pH
7.5) at 25 °Ca

ligand ΔG°obs (kcal/mol) ΔH°obs (kcal/mol) TΔS°obs (kcal/mol) stoichiometry

SAHA −8.4 ± 0.3 −10.95 ± 0.5 −2.5 ± 0.2 0.9 ± 0.1
C6-cSAHA −8.6 ± 0.2 −5.6 ± 0.4 3.0 ± 0.3 0.8 ± 0.2
C7-cSAHA −8.7 ± 0.1 −4.6 ± 0.5 4.1 ± 0.1 0.8 ± 0.1
t-SAHA −7.3 ± 0.4 −4.5 ± 0.3 2.8 ± 0.3 1.0 ± 0.1
TSA −8.6 ± 0.3 −8.93 ± 0.5 −0.3 ± 0.1 0.8 ± 0.1
MH-12/4 −8.0 ± 0.4 −2.72 ± 0.3 5.3 ± 0.4 0.9 ± 0.1

aThe magnitudes of thermodynamic parameters represent their average values obtained from two or three independent ITC experiments, and the
associated standard errors represent the standard deviation from the mean.
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corrected for the corresponding heat of dilution (control)
signal. The bottom panels of Figure 3 show the resultant (i.e.,
the experimental minus the control) heat signal plotted as a
function of the molar ratio of ligand to enzyme. The
experimental data were analyzed using a single-site binding
model to obtain the thermodynamic parameters of individual
enzyme−ligand complexes (Table1).
A comparative account of the data presented in Table 1

shows several noticeable features. It is evident that all the
ligands bind to HDAC8 with a stoichiometry nearly equal to 1.
Besides stoichiometry, the data of Table 1 show a marked
similarity in the observed free energies (ΔG°obs) for the binding
of the SAHA analogues to HDAC8, implying an enthalpy−
entropy compensation effect (see Discussion). In rationalizing
the structural basis of the thermodynamic parameters listed in
Table 1, we noted that the binding enthalpy for t-SAHA was
∼6.4 kcal/mol less favorable than that of SAHA. This difference
can be attributed, at least in part, to the monodentate binding
of the thiol moiety of t-SAHA to the catalytic Zn2+ ion as
compared to the bidentate binding mode of the hydroxamate
moiety of SAHA. Such a differential mode of binding yields a
larger entropic loss in the case of hydroxamate-SAHA over
thiol-SAHA (Table 1). In fact, the data of Table 1 reveal that
except for SAHA and TSA, all SAHA analogues exhibit a
considerable entropic gain upon their binding to HDAC8.
Aside from the chelation states, we believe that the differences
in the enthalpic and entropic parameters between hydroxamate-
and thiol-SAHA are further contributed by the ligand-selective
desolvation of the enzyme’s active site cavity and/or the
conformational flexibility in the enzyme structure (see
Discussion). Although a higher magnitude of desolvation of
the enzyme’s active site pocket upon the binding of t-SAHA (as
compared to SAHA) to HDAC8 is supported by the difference
in their ΔCp° values (see below), a marked difference in the
entropic changes in the ligand (due to the monodentate vs
bidentate binding modes) weakens such deduction. However,
to our surprise, the thermodynamic parameters for the binding
of hydroxamate- and thiol-SAHA to HDAC8 showed a
remarkable enthalpy−entropy compensation effect, which is
manifested in an only 0.9 kcal/mol difference in the standard
free energy (ΔG°) change between these ligands (Table 1).
The effect of variation in the “cap” region of the SAHA

analogues became evident upon comparison of the thermody-

namic parameters for the binding of SAHA and C6-cSAHA
(Table 1). The enthalpic change (ΔH°) for the binding of C6-
cSAHA to HDAC8 (−5.6 kcal/mol) is ∼5.3 kcal/mol less
favorable compared to that with SAHA (−10.9 kcal/mol). On
the other hand, the entropic change (TΔS°) for the binding of
the latter ligand (3.0 kcal/mol) is ∼5.5 kcal/mol more favorable
compared to that of the former ligand (−2.5 kcal/mol). Hence,
once again, a marked enthalpy−entropy compensation effect is
noteworthy for the binding of these SAHA analogues to the
enzyme, which differ only with respect to the “cap” regions.
This feature was further evident upon comparison of the
thermodynamic parameters of these ligands with those of MH-
12/4, which harbors a bulkier (dihydropyrene) “cap” moiety.
While the binding of MH-12/4 to HDAC8 is enthalpically less
favorable by 8.2 kcal/mol, it is entropically more favorable by
7.8 kcal/mol compared to that of SAHA. Clearly, the
substitution in the “cap” region of the SAHA pharmacophore
does not affect the binding free energy (ΔG°) of the ligand to
the enzyme, and this feature is accomplished via a
compensation between the enthalpic (ΔH°) and entropic
(TΔS°) changes.
A comparison of the thermodynamic parameters for the

