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ABSTRACT: Histone deacetylases (HDACs) play diverse roles
in many diseases including cancer, sarcopenia, and Alzheimer’s.
Different isoforms of HDACs appear to play disparate roles in
the cell and are associated with specific diseases; as such, a
substantial effort has been made to develop isoform-selective
HDAC inhibitors. Our group focused on developing HDAC1/
HDAC2-specific inhibitors as a cancer therapeutic. In the
course of characterizing the mechanism of inhibition of a novel
HDAC1/2-selective inhibitor, it was determined that it did not
exhibit classical Michaelis−Menten kinetic behavior; this result
is in contrast to the seminal HDAC inhibitor SAHA. Enzymatic
assays, along with a newly developed binding assay, were used
to determine the rates of binding and the affinities of both the
HDAC1/2-selective inhibitor and SAHA. The mechanism of
action studies identified a potential conformational change
required for optimal binding by the selective inhibitor. A model of this putative conformational change is proposed.

Epigenetic changes, such as DNA methylation or histone
acetylation, can alter gene expression in the absence of

direct DNA sequence mutations. The acetylation status of
histones and other proteins is regulated by the opposing actions
of histone acetyltransferases (HATs) and histone deacetylases
(HDACs), and some of these changes have been implicated in
the development of cancer. Dynamic histone acetylation is
involved in the regulation of many genes including some that
are critical for differentiation, proliferation, and apoptosis. Some
nonhistone proteins that have been shown to undergo
acetylation are involved in DNA repair, apoptosis, mitosis, and
cell signaling.1

HDACs are divided into four different classes. Classes 1, 2,
and 4 (“classical HDACs”) are Zn2+-dependent and share a
similar catalytic mechanism. Class 3 HDACs, also known as
Sirtuins, are NAD+-dependent (reviewed in ref 1). The Class 1
proteins (HDACs 1, 2, 3, and 8) are ubiquitously expressed,
whereas Classes 2 and 4 are expressed in a tissue-specific
manner. Most of the classical HDACs are found in large protein
complexes that, among other things, can target the HDACs to
a specific site on the chromosome. Some of these proteins are
transcription factors involved in growth, apoptosis, and dif-
ferentiation such as the estrogen receptor and HIF1α.1 Other
proteins in the complex are capable of regulating the deacetylase
activity itself. Due to the similarity of mechanism shared by the
classical HDACs, HDAC inhibitors can hit multiple members of
this group.1

Mutations and aberrant expression of these protein-
modifying enzymes have been noted in many cancers. Evidence
for the critical role of HDACs 1 and 2 in the development of
several types of cancer is published on an ever-increasing basis.
Some of these data connect HDAC1/2-containing repressor
complexes to silencing or downregulating tumor suppressor
genes such as pRB, p53, and p21.2 As a consequence, HDACs
1 and 2 can function to promote proliferation and inhibit
apoptosis. HDAC1 has an additional role in inducing resistance
to chemotherapy.1

There is much evidence for the important role of HDAC1 on
cell proliferation. HDAC1 knockout in mice results in an
upregulation of p21WAF1 and p27KIP1, leading to cell cycle arrest
and consequent embryonic lethality.1 RNAi-induced knock-
down of HDAC1 expression in human tumor cell lines results
in an inhibition of proliferation and induction of apoptosis.3

Clinically, HDAC1 overexpression has been observed in
approximately 60% of patients with gastric cancer.4

HDAC2 appears to have a critical role in APC mutant colon
tumorigenesis 5 and may play an important role in the rate of
progression of colon tumor development.6 HDAC2 down-
regulation in ER-positive breast cancer results in reduced levels
of ER, thus improving tamoxifen efficacy.7
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While small-molecule HDAC inhibitors such as SAHA are
showing clinical efficacy in the treatment of particular cancer
types, these drugs have associated toxicities that may impact
their widespread use as cancer therapies.8 Current HDAC
inhibitors in the clinic can be classified as “pan-HDAC”
inhibitors as they inhibit the function of multiple HDACs. This
lack of selectivity may negatively influence the tolerability and,
therefore, the ultimate efficacy of these drugs. Efficacy may also
be impacted by the achievable exposures of the currently
available HDAC inhibitors.
In order to improve the therapeutic index of pan-HDAC in-

hibitors, we sought to identify HDAC1/2-selective inhibitors
based on the concept that more selective inhibitors would
reduce toxicities and increase clinical efficacy.8 One such inhib-
itor has been identified and kinetically characterized in parallel
with the pan-Class I HDAC inhibitor, SAHA.

