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ABSTRACT: Of the different hydroxamate-based histone
deacetylase (HDAC) inhibitors, suberoylanilide hydroxamic
acid (SAHA) has been approved by the Food and Drug
Administration for the treatment of T-cell lymphoma.
Interestingly, a structurally similar inhibitor, trichostatin A
(TSA), which has a higher in vitro inhibitory potency against
HDACS, reportedly shows poor efficacy in clinical settings. To
gain molecular insight into this discriminatory feature, we
performed transient kinetic and isothermal titration calori-
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metric studies for the interaction of SAHA and TSA with the recombinant form of human HDACS. The transient kinetic data
revealed that the binding of both inhibitors to the enzyme showed biphasic profiles, which represented an initial encounter of the
enzyme with the inhibitor followed by the isomerization of the transient enzyme—inhibitor complexes. The temperature-
dependent transient kinetic studies with these inhibitors revealed that the bimolecular process is primarily dominated by
favorable enthalpic changes, as opposed to the isomerization step, which is solely contributed by entropic changes. The standard
binding enthalpy (AH®) of SAHA, deduced from the transient kinetic as well as the isothermal titration calorimetric experiments,
was 2—3 kcal/mol higher than that of TSA. The experimental data presented herein suggest that SAHA serves as a preferential
(target-specific and -selective) HDACS inhibitor as compared to TSA. Arguments that the detailed kinetic and thermodynamic
studies may guide the rational design of HDAC inhibitors as therapeutic agents are presented.

he acetylation and deacetylation of a specific lysine residue

of the histone tail mediated via histone acetyl transferase
(HAT) and histone deacetylase (HDAC), respectively, play a
pivotal role in eukaryotic gene expression." Aside from histones,
more than 3700 distinct lysine acetylation sites have been
identified in the human proteome, which serve as targets for the
enzymes described above.” Various cellular processes such as
cell growth and differentiation, DNA replication and recombi-
nation, metabolism, cell signaling, etc., are regulated via the
acetylation and deacetylation of myriad varieties of non-histone
proteins.®> Because HDACs cause deacetylation of acetylated
lysine moieties present on a wide variety of non-histone
proteins, these enzymes should appropriately be called “lysine
deacetylases”.”

Human HDACs have been classified into four groups based
on the homology of their gene sequence. Class I (HDAC], -2,
-3, and -8) and class Il (HDAC4, -5, -6, -7, -9, and -10) HDACs
are Zn>*-dependent lysine deacetylases and are inhibited by
canonical HDAC inhibitors.* Unlike classes I and 1II, class III
HDACs (sirtuins) are Zn>*-independent lysine deacetylases
that require NAD" as a cofactor and are not inhibited by a
canonical HDAC inhibitor.” Class IV (HDAC11) has a very
poor sequence homology with other HDACs.
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HDACs are high-priority drug targets for the treatment of
various human diseases, including cancer.”® Different HDAC
isozymes are overexpressed in various forms of human cancers.”
Inhibitors of HDACs are known to cause an anticancer effect
both in vitro and in a xenograft animal model.'® The HDAC
inhibitors, namely, SAHA and romidepsin, have already been
approved by the Food and Drug Administration for the
treatment of T-cell lymphoma. Moreover, several others HDAC
inhibitors are in the advanced stage of clinical trials."! However,
the currently known inhibitors of HDAC produce severe side
effects on cancer patients, presumably because they indiscrim-
inately targets several HDAC isozymes, many of which are vital
for normal physiological processes. Thus, there has been an
ongoing effort to develop and design an alternative that would
show better in vivo efficacy.'

The inhibition constant (K,) and the equilibrium dissociation
constant (K;) of an HDAC inhibitor often do not correlate
with its in vivo efficacy. For instance, the in vitro potency of TSA
against human HDACs is several-fold higher than that of
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SAHA, but the latter inhibitor shows a better efficacy in the
clinical settings." It is widely known that the physicochemical
(Lipinski parameters) as well as the ADME (absorption,
distribution, metabolism, and excretion) properties of a drug
candidate play significant roles in defining its in wvivo
efficacy.'*"> The hydroxamate-based HDAC inhibitors, such
as TSA and SAHA, reportedly do not exhibit optimal
physiochemical and ADME properties.'®'” Interestingly, even
the structurally similar compounds could have a marked
difference in their ADME properties.'”” A poor oral
bioavailability of SAHA could be conceived from the fact that
its linker domain contains an amide moiety, which is likely to
reduce the oral bioavailability of the drug because of a strong
hydrogen bonding interaction with water molecules.'® On the
other hand, poor bioavailability of TSA could be partly
correlated with the nonrotatable bonds of its linker domain.
The latter feature reduces the molecular flexibility, an important
parameter that has been proposed to be positively correlated
with membrane permeability and bioavailability."?