binding of C6-cSAHA and C7-cSAHA, whose “linker” moieties
differ by only one methylene group, reveals the following
interesting features. While the enthalpy of binding (ΔH°) of
C6-cSAHA to HDAC8 is more favorable by 1.0 kcal/mol
compared to that of C7-cSAHA, the corresponding binding
entropy is less favorable by 1.1 kcal/mol, resulting in a nearly
similar binding free energy (ΔG°). Evidently, strictly from the
binding point of view, there is a leeway of changing the “linker”
region of the SAHA pharmacophore without gaining or losing
the binding free energy.
Unlike SAHA, C6-cSAHA, and thiol-SAHA, which have

identical “linker” regions, TSA harbors two unsaturated centers
and contains two additional methyl groups, although the latter
ligand is one carbon shorter than the other SAHA analogues. A
comparative view of the thermodynamic parameters for the
binding of SAHA versus TSA (Table 1) reveals that the binding
of the latter ligand is enthalpically unfavorable by 2.1 kcal/mol
but is entropically favorable by 2.2 kcal/mol, yielding a nearly
identical ΔG° value. A 2 kcal/mol higher favorable binding
enthalpy of SAHA compared to that of TSA could be
attributed, at least in part, to the fact that the former ligand

Figure 4. Proton inventory upon the binding of different SAHA analogues to HDAC8. The observed enthalpies (ΔH°obs) for the binding of SAHA
(left) and C6-cSAHA (right) to HDAC8 are plotted as a function of the buffer ionization enthalpy (ΔH°ion). The red lines represent the linear
regression analyses of the binding data, yielding values of the intrinsic enthalpy and stoichiometry of the proton released to the buffer medium upon
the binding of SAHA to HDAC8 of −2.56 ± 0.2 kcal/mol and 0.73 ± 0.04, respectively, and of the binding of C6-cSAHA of −5.6 ± 0.5 kcal/mol
and 0.00 ± 0.01, respectively.
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makes an additional hydrogen bond with the Asp 101 residue of
the enzyme, which is evident from the structural data.7

Apparently, the constraints (imposed by the unsaturated
centers) and the bulkiness (due to two methyl groups) in the
“linker” region of TSA do not have a significant influence on
the binding affinity of the ligand for the enzyme. As will be
elaborated in the Discussion, the marked enthalpy−entropy
compensation effect observed for the binding of all the SAHA
analogues utilized herein, differing with respect to the “cap”,
“linker”, and “metal-binding” regions, could be primarily
attributed to the reorganization of water molecules in
conjunction with the changes in the conformational flexibility
of HDAC8.
Proton Inventory upon Binding of SAHA Analogues

to HDAC8. The observed enthalpic changes (ΔH°obs) for the
binding of ligands to their cognate enzymes are partially
contributed by the enthalpic changes associated with the
protonation and/or deprotonation of the ligands and/or
enzymes, which can be probed by performing the ITC studies
using buffers of varied ionization enthalpies.42 Because the
catalytic Zn2+ ion of HDAC serves as a strong Lewis acid, it has
the potential to deprotonate the metal-binding groups (e.g.,
hydroxamate or thiol moieties) of the ligands, resulting in the
release of protons. The latter would be absorbed by the buffer
anions producing an additional heat signal in the ITC
experiments. To quantitate the extent of deprotonation of the
metal-binding groups of the SAHA analogues, we performed
the ITC studies in four different buffers, namely, phosphate,
Hepes, triethanolamine, and Tris (all maintained at pH 7.5),
whose ionization enthalpies are known.39 Figure 4 shows the
representative plots for the observed binding enthalpy
(ΔH°obs) of SAHA (left panel) and C6-cSAHA (right panel)
as a function of ionization enthalpy (ΔH°ion) of the buffers
listed above. Note that while the ΔH°obs value for the binding
of SAHA to the enzyme is linearly dependent on the ionization
enthalpy of the buffers, it remains essentially the same for C6-
cSAHA binding. Evidently, despite the structural similarity
between SAHA and C6-cSAHA, the binding of the latter ligand
to HDAC8 does not release any proton to the exterior medium.
The release of the proton in the former case is likely to
originate from ionization of the hydroxamate moiety of SAHA
upon its binding to the active site resident Zn2+ ion, as noted
for the binding of other hydroxamate ligands to their cognate
metalloenzymes.43 The solid lines in Figure 4 represent the best
linear fits of the experimental data by eq 1 (see Materials and
Methods), yielding an intrinsic binding enthalpy (ΔH°ins) and a
stoichiometry (p) of the proton released upon the binding of
SAHA to HDAC8 of −2.56 ± 0.02 kcal/mol and 0.73 ± 0.4,
respectively. The corresponding parameters for C6-cSAHA
were −5.6 ± 0.5 kcal/mol and 0, respectively. Note that a part
of the observed enthalpy (ΔH°obs) for the binding of SAHA to
HDAC8 originates from the deprotonation of its hydroxamate
moiety (see Discussion). We performed similar experiments for
the binding of C7-cSAHA, thiol-SAHA, TSA, and MH-12/4 in
the buffers mentioned above (see Figures S7−S12 of the
Supporting Information). All experimental data were analyzed
by eq 1, which yielded values of ΔH°ins and stoichiometry (p)
of the proton released upon enzyme−ligand interaction (Table
2). A close examination of the data of Tables 1 and 2 reveals
that depending on the chemical structure of the SAHA
analogue, the intrinsic binding enthalpy (ΔH°ins) is lower
(e.g., in the case of SAHA, t-SAHA, TSA, and C7-cSAHA) than
the observed binding enthalpy (ΔH°obs) or the parameters