■ MATERIALS AND METHODS
Recombinant HDAC. Carboxy-terminal FLAG-tagged

human HDAC1 was stably expressed in HEK293F cells and
affinity purified using an anti-Flag antibody matrix.
HDAC Activity Assay and IC50 Determination. These

are described in Hamblett et al. 9

Ki Determination from Activity Assay. The HDAC
reaction described in Hamblett et al. 9 was run as a 650 μL
reaction where 50 μL aliquots were removed at sequential time
points and added to development solution. The reaction was
initiated with the addition of HDAC to 0.31 nM. The curve-
fitting program Prism was used to fit all data to the given
equations (vide infra).17 The product formation rates were
determined for a matrix of varying substrate and compound
concentrations using either:
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where γ = ([E])/([I])(1 − (Vs)/(Vi))
2, Vi is the initial velocity, and

Vs the steady-state velocity.
To determine the values for kF, kR, and Ki

app at each con-
centration of HDAC inhibitor, eq 3 was used:
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The replot of the ratio of Vi (or Vs) to V0 vs inhibitor
concentration to eq 4 or eq 5 can be fit to a four-parameter
logistic curve. The inflection point gives the Ki

app or Ki*
app for

eqs 4 and 5, respectively.
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To determine the actual Ki and Ki* from the IC50, the Cheng−
Prusoff conversion for a competitive inhibitor was used.16

To determine the fast kon step, the definition of Ki was used:
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Reversibility Determinations. The HDAC activity assay
described in Hamblett et al. 9 was modified such that four
sample types were conducted for each experiment: “diluted”
and “undiluted” for both DMSO control and compound inhibi-
tion. In a volume of 10 μL, HDAC1 (618 nM) was incubated
with compound (1 μM) or DMSO at 22 °C for 0 (“diluted”) or
2 (“undiluted”) hours; after the incubation, 1.99 mL of assay
buffer was added to each sample. Immediately, after the dilution
of the “undiluted” samples, 10 μL was added to 40 μL substrate,
the plates were incubated at 37 °C, sample reactions were
stopped at successive time points, and the fluorescence was read.
The rate of activity of the inhibitor “diluted” sample was used

to define the expected steady-state rate (Vs) for the inhibited
“undiluted” sample. This calculated value was used in eq 2 to
determine kobs and Vi.

Fluorescence Polarization Binding Assays. The assays
were run in black, flat-bottomed, 96-well plates with the final
assay buffer conditions of: 20 mM Hepes, pH 8.0, 137 mM
NaCl, 2.7 mM KCl, 1 mM MgCl2, and 0.01% v/v TritonX-100.
Binding of HDAC to the fluorescent derivatives was followed
by fluorescence polarization at Ex 485 nm/Em 530 nm. Either
2.5 nM fSAHA or 7.5 nM fDW2a was used as ligands for
HDAC binding.

Association Assay of the FITC Compounds. To deter-
mine the kinetic and Kd values of the fluorescent derivatives
to HDAC1, association of the labeled ligand to varying con-
centrations of HDAC1 (5 to 200 nM) was followed for at least
2 h. The data were fit to eq 710 that accounts for ligand
depletion.
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where A is the anisotropy of the sample, Af the anisotropy
for totally free ligand, Ab the anisotropy for totally bound
ligand, LT the total ligand concentration, and RT the total
receptor concentration.
These calculated apparent Kd values were then plotted vs

time and fit to either a single-exponential curve (fSAHA) or a
double-exponential curve (fDW2a). The value at the plateau
was the equilibrium affinity constant.
To determine the association rates, the bound ligand cal-

culated from the anisotropy data (vide supra) was plotted vs
time. The data were fit to an exponential curve to determine
kobs

a. These values were replotted vs HDAC1 concentration
and fit to:

= +k k k[HDAC]obs
a

on off (8)

to determine kon
a and koff

a.
koff Determination for the FITC-Compounds. FITC-

labeled compound (2.5 nM) was preincubated with HDAC
(5−300 nM) for at least 3 h at RT, after which unlabeled SAHA
was added to a final concentration of 10 μM to displace the
labeled compound. Sequential reads were performed following
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the fluorescence polarization, and the results plotted to an
exponential decay to determine the off-rate.
Ki Determination for Unlabeled Compounds. Using the

protocol for determining koff values, the IP values of unlabeled
compounds were determined over 3 h and replotted vs time.
fSAHA bound to HDAC was calculated using eq 7, plotted vs
HDACi concentration, and a four-parameter logistic fit was
applied to the data to determine the IC50 values. These IC50’s
were transformed to Ki