Aside from the ADME properties, the therapeutic efficacies
of certain drugs have been correlated with the transient kinetic
and thermodynamic parameters of the protein—ligand com-
plexes.*®*' Markgrenn and co-workers have investigated the
significance of k,, and k.g of the drug—target interaction in
determining the therapeutic efficacy of HIV protease
inhibitors.”” Copeland et al. have extensively reviewed the
influence of the residence time of the receptor—ligand complex
on various biological functions.”>*' Likewise, Davis and
colleagues reported that the downstream biological effects of
a peptide serving as an agonist or antagonist of the TCR—
MHC complex are dictated by the kinetic parameters of the
receptor—ligand inteaction.>* Furthermore, Freire and other
investigators suggest that the thermodynamic parameters for
the drug—target interaction could be utilized as a comple-
mentary tool for lead optimization to enhance the therapeutic
efficacy of a drug.>"**? In view of these literature precedents, it
appeared logical to investigate the detailed kinetic and
thermodynamic features of the binding of structurally similar
ligands, SAHA and TSA, to the recombinant form of human
HDACS8. Our experimental data provide the kinetic and
thermodynamic rationale for SAHA being the target-specific
and -selective inhibitor of HDACS8 as compared to its
structurally similar counterpart, TSA.

B MATERIALS AND METHODS

TSA was purchased from Enzo Life Sciences (Farmingdale,
NY). SAHA (suberoylanilide hydroxamic acid) was custom
synthesized by Biomol Laboratories (Plymouth Meeting, PA).
Coumarin-SAHA (c-SAHA) was synthesized in our laboratory
as described previously.”” A recombinant form of human
HDACS8 was purified from Escherichia coli as described
previously.””

Equilibrium Binding Studies of HDAC8-Inhibitor
Interactions. All the steady-state spectrofluorometric studies
were performed in protein storage buffer [SO mM Tris (pH
7.5) containing 100 mM NaCl, 3 mM MgCl,, 10% glycerol, and
1 mM tris(2-carboxyethyl)phosphine (TCEP)] on a Perkin-
Elmer Lambda 50-B spectrofluorometer that was equipped with
a magnetic stirrer and a thermostated water bath using a 4 mm
X 4 mm quartz cuvette. The change in the intrinsic
fluorescence signal of HDACS upon binding of an inhibitor
was used to obtain the binding isotherm of the enzyme—
inhibitor complex. To determine the equilibrium dissociation
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constant of an inhibitor for HDACS, a fixed concentration of
HDACS (1.5 M) was titrated with an increasing concentration
of the respective inhibitor in protein storage buffer. The
fluorescence emission spectrum of HDAC8 was monitored at
340 nm after excitation at 295 nm. The resulting binding
isotherms for the HDAC8—inhibitor complex were analyzed via
the complete solution of the quadratic equation (eq 1).

F= C(Itot + Kd + nEtot)

- {[(Etot” + I + Kd)2 - 4Et0tn1tot]l/2}/2 (1)

where F is the fluorescence signal of the protein—ligand species
after the addition of the inhibitor, E,, and I, refer to the total
enzyme and total inhibitor concentrations, respectively, Ky is
the equilibrium dissociation constant of the enzyme—inhibitor
complex, n is the stoichiometry of the enzyme—inhibitor
complex, and C is the change in the amplitude of the signal.

Transient Kinetics of HDAC8—-Ligand Interaction. To
determine the rate constants of binding as well as dissociation
of HDACS inhibitors from the enzyme’s site, transient kinetic
experiments were performed using an Applied Photophysics
SX-18MV stopped-flow system. The stopped-flow system
described above, which has a dead time of 1.3 ms, was
operated in fluorescence mode with an emission path length of
2 mm. The time-dependent decrease in the intrinsic HDACS
fluorescence was monitored by exciting the reaction mixture at
280 nm using a 320 nm cutoft filter. All of the transient kinetic
experiments were performed at least 10 times in S0 mM Tris
buffer (pH 7.5) containing 100 mM NaCl and 1 mM TCEP.
The resultant kinetic traces were averaged and analyzed by the
data analysis package provided by Applied Photophysics. For
association kinetics, all the experiments were performed under
pseudo-first-order conditions. The kinetic traces were analyzed
using single- and double-exponential rate equations (egs 2 and
3) as follows.

RFU = Amp exp(—k,t) + offset )

where RFU is the fluorescence signal at a given time and Amp
and k., are the total amplitude and observed rate constant,
respectively.

RFU = Amp exp(—ky,t) + Amp, exp(—ky,t) + offset

(©)
where RFU represents the fluorescence signal at a given time
and Amp; and Amp, are the amplitudes associated with
observed rate constants k., and kg, respectively. Observed
rate constants were measured as a function of ligand
concentration, and data were analyzed using appropriate kinetic
models as described in subsequent sections.

Determination of the Rate of Dissociation of HDC8—
Inhibitor Complexes. The rates of dissociation (k) of TSA
and SAHA from the enzyme’s site were determined utilizing a
fluorescent analogue of SAHA, coumarin-SAHA (c-SAHA), as
the displacing ligand. Competitive binding of c-SAHA to
HDACS (concomitant with displacement of the enzyme-bound
nonfluorescent inhibitor) results in a decrease in the
fluorescence signal at 400 nm (4., = 325 nm).”” The time-
dependent change in the fluorescence signal was used to
measure the dissociation rate of the enzyme—inhibitor complex.
Scheme 1 outlines the principle involved in determining the
rate of dissociation of the HDAC8—inhibitor complex.