listed above are nearly identical (e.g., in the case of C6-cSAHA
and MH-12/4).
With regard to the magnitude of proton release (Table 2),

we note that there is no net proton release upon binding of C6-
cSAHA to HDAC8, and there is a miniscule amount of proton
release (0.08) upon binding of MH-12/4 to the enzyme. To
our surprise, the stoichiometry of proton release increased from
0 to 0.31 with an increase in the “linker” length of the ligand by
one methylene group (i.e., from C6- to C7-cSAHA), which is
reflected in the difference between the ΔH°ins and ΔH°obs
values of C7-cSAHA. Hence, it appears that the increase in the
“linker” chain length (even by one carbon chain) alters the
mode of binding of C7-cSAHA to HDAC8 such that the
hydroxamate moiety of the ligand resides in the proximity of
the active site resident Zn2+ ion, resulting in its deprotonation.
Hence, the most interesting observation from the proton
inventory data is that although the metal-binding moiety
(hydroxamate) of the SAHA analogues (SAHA, TSA, C6-
cSAHA, C7-cSAHA, and MH-12/4) remains the same, the
magnitude of deprotonation is dependent on the type of
“linker” and “cap” regions, and this feature is intrinsic to their
modes of binding to HDAC8 (see Discussion).
We note that among SAHA analogues, which release protons

to the exterior buffer medium, the stoichiometry (p) of proton
release varies from one ligand to the other, and such a
difference can be ascribed to the differential influence of the
enzyme’s active site Zn2+ ion in modulating the pKa values of
the metal-binding moieties of the ligands. Using the
Henderson−Hasselbalch equation, we could predict the pKa
values of the hydroxamate moieties of TSA and SAHA bound
to HDAC8 as being equal to 7.0 and 7.1, respectively, and that
for the thiol moiety of t-SAHA as being 7.7. Given that the pKa
values of hydroxamate and thiol moieties in aqueous solution
are 8.9 and 10.2, respectively,44,45 it appears logical to surmise
that the active site resident Zn2+ ion (serving as a Lewis acid)
decreases their pKa values. Consequently, the hydroxamate and
thiol groups of the ligands described above preferentially
interact with the active site resident Zn2+ ion in their
deprotonated forms at pH 7.5. On the other hand, because
the proton inventory for the binding of C6-cSAHA and MH-
12/4 is equal to zero (or nearly zero), it appears evident that
the hydroxamate moieties of the latter ligands are not
deprotonated while they are bound to the enzyme’s active
site pocket. This feature could be attributed, at least in part, to
differential positioning of the hydroxamate moieties of C6-
cSAHA and MH-12/4 proximal to the Zn2+ ion, in comparison
to TSA, SAHA, and the other ligands. In this regard, it should
be mentioned that independent computational studies by Wu
et al. and Chen et al. provide contradictory results with regard
to the change in the protonation state of the hydroxamate

Table 2. Summary of the Intrinsic Thermodynamic
Parameters for the Binding of SAHA Analogues to HDAC8

ligand
ΔH°ins

(kcal/mol)
stoichiometry of proton released to buffer

(p)

SAHA −2.56 ± 0.2 0.73 ± 0.4
C6-cSAHA −5.6 ± 0.5 0.00 ± 0.01
C7-cSAHA −1.24 ± 0.21 0.31 ± 0.03
t-SAHA −0.06 ± 0.1 0.39 ± 0.02
TSA −1.04 ± 0.31 0.71 ± 0.04
MH-12/4 −1.63 ± 0.20 0.08 ± 0.03
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moiety of SAHA analogues upon binding to HDAC8 (see
Discussion).46,47