app using eq 9, taking into consideration
ligand and receptor depletion,11 replotted vs time, and the data
fit to an exponential decay. The plateau value of this decay gave
the steady-state Ki.
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where Y0 is the initial bound/free ratio of fSAHA, and Kd refers
to the dissociation constant of fSAHA to HDAC1.
Only SAHA could be fit to a single-phase exponential decay

curve that would be expected for a simple association−
dissociation equilibrium. A two-phase exponential decay curve
had to be used to fit the DW2a data, indicating a more com-
plicated series of events was occurring during unlabeled
compound binding. The steady-state Ki value in this case is
actually Ki*.
Modeling. A homology model of human HDAC1 was con-

structed using Amber8 and a version of the parm94 bio-
molecular force field extended to organic small molecules. The
model was prepared using the OPLS force field and the protein
preparation tools in the Schrödinger software suite. DW2a was
then docked using Glide. Molecular Dynamics studies were per-
formed and analyzed using Desmond. The HDAC1-DW2a
model was subjected to a 2 ns simulation at a constant tem-
perature of 300 K, and analysis of the geometries of protein and
ligand indicated the stability of the system.

■ RESULTS
Potency and Selectivity of a Novel HDAC Inhibitor.

To identify HDAC1/2-specific inhibitors, compounds were

screened using a modified commercial HDAC activity assay to
inhibit the deacetylation of a synthetic peptide.9 Several such
compounds were identified, and one was selected for further
characterization. In contrast to SAHA, which inhibits HDACs
1, 2, 3, and 6 with IC50 values from 40 to 100 nM, DW2a is a
potent HDAC1/2 inhibitor (IC50 values 10 nM and 72 nM,
respectively) that shows 1000-fold less selectivity for HDACs 3
or 6.15 Inhibitor chemical structures are presented in Figure 1.

Mechanism of Inhibition. To define and compare the
mode of inhibition of SAHA and DW2a, progress curves of
HDACs with varying amounts of substrate and HDAC inhib-
itor were acquired. Classical Michaelis−Menten kinetics was
used to fit the data. The Km in the absence of inhibitor was
determined to be 26 μM, and the kcat value, 3.6 s−1.
Parts A and B of Figure 2 show representative progress

curves with HDAC1 and increasing concentrations of the two
HDAC inhibitors. HDAC1 inhibited by SAHA exhibited the
linear initial velocities necessary for utilizing Michaelis−Menten
assumptions (Figure 2A), whereas DW2a-inhibited reactions
did not (Figure 2B). In order to determine the Ki value, the
linear initial velocities were replotted vs the substrate con-
centration at various SAHA concentrations and fit to eq 1.
Competitive inhibition is the preferred model (Figure 2E), as
the data did not fit to the equations describing other modes of
inhibition. The Ki value was determined to be 16 nM, similar to
its determined IC50 value.

15

Time-Dependence of HDACi’s. One of the assumptions
of Michaelis−Menten kinetics is that the various enzyme
complexes with substrate and/or inhibitor come to equilibrium
rapidly. To test if this assumption no longer holds for DW2a,
HDAC1 was preincubated with inhibitor up to 4 h prior to
running the activity assay (Table 1). As could be predicted by
the linear progress curves in the presence of SAHA, the IC50
values for SAHA were maintained at ∼40 nM, regardless of in-
cubation time. Those of DW2a declined over 4 h by approx-
imately 8-fold when preincubated with HDAC1, indicating a
slow step in the binding of compound to enzyme.

Mechanisms Leading to Slow-Binding Inhibition.
Several mechanisms can lead to slow-type inhibition (reviewed

Figure 1. HDAC inhibitors used for kinetic and binding studies. Both the hydroxymate (SAHA) and the biaryl (DW2a) were conjugated to FITC
(fSAHA and fDW2a, respectively) for use in fluorescence polarization binding studies. Detailed synthesis protocols can be found in the Supporting
Information (SI) Supplemental Method S1).
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by Copeland17). The two simplest mechanisms involve either
slow irreversible binding or a simple equilibrium containing a
slow on-rate. More complicated mechanisms involve a confor-
mational change of the low affinity enzyme−inhibitor en-
counter complex or of the unbound enzyme or inhibitor prior
to the binding event. Although the last mechanism has been
proposed to explain the slow-binding kinetics of HDAC2
inhibition for an alternate benzamide HDAC inhibitor,16 such
conformational changes rarely occur with small-molecular weight
ligands.17

The HDAC Inhibitors Reversibly Bind HDAC1. To
address the reversibility of DW2a-binding, activity assays of