When the HDAC8—TSA/SAHA complex is mixed with an
excessive concentration of c-SAHA, the mass action drives the
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Scheme 1. Measurement of the Rate of Dissociation of the
HDACS8—Inhibitor Complex

kgr
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1 c-SAHA

HDACS8-c-SAHA

overall equilibrium toward the enzyme—c-SAHA complex. It is
important to note that the association kinetics of c-SAHA is
several fold faster than that of SAHA (our unpublished results).
Under the conditions described above, the rate of formation of
the HDAC8—c-SAHA complex is given by the dissociation rate
of the inhibitor. The dissociation rate of the inhibitor was
measured by mixing 1 M HDACS8 and 20 yM inhibitor
(syringe I) with 100 M c-SAHA (syringe 1I) via the stopped-
flow system and monitoring the time-dependent decrease in the
fluorescence signal (4., = 325 nm; 395 nm cutoff filter) due to
formation of the HDAC8—c-SAHA complex. The data were
analyzed using a single-exponential rate equation with a data
analysis software package provided by Applied Photophysics.

Temperature Dependence of Transient Kinetic Meas-
urements. The temperature-dependent transient kinetic
experiments were performed to delineate the energetics of
the ligand—protein interaction utilizing the stopped-flow
system. The experimental temperature was maintained using
a circulating water bath. The observed rate constant and the
rate constants associated with the transient kinetic of binding
and dissociation of the ligand were determined at different
temperatures, and they were analyzed with the Arrhenius
equation (eq 4).

1/kp, or 1/k = A exp[—E,/(RT)] 4)

where k., and k are the observed rate constant and the rate
constant obtained from transient kinetic experiments, respec-
tively, A is the frequency factor, E, is the Arrhenius activation
energy, and T is the temperature in kelvin. To convert E, into
the transition-state enthalpy (AHY), the following relationship
was used (eq S).

AH¥ = E, — RT (s)

The activation free energy (AG¥) was calculated using the
Eyring equation (eq 6).

AGT = —RT In(kh/kgT) (6)

where R is the gas constant (1.986 cal K™ mol™"), T is the
absolute temperature, & is Planck’s constant (1.58 X 107** cal
s), and kg is Boltzmann’s constant (3.3 X 1072* cal K™').
Isothermal Titration Calorimetry (ITC) Studies. The
enthalpy (AH®) of binding of TSA and SAHA to HDACS was
determined by performing isothermal titration calorimetric
experiments on a VP-ITC instrument (Microcal Inc., North-
ampton, MA). The enzyme and inhibitor solutions were
properly degassed under vacuum. The ITC sample cell was
filled with 1.8 mL (effective volume of 1.4 mL) of 10 uM
HDACS in 50 mM Tris (pH 7.5) containing 100 mM NaCl, 3
mM MgCl,, 10% glycerol, and 1 mM TCEP. HDAC8 was
titrated with 4S aliquots (4 uL each) of TSA or SAHA prepared
in HDACS8 dialysis buffer. The reaction mixture was
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continuously stirred at 250 rpm during the calorimetric
titration. Raw experimental data were obtained as the amount
of heat produced per second upon addition of the ligand to the
sample cell. The magnitude of heat produced per injection was
calculated by the integration of the area under individual peaks
using Origin software, provided with the ITC instrument. The
observed heat signal in each injection was due to the heat
associated with binding and the background signal that was
mainly due to the heat of dilution. The heats of dilution
determined in the control experiments were essentially similar
to the heat signal obtained at the end of the titration; so the
average signal of the last five injections was used as the
background heat signal. The final data were presented as the
amount of heat produced per injection as a function of the
molar ratio of the ligand. The data were analyzed using Origin
(available from Microcal), as described previously by Wiseman
et al,”® yielding the stoichiometry (1), the association constant
(K,), and the standard enthalpy change (AH®) for the binding
of an inhibitor to HDACS.

B RESULTS

In a cursory manner, we observed that the intrinsic fluorescence
of HDACS is quenched upon its binding to various enzyme
inhibitors, including TSA and SAHA. Figure 1 shows the
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Figure 1. Steady-state fluorescence emission spectra (black) of 1.5 uM
HDACS8 upon excitation at 295 nm. The intrinsic fluorescence of
HDACS is quenched (red) upon binding to TSA.

steady-state emission spectrum of 1.5 uM HDACS in 50 mM
Tris-HCI (pH 7.5) containing 100 mM NaCl, 3 mM MgCl,,
10% glycerol, and 1 mM TCEP upon excitation at 295 nm.
HDACS showed the fluorescence emission maximum (4,,,,) of
340 nm. Binding of an inhibitor (TSA or SAHA) led to the
quenching of HDACS’s intrinsic fluorescence without any shift
in the emission maximum (Figure 1). To probe the mechanism
of fluorescence quenching in the cases described above, we
performed the excited-state lifetime measurement of HDAC8’s
tryptophan residues. The experimental data revealed that
fluorescence lifetime of the enzyme’s tryptophan did not
change upon binding of TSA or SAHA, suggesting the
fluorescence quenching is “static” (rather than “dynamic”) in
nature (data not shown).