The intrinsic enthalpy (ΔH°ins) for protein−ligand inter-
action, derived from the proton inventory data, provides the
magnitude of binding enthalpy in the absence of the heat signal
(due to protonation and/or deprotonation) contributed by the
buffer medium. Hence, the intrinsic enthalpic changes are
generally taken as the measures of the binding enthalpies,
originating from the direct (noncovalent) interactions between
the ligands and their cognate proteins. A comparative account
of the intrinsic enthalpy for the binding of the different SAHA
analogues to the enzyme (Table 2) suggests that their values
are markedly different from one another, and such differences
could primarily arise from the reorganization of the water
molecules in conjunction with the differential modulation in the
dynamic features of the enzyme (see Discussion).
Temperature Dependence of Thermodynamic Param-

eters of Enzyme−Ligand Interactions. To gain insight into
the molecular forces involved in the binding of the SAHA
analogues to HDAC8, we determined the heat capacity changes
(ΔCp°) associated with the enzyme−ligand interactions by
performing the ITC experiments in the temperature range of
5−25 °C. We performed all the temperature-dependent ITC
experiments in Tris-HCl buffer, as the ΔCp° for the ionization
of this buffer has the lowest value.39 Figure 5 shows the
representative ΔCp° plots for the binding of SAHA (left panel)
and C6-cSAHA (right panel) to HDAC8. Note that the
observed enthalpy (ΔH°obs) for the binding of both these
ligands to HDAC8 becomes more favorable (i.e., its negative
value increases) with an increase in temperature. The solid lines
in Figure 5 represent the linear regression analysis of the
experimental data, yielding ΔCp° values for the binding of
SAHA and C6-CSAHA of −0.23 ± 0.02 and −0.11 ± 0.01 kcal
mol−1 K−1, respectively. We performed similar temperature-
dependent ITC experiments for the binding of other SAHA
analogues to HDAC8 (see Figures S13−S18 of the Supporting
Information), and their ΔCp° values are summarized in Table 3.
Note that the ΔCp° values for the binding of all SAHA
analogues to HDAC8 are negative, but their magnitudes are
significantly different. According to the classical model of
protein folding and unfolding as well as protein−ligand
interactions, a negative value of ΔCp° primarily arises due to
hydrophobic interactions.48−50 As per this model, thiol-SAHA
(ΔCp° = −0.27 kcal mol−1 K−1) and C7-cSAHA (ΔCp° = −0.05
kcal mol−1 K−1) should make the most and least hydrophobic
interactions within the ligand-binding cavity of HDAC8,

respectively. This is unlikely to be the case, because the polar
and nonpolar surface areas in these ligands are not too different.
Hence, as noted with many enzyme-ligand complexes, the ΔCp°
values for the binding of the SAHA analogues to HDAC8
cannot be rationalized solely in light of the classical
hydrophobic model (see Discussion).51 This is further
substantiated by the fact that the ΔCp° values, calculated on
the basis of the changes in the water accessible surface areas of
the enzyme (Materials and Methods), for the binding of TSA
and SAHA to HDAC8 are ∼1 order of magnitude higher (more
negative) than the experimentally determined values (Table 3).
The temperature-dependent ITC data for the binding of

ligands to HDAC8 allowed us to ascertain a plausible
enthalpy−entropy compensation effect, which is the hallmark
feature of the biomolecular interactions. The molecular origin
of such a compensatory effect often lies in the weak physical
interactions and/or the direct involvement of water molecules
in the binding processes.52−55 To probe the enthalpy−entropy
compensation effect for the binding of the SAHA analogues to
HDAC8, we plotted the experimentally determined values of
ΔH° and ΔG° as a function of TΔS°. Figure 6 shows
representative enthalpy−entropy compensation plots for the
binding of SAHA (left panel) and C6-cSAHA (right panel) to
HDAC8. Note that whereas the ΔH° value linearly increases as
a function TΔS°, the value of ΔG° remains nearly invariant for
the binding of the ligands to the enzyme. As a consequence,
both these plots intersect at a common point at which the
magnitude of TΔS° is equal to zero. When TΔS° = 0, ΔG° can
be envisaged to be solely contributed by ΔH°. We determined
the temperatures at which ΔH° is equal to ΔG° (by
interpolating the parameters described above from the
corresponding ΔCp° plots), and they were found to be 288
and 329 K for the binding of SAHA and C6-cSAHA,
respectively. We performed a similar ITC titration and data
analysis for the temperature-dependent binding of other SAHA

Figure 5. Temperature dependence of the observed enthalpy (ΔH°obs) for the binding of SAHA (left) and C6-cSAHA (right) to HDAC8. The
ΔH°obs values are plotted as a function of temperature. The red lines represent the linear regression analysis of the data, yielding values of ΔCp° for
binding of SAHA and C6-cSAHA to HDAC8 of −0.23 ± 0.02 and −0.11 ± 0.01 kcal mol−1 K−1, respectively.