HDAC1 preincubated with HDAC inhibitor were performed.
HDAC1 (0.6 μM) was incubated with 1 μM compound and
then diluted either immediately upon creating the mixture
(t = −2 h) or after 2 h (t = 0). This dilution was such that
the HDAC inhibitor concentration fell from at least 100-fold
above to at least 5-fold below its IC50 value. The activity assay
was initiated at t = 0 and product formation monitored for 4 h.
As can be seen in Figure 3A, the rate of product formation
in the presence of SAHA did not differ regardless of its time of
dilution, suggesting reversible binding with a rapid off-rate
(koff

Rev > 0.23 min−1). In contrast, DW2a, while also demon-
strating reversible inhibition (Figure 3C), exhibited a slow off-
rate (koff

Rev of 0.0086 min−1). Here the rate of product forma-
tion for the reaction mixture diluted at t = 0 took over 4 h
before it reached the rate of the mixture diluted 2 h prior,
consistent with a slow-binding model (eq 2).

Comparison of the Two Reversible Binding Mecha-
nisms. The nonlinear velocity curves for DW2a in Figure 2
contain two components: a burst of product formed (Vi)
followed by the steady-state rate of product formation (Vs). To
determine kobs, the data were fit to eq 2. By plotting these kobs
values against the HDACi concentration (Figure 4A), one can
distinguish between the mechanisms with a slow binding step
or with a slow conformation change.17 The lack of linearity
indicated that DW2a binding involves a conformational change;

Table 1. Effect of Preincubation of HDAC1 with HDAC
Inhibitors on the in Vitro Potencya

mean IC50 ± SEM (nM)

0 h 1 h 4 h

SAHA 32 ± 6 33 ± 4 46 ± 4
fSAHA 5.0 ± 0.0 5.0 ± 0.5 7.0 ± 1.0
DW2a 15 ± 2 5.0 ± 0.2 2.0 ± 0.4
fDW2a 61 ± 8 24 ± 3 13 ± 1

aReactions were initiated by addition of substrate to 0.31 nM HDAC1
preincubated with varying concentrations of HDAC inhibitor for
0−4 h. Each IC50 value was determined a minimum of four times.

Figure 2. Potency and mechanism of action of HDAC inhibitors for HDAC1. (A−D) Product formation of HDAC1-catalyzed deacetylase reactions
at increasing concentrations of HDAC inhibitors at 30 μM substrate. (A): SAHA; (B): DW2a; (C): fSAHA; (D): fDW2a). (E and F): Lineweaver−
Burke replots of the rates of product formation at the individual substrate and HDAC inhibitor concentrations of A and C, respectively. The Km was
determined to be 26 μM and the kcat value 3.6 s−1; the average Ki values were determined to be 15.9 ± 3.6 (SAHA) and 1.5 ± 0.5 (fSAHA).
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the hyperbolic shape of the curve reflects the permutation where
the initial enzyme−inhibitor encounter complex changes con-
formation to a tighter binding form as illustrated in Figure 5.
Biaryl HDAC Inhibitors Are Competitive with Sub-

strate. Due to the slow-binding kinetics of the biaryl HDAC
inhibitors, the replot of velocity vs substrate concentration
cannot be used to determine the mechanism of inhibition as
with the hydroxamate class. Rather, the plot of kobs vs the ratio
of substrate concentration to the Km can be used 17 (Figure 4B).
These data fit a declining hyperbola, characteristic of a com-
petitive mechanism.
Determining Kinetic Constants for the Biaryl HDAC

Inhibitors Using a Slow-Binding Model. As the mechanism
of action was determined to involve a conformational change,
other kinetic constants could be determined using the values of
kobs, Vi, and Vs as described by eq 2. kobs is a function of the
rates of conformational change (kF and kR) and the affinity of
the initial encounter complex as defined by eq 3. kF, kR, and
Ki

app could be determined from plotting kobs vs the HDACi
concentration (Figure 4A). The kR value for DW2a was found
to be at least 1000-fold slower than the koff of SAHA. When the
initial and steady-state velocities (Vi and Vs, respectively) were
plotted as ratios to the uninhibited velocity vs the concentration
of HDACi, the Ki and Ki* values could be derived (eqs 4 and 5)
(Figures 6A and 6B). The apparent affinity constant (Ki

app) was
then converted to the actual affinity constant (Ki) via the
Cheng−Prusoff equation for competitive inhibitors18 (Table 2).
Design of an Assay To Directly Follow Binding and