The equilibrium binding study of an inhibitor to HDACS
was pursued utilizing the change in HDACS8'’s fluorescence
signal upon ligand binding. Figure 2 shows the titration of a
fixed concentration of HDACS8 (1.5 M) with an increasing
concentration of the inhibitor. The fluorescence intensity of
HDACS8 at 340 nm, which is dependent on its fractional
occupancy of an inhibitor, is hyperbolically dependent on the
inhibitor concentration. During the course of the titration, the
concentration of HDAC8 was comparable to that of the
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Figure 2. Binding isotherms for the interaction of TSA (left) and SAHA (right) with HDACS. The decrease in the intrinsic fluorescence of HDACS8
at 340 nm (A, = 295 nm) has been plotted as a function of an increasing concentration of the respective ligand. The solid lines are the best fits of the
experimental data, yielding K; values of 0.39 + 0.08 and 1.2 #+ 0.2 uM for TSA and SAHA, respectively.
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Figure 3. Representative stopped-flow kinetic traces for the binding of TSA (left) and SAHA (right) to HDACS. The solid smooth lines represent
the best fits of the data for inhibitor binding according to the double-exponential rate equation, yielding fast and slow observed rate constants of 5.58
+ 0.09 and 0.21 + 0.01 57", respectively, for TSA binding. The corresponding values for SAHA binding were 2.78 + 0.31 and 0.087 + 0.043 s/,
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Figure 4. Concentration dependence of the observed rate constants for the binding of TSA (left) and SAHA (right) to HDACS. A linear regression
line to the data (@) for TSA binding provides a gradient (k,;) and an intercept (k_;) of 2.2 X 10° M~ s7! and 1.2 57/, respectively, whereas the
horizontal line shows the best fit of the data (O) providing a ke, (=k,, + k_;) of 0.37 s™". A linear regression line to the data (@) for SAHA binding
provides a gradient (k,;) and an intercept (k_;) of 6 X 10* M™" s™" and 1.4 s™', respectively. The horizontal line shows the best fit of the data (O)

providing a kg, (=k,, + k_,) of 0.089 s7".

inhibitor; hence, the binding isotherms were analyzed by a
complete solution of the quadratic equation (eq 1), yielding
equilibrium dissociation constants (K) for the binding of TSA
and SAHA of 0.39 + 0.08 and 1.2 & 0.2 uM, respectively. We
further determined the K; (inhibition constant) values of TSA
and SAHA using the protocol as described previously by our
group”” to be 0.15 + 0.02 and 0.45 + 0.11 uM, respectively.
Note the similarity between the Ky and K; values for both
ligands, suggesting that the inhibition or the quenching of the
intrinsic HDACS8’s fluorescence is due to the binding of the
ligands to the enzyme active site. Furthermore, our
experimental data suggest that HDACS8 has only one binding
site for TSA, and the second TSA molecule bound to HDACS,
which has been previously observed in crystallographic studies,
is presumably due to crystallization conditions.”
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Transient Kinetic Studies of Inhibitor Binding. To
determine the kinetic mechanism of binding of an inhibitor to
HDACS, we performed transient kinetic experiments using the
stopped-flow system. Figure 3 (left panel) shows the
representative stopped-flow kinetic trace for the association of
TSA with HDACS8 obtained upon mixing of 1 yuM HDACS
with 10 uM TSA via the stopped-flow syringes. The change in
the intrinsic fluorescence of HDACS due to the binding of the
inhibitor was monitored upon exciting the mixture at 280 nm
and using a 330 nm cutoft filter. The kinetic trace was analyzed
with a double-exponential rate equation, yielding fast (k1)
and slow (k) observed rate constants of 5.58 + 0.09 and
0.21 + 0.01 57/, respectively. We performed a similar stopped-
flow transient kinetic experiment for the binding of SAHA to
HDACS. Figure 3 (right panel) shows the representative
stopped-flow kinetic trace for the association of SAHA with

dx.doi.org/10.1021/bi400740x | Biochemistry 2013, 52, 8139—-8149
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Scheme 2. Two-Step Mechanism of Binding of HDACS Inhibitors to the Enzyme
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HDACS obtained upon mixing of 1 uM HDACS8 with 20 uM
SAHA via the stopped-flow syringes. The kinetic trace was
analyzed with a double-exponential rate equation, yielding fast
(kops) and slow (kgs,) observed rate constants of 2.78 + 0.31
and 0.087 + 0.043 s/, respectively. Note that the magnitude of
both the fast and slow observed rate constants for the binding
of TSA to HDACS is higher than the magnitude of those of
SAHA, suggesting that the association kinetics of the former
ligand is faster than the latter.

To delineate the microscopic pathways for the binding of the
inhibitor to HDACS8, we measured the observed rate constants
as a function of inhibitor concentration. Figure 4 shows the
concentration dependence of the observed rate constant (k)
for the binding of TSA and SAHA to HDACS (left and right
panels, respectively). Note that while the magnitude of the fast
observed rate constant (k) is linearly dependent on the
ligand concentration, the slow observed rate constant (k)
essentially remains constant. This observation is similar to what
has been observed for the binding of TA-calmodulin to myosin
muscle myosin light chain kinase by Trentham and
collaborators.® The data were analyzed in light of a two-step
binding mechanism (Scheme 2).

In the binding mechanism depicted in Scheme 2, the fast
phase (bimolecular step) is likely to be due to the initial
binding or encounter of the inhibitor (I) with the enzyme site,
whereas the slow phase (isomerization) could be attributed to
the isomerization of the transient encounter complex
(HDAC8-I*) to produce the final reaction product
(HDAC8—-I**). Constants k,;, k_j;, k,, and k_, are the rate
constants of the association reaction. The linear regression
analysis of the data for k., with the gradient and intercept
provides values of k., and k_;, which were found to be 2 X 10°
M s7' and 12 s7', respectively, for TSA binding. The
corresponding values of these kinetic parameters for SAHA
binding were 6 X 10* M™' s7' and 14 s, respectively.
Evidently, the second-order rate constant for the bimolecular
(k,,) step is 1 order of magnitude greater for binding of TSA to
HDACS than for binding of SAHA. The value of k., which is
representative of the isomerization step, is independent of
ligand concentration, and it is comprised of the sum of k,, and
k_,.