Table 3. Summary of the Heat Capacity Changes Associated
with the Binding of SAHA Analogues to HDAC8

ligand ΔCp° (kcal mol−1 K−1) temp (K), where ΔG° = ΔH°

SAHA −0.23 ± 0.02 288
C6-cSAHA −0.11 ± 0.01 329
C7-cSAHA −0.05 ± 0.02 377
t-SAHA −0.27 ± 0.01 310
TSA −0.21 ± 0.01 295
MH-12/4 −0.13 ± 0.02 341
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analogues to HDAC8 (see Figures S19−S21 of the Supporting
Information) and determined the temperatures at which ΔH° is
equal to TΔS° (summarized in Table 3). Evidently, the
enthalpy−entropy compensation temperature varies from one
SAHA analogue to the other, and the highest and the lowest
temperatures were observed for the binding of C7-cSAHA (377
K) and SAHA (288 K), respectively. Notably, the range of the
enthalpy−entropy compensation temperature observed for the
binding of the SAHA analogues utilized herein is higher than
those (between 250 and 315 K) previously reported by Lumry
and Rajender for diverse bimolecular/physical interactions.53

We believe that the origin of our observed difference in the
ligand specific compensatory effects lies in the favorable (i.e.,
vibrational and hydrophobic entropies) and unfavorable (i.e.,
rotational, translational, and conformational) entropies of the
interacting species (which are offset by the complementary
enthalpic changes). Such a feature could arise, at least in part,
from the ligand-induced modulation in the protein dynamics
and/or flexibility and/or the reorganization of solvent (water)
on the surface of ligand as well as the ligand-binding cavity
upon the formation of the ligand−protein complexes.

■ DISCUSSION

We provide, for the first time, a detailed account of the
thermodynamic data for the binding of structurally similar
SAHA analogues to HDAC8. This paper elaborates on the
contribution of different, viz., “cap”, “linker”, and “metal-
binding”, regions of the SAHA pharmacophore to the
modulation of the thermodynamic parameters of the
enzyme−ligand complexes. We argue that the difference in
thermodynamic parameters for the binding of the SAHA
analogues to HDAC8 can be attributed to the reorganization of
water molecules on the surface of the ligands and/or enzyme
ligand-binding cavity, as well as to the inherent conformational
flexibility and/or dynamics in the protein structure.
The experimental data presented herein lead to the following

conclusions. (1) Although the enthalpic (ΔH°) and entropic
(TΔS°) contributions for the binding of the different SAHA
analogueswith varying “cap”, “linker”, and “metal-binding”
regionsto HDAC8 are markedly different, their standard free
energy changes (ΔG°) are nearly identical among hydrox-
amate-containing ligands, and they are slightly more favorable
(by ∼1.3 kcal/mol) than the binding free energy of a thiol-
containing ligand (t-SAHA), resulting in a high degree of
enthalpy−entropy compensation among different SAHA

analogues (Table 1 and Figure 7). (2) The enthalpy−entropy
compensation effect also accounts for the changes in the

temperature dependence in the parameters of binding of SAHA
analogues to HDAC8 (Figure 6 and Figures S19−S21 of the
Supporting Information). (3) Except for C6-cSAHA and MH-
12/4, the binding of other SAHA analogues to HDAC8 results
in the release of proton to the exterior medium, and the
stoichiometry (p) of proton release is dependent on the
changes in the pKa values of their metal-binding groups under
the influence of the catalytic Zn2+ ion (serving as a Lewis acid)
of the enzyme (Table 2). (4) The heat capacity changes
(ΔCp°) associated with the binding of the different SAHA
analogues to HDAC8 cannot be rationalized in view of the
classical hydrophobic binding model of the enzyme−ligand
complexes. In the case of SAHA and TSA, whose crystal
structures in complex with HDAC8 are known, the
experimentally determined ΔCp° values differ by one order
magnitude from those calculated on the basis of the changes in
the water accessible surface areas of the enzyme and the ligands.
Because the HDAC-catalyzed reaction involves deacetylation

of acetylated lysine residues of peptide substrates, it is not
surprising to see that the enzyme is poised to accommodate the
aliphatic side chain of the lysine residue. Recent proteomic
studies have shown that for an artificial peptide to be utilized as
an HDAC8 substrate, it must harbor an aromatic amino acid at
the C-terminal end of the acetyllysine residue.56 In such
substrate, the acetyl moiety interacts with the active site

Figure 6. Enthalpy−entropy compensation plot for the binding of SAHA (left) and C6-cSAHA (right) to HDAC8. The values of ΔH° (black
squares) and ΔG°obs (red circles) were plotted as a function of TΔS°. Note that the value of ΔG° essentially remain the same because of the
enthalpy−entropy compensation.