Dissociation Rate (k,s) of HDACS Inhibitors. We
determined the dissociation rates (k,) for dissociation of
TSA and SAHA from the enzyme’s site utilizing coumarin-
SAHA (c-SAHA) as a fluorescent probe. c-SAHA serves as a
competitive ligand that triggers the dissociation of the
nonfluorescent inhibitors (e.g, TSA and SAHA), when utilized
at an excessively high concentration. Figure 5 shows the
stopped-flow kinetic trace for the dissociation of TSA from the
enzyme’s site, which was obtained by mixing a solution
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Figure 5. Representative stopped-flow trace for the dissociation of
TSA from HDACS’s active site. The dissociation of the enzyme-bound
TSA was triggered by the mixing of the HDAC8—TSA complex with a
high concentration of c-SAHA. The solid smooth line is the best fit of
the experimental data according to the single-exponential rate
equation, yielding a dissociation rate for TSA of 0.11 + 0.02 s™".

containing 1 uM HDACS8 and 20 yuM TSA with 100 yM c-
SAHA via the stopped-flow syringes. The solid line is the best
fit of the experimental data using the single-exponential rate
equation, yielding a kg for TSA of 0.11 s™". The k& of SAHA
has been previously reported by our group to be 0.41 s™', which
is 4-fold higher than that of TSA.>’ For the kinetic model of the
ligand—protein interaction described in Scheme 2, the kg of
the ligand is given by eq 7.*°

ko = (k_ik_y)/kyy (7)

Taking into account the magnitudes of the dissociation rates
(ko) of TSA and SAHA as well as the observed rate constants
(ko) of their association reactions, we could deduce the values
of all four constants (k,;, k_;, k,,, and k_,) and thereby predict
the value of equilibrium dissociation constant (Kj) for the
binding of the inhibitors mentioned above. The equilibrium
dissociation constants of TSA and SAHA deduced from the
transient kinetic experiments were 0.49 and 6.8 uM,
respectively. Note that these values are in close agreement
(within experimental error) with the directly measured K
values determined via a direct titration of the enzyme with the
inhibitors determined from the steady-state experiments (Table
1). The similarity between the directly determined and
kinetically calculated Ky values validates the authenticity of
the two-step binding mechanism of TSA and SAHA with
HDACS.

Temperature Dependence of Association Kinetics. To
determine the energetic contributions for the binding of TSA
and SAHA to HDACS in ground and putative transition states,
we performed the temperature-dependent stopped-flow experi-
ments. Figure 6 shows the temperature dependence of the
observed rate constants for the association of TSA and SAHA.
The fast observed rate constant (k,,; ) increases as a function of

dx.doi.org/10.1021/bi400740x | Biochemistry 2013, 52, 8139—-8149
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Table 1. Comparison of Ky Values Calculated via the Transient Kinetic Method with Spectrofluorometric Titration

ligand ky M7 sTh ky (s7Y) kyy (571 ko, (s71) Ky (uM) (kinetic method) Ky (uM) (spectrofluorometric titration method)
TSA 2.3 x 10° 1.2 0.34 0.03 0.49 0.39 + 0.08
SAHA 6.0 x 10* 14 0.069 0.02 6.8 12+ 02
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Figure 6. Temperature dependence of the observed rate constants for the bimolecular and isomerization steps of the interaction of HDAC8 with
TSA and SAHA. The Arrhenius activation energies (E,) for the bimolecular step for TSA (left) and SAHA (right) were calculated from the best fit of
the experimental data using the Arrhenius equation to be 12 and 1S kcal/mol, respectively. The isomerization step has zero activation energy.
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Figure 7. Arrhenius plots for the observed dissociation rate of TSA and SAHA measured using c-SAHA. The solid lines are the best fits of the
experimental data using the Arrhenius equation with activation energies of 5.6 and 12.8 kcal/mol for TSA (left) and SAHA (right), respectively.
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Figure 8. ITC profile for the binding of TSA (left) and SAHA (right). Panel A shows the calorimetric data. The solid smooth lines in panel B
represent the best fits of the experimental data yielding the thermodynamic parameters of ligand binding listed in Table 2.

temperature, whereas kg, essentially remains constant for the respectively. Note that the activation energy for the association
binding of both inhibitors. The activation energy of the of SAHA is 3 kcal/mol higher than that of TSA.