Figure 7. Thermodynamic signatures for the binding of the different
SAHA analogues to HDAC8. Despite the marked differences in the
binding thermodynamic signatures of these ligands, their binding free
energies are nearly the same, highlighting an enthalpy−entropy
compensation effect.
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resident Zn2+ ion, the aliphatic side chain of the lysine moiety
sits in the tubular binding cavity, and the aromatic side chain of
the C-terminal (aromatic) amino acid occupies the enzyme’s
entry pocket. In view of these features, it is not surprising that
SAHA (harboring the corresponding “metal-binding”, “linker”,
and “cap” regions) serves as a structural analogue of the
substrate and thus inhibits enzyme catalysis. However, unlike
other HDAC isozymes, HDAC8 is known to interact with
structurally diverse ligands, and therefore, the latter must
possess a conformationally flexible binding cavity to accom-
modate non-SAHA pharmacophores (e.g., SB-379278A, CRA-
A, and other “linkerless” inhibitors) with reasonable binding
affinities.25−27 In this regard, HDAC8 falls in the category of
promiscuous enzymes, which are usually flexible in nature, and
they do not interact strongly with their cognate ligands.57−59 A
survey of the binding affinities of substrates and inhibitors with
class I HDACs reveals that HDAC8 indeed has the weakest
binding affinity for its substrates and inhibitors (see
below).10−12 Moreover, the X-ray crystallographic data reveal
that HDAC8 attains significantly different conformations even
to accommodate structurally similar ligands (e.g., SAHA and
TSA), highlighting the intrinsic flexibility of the enzyme’s active
site pocket (Figure 8).7

An enzyme−substrate/inhibitor interaction involves “multi-
point” contacts between the juxtaposed atoms of the interacting
species, and the overall binding energy of an enzyme−ligand
complex is derived from the cumulative sum of the energies
contributed by the individual interacting atoms.60,61 As
discussed below, the latter may have both “positive” and
“negative” cooperative manifestations.60 Hence, the different
binding regions (viz., “cap”, “linker”, and “metal-binding”
group) of a SAHA analogue can be envisaged to contribute
synergistically to the overall binding energy of the ligand.
Because the different binding region of a SAHA analogue may
interact differently within the enzyme’s active site pocket, one
would predict that the binding free energies of various SAHA
analogues would be substantially different (see Table 1).
However, to our surprise, the binding free energies of different
SAHA analogues with HDAC8 are similar (7.3−8.6 kcal/mol).

We note that besides the ligands used herein, other SAHA
analogues also show similar binding free energies. For example,
Bradner and co-workers have reported the Ki values of several
inhibitors, of which at least three inhibitors, viz., APHA,
pyroxamide, and 4-PBHA, are the structural analogues of
SAHA, for HDAC8.10 The corresponding Ki values of these
inhibitors for HDAC8 have been reported to be 0.6, 1.0, and
1.85 μM, which could be translated into binding free energies
of −8.4, −8.1, and −7.8 kcal/mol, respectively. Note that these
values are very similar to the binding free energies of the SAHA
analogues described herein (Table 1). Taken together, HDAC8
exhibits the potential to interact with structurally diverse SAHA
analogues with similar binding free energies (see below).
Our proton inventory data provide evidence that depending

on the chemical structures of the SAHA analogues, HDAC8
exhibits the potential to extract different magnitudes of binding
energy from the different regions of the ligands. The catalytic
divalent metal ions (e.g., Zn2+) in various metallohydrolases
function as Lewis acids, and they generate tightly bound OH−

ion (by deprotonating water), which serves as a strong
nucleophile during the hydrolytic reactions.62,63 By virtue of
this feature, the HDAC8-bound Zn2+ ion is expected to
deprotonate the metal-binding groups (e.g., hydroxamate and
thiol) and subsequently interact with their anionic forms.
Notably, a recent quantum mechanics study performed by
Chen. et al. also suggests that the hydroxamate moieties of
SAHA and TSA are deprotonated upon binding of Zn2+ to
HDAC8.47 Unlike the computational study described above, in
which the hydroxamate moieties of ligands are predicted to be
equally deprotonated upon their binding to HDAC8, our ITC
experiments demonstrate that the extents of deprotonation of
the zinc-binding groups of the ligands (upon binding to the
enzyme) are remarkably different from one another (Table 2).
Because the active site pocket of HDAC8 is relatively
hydrophobic (Figure 9), we believe the difference in the

proton inventory of the SAHA analogues is a consequence of
the Zn2+-mediated perturbation of the pKa values of the metal-
binding groups, and the extent of such perturbation is dictated
by the distance between the Zn2+ and the ionizable metal-
binding groups. We argue that the other regions (e.g., “cap” and
“linker”) of the ligands are intimately involved in positioning of
the metal-binding groups proximal to the active site resident
Zn2+ ion. Whether the proton released from the Zn2+-binding

Figure 8. Topologies of the enzyme active site’s pocket forming loops
(and the residues therein) in different HDAC8−ligand complexes.
This figure was generated using UCSF Chimera (http://www.cgl.ucsf.
edu/chimera/).

Figure 9. Surface representation of the HDAC8−ligand complexes
showing the differences in surface topology, shape, and organization of
crystallographically captured water molecules. The residues located in
a 5 Å zone around the ligand (TSA/SAHA) are shown, and they are
colored according to their hydrophobicity index. The crystallo-
graphically captured water molecules present on the surface of the
binding cavity are shown as red spheres.
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moieties of our ligands is directly released to the exterior buffer
media or is shuttled via the enzyme’s active site resident His142
is not clear at this time.47

The question of why some of the SAHA analogues,
particularly C6-cSAHA (and to some extent MH-12/4), do
not release any proton upon binding to HDAC8 arises. The
only major difference between C6-cSAHA and SAHA is that
the former ligand contains a bulkier coumarin (instead of
aniline) moiety in the “cap” region. A similar situation exists in
the case of MH-12/4, which contains a bulky pyrene moiety in
the “cap” region. Hence, it appears plausible that the bulkier
“cap” moieties (present in both C6-cSAHA and MH-2/14)
preclude the positioning of their terminal hydroxamate moieties
proximal to the active site Zn2+ ion; thus, they are not
effectively deprotonated. However, this simplistic explanation
does not hold in the case of C7-cSAHA [showing a proton
inventory of 0.31 (see Table 2)], which also contains coumarin
as the “cap” moiety but slightly differs from C6-cSAHA because
of the presence of an additional methylene group in the “linker”
region. Hence, both the “cap” and “linker” regions of the SAHA
analogues modulate the avidity of their metal-binding moieties
(e.g., hydroxamate) to the catalytic Zn2+ ion. Furthermore,
depending on the extent of ionization of the metal-binding
groups, the gain in favorable binding free energy, originating
from the electrostatic interaction between the catalytic Zn2+ ion
and the anionic form of the metal-binding group, of the
different SAHA analogues is likely to be different. In view of the
facts presented above, we surmise that depending on the
chemical structure of the SAHA analogue, the enzyme extracts
a different magnitude of binding energy from different regions
of the ligand structure. Additionally, because the ligand-binding
cavity of HDAC8 is comprised of several pocket-forming loops
whose orientations are differently modulated even upon the
binding of structurally similar ligands (Figure 8),7 it is likely
that the metal-binding groups of the SAHA analogues may
experience a substantially different microenvironment within
the enzyme’s binding pocket, leading to their differential
deprotonation.
The thermodynamics of binding of the SAHA analogues to

HDAC8 described in this work clearly shows a strong
enthalpy−entropy compensation effect, which is a fairly
common phenomenon in a variety of biomolecular interactions.
Apart from biomolecular interactions, enthalpy−entropy
compensation has been observed in a wide variety of other
physiochemical phenomena in water, such as solvation of ions,
ionization of electrolytes, hydrolysis, oxidation reduction,
quenching of indole fluorescence, etc.53 In protein chemistry,
the enthalpy−entropy compensation effect has been frequently
observed in the temperature-dependent binding of ligands to
their cognate proteins.54,64,65 The enthalpy−entropy compen-
sation effect has been widely observed in the binding of
structurally similar ligands to their common target, and this
feature is known to hinder the affinity optimization of lead
molecules toward finding a tight-binding drug molecule.66

Aside from equilibrium binding, the enthalpy−entropy
compensation has been reported in various kinetic processes,
including the transient kinetics for the binding of SAHA and
TSA to HDAC8 reported previously from our laboratory.67,68

However, the enthalpy−entropy compensation effect is not
observed in processes that involve stronger interactions.52,69,70

Taken together, the enthalpy−entropy compensation effect
appears to be a ubiquitous phenomenon involving weak

interactions among biomolecular species in aqueous solu-
tion.52,53,71

The physical origin of enthalpy−entropy compensation has
been a matter of significant controversy. This is partly because
the molecular origin of the hydrophobic effect, initially
proposed by Kauzman and Tanford, is not universally
applicable, and it appears that depending on the molecular
context, the hydrophobic effect is either enthalpically or
entropically dominated.72,73 In recent years, the molecular
explanation for the origin of enthalpy−entropy compensation
effect has been revised.52,53,70−77 In the case of binding of
structurally similar ligands to their target, an entropic penalty,
caused by a decrease in the flexibility and/or randomness of the
ligand and/or the protein upon ligand−protein interaction, is
often compensated by the enthalpic gain due to atomic
contacts, producing the enthalpy−entropy compensation
effect.74 Qian has demonstrated that the local changes in the
conformational fluctuations of a protein upon binding to its
ligand are transmitted to the rest of the protein, and the
enthalpy and the entropy associated with these conformational
fluctuations compensate each other.75 In addition, the
reorganization of water molecules surrounding the ligands as
well as the ligand-binding cavities has been proposed to
mediate the enthalpy−entropy compensation effect in the
overall binding processes.53,76,77