We further investigated the effect of temperature on the
forward and reverse rate constants associated with the

biomolecular step, ie, k,; and k_j;, respectively. The energy

energies (E,) for the biomolecular step (fast phase) of binding of activation was calculated from the temperature dependence
of TSA and SAHA to HDACS8 were 12 and 15 kcal/mol, of k,; and k_, for the binding of TSA and SAHA. The energies

bimolecular step of the ligand—protein interaction was

calculated using the Arrhenius equation (eq 4). The activation
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Table 2. Summary of the Thermodynamic Parameters for the Binding of TSA and SAHA to HDACS at 25 °C

inhibitor AG® (kcal/mol) AH® (kcal/mol)
SAHA -84 —10.9 + 0.15
TSA —8.6 -89 + 0.12

TAS® (kcal/mol) K, (M) stoichiometry
-2.5 8.1 x 10° 0.71
—-0.3 1.67 x 10° 0.82

I=z

0
OH
SN N
H
TSA
s
\OH
SAHA o)

Figure 9. Closer view of the active site pocket of HDAC8 bound with TSA and SAHA. The dimethylaniline moiety of TSA makes a 7—7 interaction
the Y100 residue of HDACS8 [Protein Data Bank (PDB) entry 1T64]. The Aspl01 residue of HDACS8 makes a specific hydrogen bond with the

connector group of SAHA (PDB entry 1T69).

of activation (E,) for the forward and reverse steps of the
bimolecular step for the binding of TSA were 9.3 and 13.5 kcal/
mol, respectively. The corresponding values of the activation
parameters mentioned above for SAHA binding were 11.4 and
18.5 kcal/mol, respectively. Evidently, the activation energy
(E,) for both the forward and reverse reactions of the
bimolecular step for SAHA binding is higher than that of
TSA, which accounts for the fact that the kinetics of association
of SAHA to HDACS is slower.

Temperature Dependence of the Rate of Dissociation
(kog) of TSA and SAHA from HDACS8’s Active Site. In view
of delineating the energetics of dissociation of TSA and SAHA
from HDACS’s active site, we measured the dissociation rates
at different temperatures ranging from S to 25 °C. Figure 7
shows the Arrhenius plots for k. of TSA and SAHA. The solid
lines are the best fit of the experimental data according to the
Arrhenius equation (eq 4), with activation free energies (E,) of
6.4 and 15 kcal/mol, respectively, for the dissociation of TSA
and SAHA from the enzyme’s active site. Note that the
activation energy (E,) for the dissociation of SAHA is ~2-fold
higher than that of TSA. Although the activation energy (E,)
for the dissociation of TSA is ~2-fold lower than that of SAHA,
its dissociation rate (k.g) at 25 °C is 4-fold lower. Evidently,
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enthalpic and entropic changes associated with the formation of
the ground and putative transition states of the enzyme—
inhibitor complex prior to the dissociation of the inhibitors
mentioned above from HDACS’s active site are significantly
different.

Isothermal Titration Calorimetry (ITC) Studies of the
Binding of TSA and SAHA. To measure the calorimetric
enthalpy for the binding of TSA and SAHA to HDACS, we
performed ITC experiments (Materials and Methods). Figure 8
shows the titration of 10 uM HDACS with 4S5 injections (4 yL
each) of 200 uM inhibitor (TSA or SAHA) in 50 mM Tris
buffer (pH 7.5) containing 100 mM NaCl, 3 mM MgCl,, 10%
glycerol, and 1 mM TCEP at 25 °C. Figure 8A shows the raw
calorimetric data, representing the amount of heat produced
(negative exothermic peaks) following each injection of
inhibitor. The area under each peak represents the amount of
heat produced upon binding of the inhibitor to HDACS. Figure
8B shows the plot of the amount of heat generated per
injection as a function of the molar ratio of the ligand to the
enzyme. The smooth lines represent the best fit of the
experimental data according to the equation described by
Wiseman et al,*® yielding thermodynamic parameters for the
binding of TSA and SAHA to HDACS (see Table 2). The AH®

dx.doi.org/10.1021/bi400740x | Biochemistry 2013, 52, 8139—-8149



Biochemistry

0F
E+ly

\G’(kcal/mol)

El
|
Elp

TSA
El1¢ SAHA
10+
3 5l
g 5
©
o
= 0
DJ/: E+lq
.50 El1
1ol

Figure 10. Free energy (left) and enthalpy (right) profiles for the binding of TSA and SAHA. The free energies and the enthalpies of the enzyme

and the ligand were taken to be equal to zero.

values for the binding of SAHA and TSA to HDAC8 were
—109 + 0.15 and —89 =+ 0.12 kcal/mol, respectively.
Evidently, AH® for the binding of SAHA is 2 kcal/mol higher
than that for binding of TSA to HDACS. Furthermore, the
entropic penalty for the binding of TSA measured at 25 °C is
10-fold smaller than that of SAHA.

B DISCUSSION

With our observation that the intrinsic fluorescence of HDAC8
is quenched upon binding of an inhibitor, we could investigate
the detailed transient kinetic mechanism for the interaction of
two structurally similar inhibitors, TSA and SAHA, with the
recombinant form of human HDACS. The experimental data
presented herein revealed the following salient features of the
association and dissociation kinetics of these ligands. The
association of both TSA and SAHA with HDACS conformed to
two kinetically resolvable steps, i.e., the first (bimolecular) step
leading to the formation of the transient enzyme—inhibitor
complex followed by the second isomerization step (Scheme
2). The first (bimolecular) step is faster than the isomerization
in both cases. Even though TSA and SAHA are structurally
similar ligands, their association and dissociation kinetics are
markedly different. The kinetics of binding of TSA to HDACS
is faster than that of SAHA, whereas the rate of dissociation of
TSA from the enzyme’s active site is 4 times slower. Whereas
the first (bimolecular) step for the binding of both inhibitors is
primarily contributed by enthalpic changes, the isomerization
step is solely given by entropic changes. The standard binding
enthalpy (AH®) of SAHA derived from the transient kinetic as
well as the isothermal titration experiments is approximately 2—
3 kcal/mol higher than that given by TSA.