Recently, Portman et al. reported an enthalpy−entropy
compensation effect for the binding γ-lactones to OBP3.78

These authors argued that the molecular origin of the
enthalpy−entropy compensation effect lies in the opposite
thermodynamic signatures for the desolvation of the ligand
surface and the binding cavity.78 The desolvation of ligand
surface (prior to its binding to protein) is analogous to the
transfer of a nonpolar molecule from water to the nonpolar
solvent, as previously suggested by Kauzmann, and thus, it
contains the thermodynamic signatures of +ΔS and +ΔH.72
Contrastingly, the desolvation of the protein cavity releases the
“high-energy” water molecule to the bulk solvent, yielding
thermodynamic signatures of −ΔS and −ΔH. Because the
thermodynamic signatures for the desolvation of ligand and the
binding cavity are opposite, they compensate for each other,
leading to the enthalpy−entropy compensation effect. Notably,
the aforementioned water-centric enthalpy−entropy compen-
sation feature primarily relies on the fact that the water
molecules surrounding the surface of the binding cavity are
highly disordered. They make more hydrogen bonds (−ΔH)
with the surrounding water molecules and become more
ordered (−ΔS) upon being released to the bulk water. On the
other hand, Klebe, Whitesides, and others have argued that the
thermodynamic signatures for the release of water molecules
from proteins’ cavities (to the bulk phase) are dependent on
the molecular contexts, i.e., their resident sites as well as the
extent (partially or fully) to which they are ordered on the
interacting surfaces.73,76,79 Besides these water-centric views,
Williams and co-workers maintain that the thermodynamic
parameters derived from the binding of ligands to proteins
cannot be easily explained in light of the local (interfacial)
interactions because they are the property of the “whole”
system.60 For example, a remarkably tight binding affinity of
biotin for streptavidin (Ka = 1013 M−1) cannot be rationalized
on the basis of the interfacial forces between the interacting
species.60 In this regard, it is noteworthy that even a small
(∼1%) change in the hydrogen bonds in protein structures,
mediated via the changes in the conformational flexibility of
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proteins upon the binding to their cognate ligands, contributes
significantly to the overall thermodynamic parameters of the
protein−ligand complexes.60 Fenley et al. maintain that the
ligand-assisted shift in the protein conformation plays a major
role in the enthalpy−entropy compensation effect.80 According
to these authors, if the enthalpically driven ligand binding shifts
the conformation of a protein from the “low entropic” state to
the “high entropic” state, the enthalpic gain (due to ligand
binding) will be essentially transduced (compensated) into the
entropic changes in the protein structure.80 Furthermore, the
magnitude or extent of the conformational changes, contribu-
ting to the enthalpy−entropy compensation, will be dependent
on the intrinsic dynamics of free and ligand-bound protein
structures.81,82 In view of these literature precedents, we
conclude that the origin of the enthalpy−entropy compensation
effect for the binding of the structural analogues of SAHA to
HDAC8 lies both in the reorganization of water molecules and
in the conformational flexibility in the enzyme structure. The
latter feature is further evident from a remarkable difference in
the crystallographically derived B factors of the apo and ligand-
bound forms of HDAC8 (Figure S22 of the Supporting
Information). Nonetheless, a thorough elucidation of the
conformational flexibility and/or dynamics of HDAC8 in the
presence of structurally diverse ligands must await high-
resolution NMR studies.
In view of the observed thermodynamic parameters for the

binding of different SAHA analogues to HDAC8, we argue that
the different (i.e., “metal-binding”, “linker”, and “cap”) regions
of SAHA analogues interact differently with their comple-
mentary sites/regions at the active site of the enzyme, and the
overall binding process is mediated both via local and global
changes in protein conformation. Hence, the marked differ-
ences in the ligand-induced conformational changes in the
enzyme even due to the structurally similar ligands, which may
or may not be discernible via X-ray crystallography, would yield
markedly different thermodynamic signatures for ligand
binding. Given these, we conclude that the structure-based
rational design of highly potent and/or isozyme-selective
inhibitors of HDAC8 would be a challenging task. However,
we believe that the inhibitory potency as well as the isozyme
selectivity of a canonical HDAC inhibitor (e.g., SAHA) toward
HDAC8 could be enhanced by attaching a “teether” moiety
that could interact with the surface residues of the enzyme, akin
to our “two-prong inhibitor design approach”.83,84 The “two-
prong” approach to designing HDAC8 inhibitors appears to be
logical considering that an extended peptide substrate binds to
the enzyme’s surface (designated as “exosites”), and such
binding enhances the catalytic efficiency of the enzyme.85 We
are in the process of employing our two-prong inhibitor design
strategy (by incorporating the “exosite” binding feature) to
produce highly potent and HDAC8-selective inhibitors, and we
will report these findings subsequently.
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