HDACS contains four tryptophan residues, of which two are
partially exposed to the bulk solvent.”’ The ligand-induced
conformational change in HDACS8 due to the binding of an
inhibitor would alter the microenvironment of the tryptophan
residues mentioned above, resulting in quenching of the
intrinsic protein fluorescence. Furthermore, the excited-state
lifetime of the HDAC’s tryptophan remained the same upon
binding to TSA or SAHA, suggesting that the inhibitor forms a
ground-state complex with tryptophan, which is nonfluorescent
in nature.

It is important to note that the equilibrium dissociation
constants (Kg) for the binding of TSA and SAHA to HDACS8
deduced from the transient kinetic experiment are in the close
agreement (within experimental error) with the values obtained
via the equilibrium binding experiments (Table 1), validating
the authenticity of the proposed kinetic model (Scheme 2).
The forward rate constants, k,; and k,,, for the interaction of

TSA with HDACS are 1 order of magnitude higher than those
of SAHA. We believe that the origin of this feature lies in the
structural differences between SAHA and TSA (Figure 9) and
their mode of interaction with HDACS8. Note that the
dimethylaniline moiety of TSA makes a 7—x interaction with
the Y100 residue of HDACS (see the left panel of Figure 9).%
This feature would facilitate the proper orientation of the
binding partners, thus enhancing the magnitude of the forward
rate constants (k,; and k,,) for the binding of TSA to HDACS.
On the other hand, the reverse rate constants for the initial
binding (k_,) and the isomerization of the enzyme—inhibitor
complex (k_,) are similar in magnitude for both ligands. A
comparative account of the experimentally determined Ky
values and the microscopic rate constants for the binding of
these ligands to the enzyme reveals that the isomerization step
plays an important role in enhancing the binding affinity of
both TSA and SAHA to HDACS; albeit, it is more pronounced
in the former case. We measured the dissociation rates of TSA
and SAHA utilizing a fluorescent analogue of SAHA, coumarin-
SAHA. The magnitude of the rate of dissociation (k) of the
inhibitor from the enzyme’s site is dependent on the value of
three rate constants, k_j, k_», and k., [kogs= k_,k_,/k,, (eq 7)].
Because the forward isomerization rate constant (k,,) for the
interaction of TSA with HDACS is 1 order of magnitude higher
than that of SAHA, the former ligand dissociates slower (4-
fold) from the enzyme’s active site. The fast dissociation of
SAHA from HDACS can be suggested to decrease the resident
time of the enzyme—SAHA complex in the physiological
system, and such a feature has the potential to obviate
undesirable side effects associated with an extended down-
stream cell signaling process.*>

We further delineated the energetic profiles of the enzyme—
inhibitor interactions by performing temperature-dependent
transient kinetic studies (see Figure 10). The microscopic rate
constants for the binding of both TSA and SAHA were
determined, and they were translated into the energy of
individual components (see Table 3). The data in Table 3 were
utilized to construct the energy diagrams for the binding of
TSA and SAHA to HDACS (Figure 10). The free energy
diagrams shown in Figure 10 (left panel) reveal that the AG°®
values for the formation of the enzyme—inhibitor encounter
complex and the subsequent isomerization step are ~0.9 and
~0.7 kcal/mol more favorable, respectively, for TSA than for
SAHA. In addition, the putative transition states (AG¥) for the
formation of the encounter and isomerized complexes are 0.8
and 1.1 kcal/mol more favorable, respectively, for TSA than for
SAHA. Clearly, as compared to TSA, SAHA requires more
structural adjustments with the enzyme’s active site pocket to
attain the encounter and isomerized complexes, implying that
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Table 3. Transient Kinetic Parameters for the Interaction of
TSA and SAHA with HDACS

parameter [energy (kcal/mol)] TSA SAHA
AG° (overall) -85 —-7.0
AG® (k_y/k,y) -72 -6.3
AGH, 10.1 10.9
AHY 8.6 10.8
AGH 17.3 17.2
AHF 14.0 19.1
AH® (k_,/k,,) -5.4 -83
TAS® (k_,/k,,) 1.8 -2.0
AG (k_y/k.,) —-14 —-0.7
AGH, 18.1 19.0
AGH 19.5 19.7

the latter ligand (SAHA) makes more specific interactions with
the enzyme. Note that the linker moiety of TSA is shorter,
bulkier, and more rotationally constrained than SAHA (Figure
9). We believe that the rotational flexibility and hydrophobicity
of SAHA (vis-a-vis TSA), as well as the entropic penalty
associated with the HDAC8—SAHA interaction, are responsible
for the energetic unfavorability. The thermodynamic signature
(AG° and AH®) described above for SAHA binding is likely to
enhance the specificity and selectivity of binding of SAHA to
HDACS. However, the energetic constraints described above
are more favorable for the dissociation of SAHA from the
enzyme’s active site because of the high entropic favorability. It
is important to note that the Arrhenius activation energy (E,)
for the observed dissociation (k.z) of SAHA from the enzyme’s
active site is ~2-fold higher than that of TSA (Figure 7),
suggesting that the HDAC8—SAHA complex requires more
heat energy (AH/E,) to reach the putative transition state prior
to the complete dissociation of the ligand from the target site.
Thus, a higher value of E, for the observed dissociation of
SAHA from the enzyme site further attests to the fact that it
makes more specific interactions with the enzyme than TSA
does.

By determining the temperature-dependent microscopic
parameters for the binding of TSA and SAHA to HDACS,
we could dissect the enthalpic contributions from the overall
free energy changes in the ground and putative transition states
for the respective complexes. Because the values of k,, and k_,
for the binding of TSA and SAHA are independent of
temperature, it is tempting to propose that the isomerization
step is entropically driven. Hence, the enthalpic contribution in
the ground and putative transition states is realized up to the
formation of the enzyme—ligand encounter complexes. The
enthalpy diagram (see Figure 10, right panel) clearly shows that
whereas SAHA (vis-2-vis TSA) has to cross a higher enthalpic
barrier in the forward and reverse directions, it is enthalpically
more stable in the ground state of the enzyme—inhibitor
encounter complex. A qualitatively similar conclusion is derived
from the isothermal titration calorimetric studies for the
binding of SAHA versus that of TSA (Figure 8). It is important
to note the AH® for the binding of TSA as well as SAHA to
HDACS directly measured via ITC is approximately 2—3 kcal/
mol higher than the kinetically derived AH® (see Tables 2 and
3). We believe the origin of this discrepancy lies in the fact that
the kinetically derived AH® is essentially the measure of van’t
Hoff enthalpy, which in many cases differs from the directly
measured calorimetric enthalpy.*®
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It is important to note that the molecular origin as well as the
structural parametrization of AH® of a biomolecular interaction
is often complex.** However, the thermodynamic studies for
the binding of structurally similar ligands to a common target in
conjunction with their crystallographic studies suggest that a
higher (negative) binding enthalpy (AH®) is primarily linked
with the specific interactions (such as hydrogen bonding)
between the binding partners. For instance, the HIV protease
and HMG CoA inhibitors containing a high binding enthalpy
for the target have been found to be more target-specific and
-selective and reportedly serve as better drugs.>® Because of this
fact, we became interested in rationalizing enthalpic favorability
for the binding of SAHA to HDAC8 compared to that of its
structural analogue (TSA) in light of the structural features of
the HDAC8—TSA and —SAHA complexes. The structural data
revealed that, unlike TSA, the carbonyl moiety of the anilino
group of SAHA makes a specific hydrogen bond with Asp101
of HDACS (Figure 9),*” which is similar to what has been
observed for the binding of 3-(1-methyl-4-phenylacetyl-1H-2-
pyrrolyl)-N-hydroxy-2-propenamide (APHA) to HDACS.*°
Such a hydrogen bond could easily yield an enthalpic gain of
3—4 kcal/mol in the stabilization of SAHA (vis-a-vis TSA) to
the active site pocket of HDACS8. However, we do observe that
the activation enthalpy for the formation of the putative
transition state from the free form of SAHA and HDACS is ~2
kcal/mol higher than that for TSA, which could be attributed to
an enthalpic penalty associated with the desolvation of polar
moieties prior to the formation of the hydrogen bond described
above.”” A high enthalpic penalty for the attainment of the
transition state for the HDAC8—SAHA interaction would
further enhance the selectivity and specificity of the target—
inhibitor interaction. The enthalpic gain obtained due to the
formation of a specific hydrogen bond between SAHA and
Asp101 is not translated into an increase in the binding affinity
of the ligand. An entropic penalty of 2.0 kcal/mol is introduced
presumably because of the reduction in the conformational
flexibility of the protein and/or ligand upon hydrogen bonding.
Unlike SAHA, the linker region of TSA does not form a
hydrogen bond with Aspl0l, yielding a lower binding
enthalpy.”” Furthermore, the change in entropy (AS°)
associated with the HDAC8—TSA encounter complex is
entropically favored by 1.8 kcal/mol, which is translated into
an enhanced binding affinity of the ligand. A larger entropic
gain in the case of the binding of TSA to HDACS could largely
be due to hydrophobic and nonpolar interactions. Hydrophobic
interactions, in general, promote nonspecific interactions, and
hence, it is not surprising to see that TSA would show
considerable side effects in the cellular system because of its
nonspecific binding to multiple off-target proteins. A
cumulative account of these features clearly attests to the
suitability of SAHA (over TSA) for the inhibition of HDACS
not only at the enzymatic level but also presumably under the
physiological condition. With this information, added to the
fact that SAHA exhibits a better ADEM profile than TSA, it is
not surprising that it has been chosen as a therapeutic agent for
the treatment of T-cell lymphoma.

In conclusion, we have thoroughly elucidated the transient
kinetics and the thermodynamics of the interaction of two
structurally similar inhibitors (TSA and SAHA) with the
recombinant form of human HDACS. The experimental data
provide the kinetic and thermodynamic rationale for SAHA
being a more target-specific and -selective HDACS8 inhibitor
than TSA; thus, SAHA can elicit a more selective inhibitory
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feature under the physiological condition. However, it should
be clarified that our experimental data alone are not adequate to
substantiate or refute the potential efficacy of SAHA versus
TSA in a clinical setting.
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