Dissociation. To further investigate the slow-binding phe-
nomenon of DW2a, a fluorescence polarization (FP)-based

binding assay was developed using fluorescein-labeled analogues
of the two inhibitors (Figure 1). To ensure that the addition of
this fluorescein moiety had not changed the mechanisms of
inhibition, the inhibitory characteristics and potency were
compared to the unlabeled compounds. Although addition of
the fluorescein had some effect on the potency (Table 1), there
was no effect on the linearity, or lack thereof, of the velocity
curves (Figure 2C and D). FITC-SAHA (fSAHA) is a com-
petitive (Figure 2F) and reversible inhibitor (Figure 3B) with a
Ki value of 1.5 nM. As with the parental compound, the FITC-
labeled DW2a (fDW2a) exhibited time-dependent potency
(Table 1) and kinetics (Figure 2D), reversible and competitive
inhibition (Figures 3D and 4B), and underwent a conforma-
tional change at the initial encounter complex (Figure 4A).
Thus, the addition of the fluorescein did not change the mech-
anistic properties of the parental compounds.

Determination of the On- and Off-Rates of the FITC-
Labeled Compounds. Association of the labeled HDAC
inhibitors was tracked by fluorescence polarization at different
HDAC1 concentrations until equilibrium was achieved (Figures
7A and 7B). To determine the association rate constant kobs

a,
the data were fit to a single exponential curve for each of the
different HDAC1 concentrations. The kobs

a values for fSAHA
may be underestimated because an insufficient number of early
points could be obtained to confidently describe the curves.
A replot of kobs

a vs HDAC concentration (Figure 7C) yielded
values for kon

a (the slope) and koff
a (y-intercept) (eq 8). The

kon
a values derived from these plots showed that association to

HDAC1 was at least 40-fold slower for fDW2a than for fSAHA.
The extrapolated koff

a for fSAHA was at least 61-fold faster

Figure 3. HDAC inhibitors bind reversibly to HDAC1. HDAC1 was incubated with HDAC inhibitors prior to initiating the activity assay (t = 0).
The samples labeled “dil” were diluted 2 h prior to t = 0 to define the inhibition found at equilibrium; the remaining samples were diluted at t = 0.
Both the unlabeled and labeled SAHA dissociated quickly with complete dissociation seen at the earliest time point (4.3 min) giving a koff of
>0.23 min−1 for both SAHA and fSAHA. The DW2a variants reached the equilibrium rate in more than 1 h. The koff values were determined to be
0.0086 min−1 and 0.0098 min−1 for DW2a and fDW2a, respectively.
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(1.23 min−1) than that of fDW2a whose koff
a was too low to be

determined accurately by this method (<0.02 min−1).
From this same data set, the Kd

app at successive time points
could be determined by plotting bound inhibitor vs total
HDAC1. Replotting Kd

app vs time gave an exponential change
in Kd

app where the equilibrium affinity could be determined
from the plateau (Figure 7D). The equilibrium affinity was
6.8 nM (Kd) for fSAHA and 3.1 nM (Kd*) for fDW2a.
Determination of the Off-Rates of the FITC-Labeled

Compounds by Dissociation Kinetics. To directly measure
the off-rates of fSAHA and fDW2a, an excess of unlabeled
SAHA was added to the equilibrated HDAC1·FITC-inhibitor
mixture, and the loss of binding was measured over time. SAHA
was used as it demonstrated fast kinetics and at high excess is
expected to prevent rebinding of the labeled compounds. fSAHA
dissociation was rapid (0.51 min−1) and more than 1000-fold
faster than that of fDW2a (2.5 × 10−5 min−1) (Figure 8).

Characterization of the Unlabeled Compounds. The
unlabeled inhibitors were titrated and added to the pre-
incubated fSAHA·HDAC1 complex. The Ki

app values were
determined (eq 9) at successive time points and plotted vs time
(Figure 9). At equilibrium, the Ki

app values approached the true
affinity constants. The Ki

app values for SAHA reached equi-
librium more rapidly than could be measured, whereas those for
DW2a took at least 30 min to reach equilibrium and required a
two-phase exponential fit to describe the data. Ki values for
SAHA (13 nM) agreed with that determined by the kinetic
analysis (vide supra). The Ki

app value for DW2a at equilibrium
(0.7 nM) reflects the high affinity dissociation constant (Ki*).

■ DISCUSSION
There has been much discussion of the potential merits for
selectively inhibiting HDACs 1 and 2 for the treatment of
cancer rather than the current use of relatively unselective in-
hibitors such as SAHA and LBH589. It has been hypothesized
that there could be increased tolerability through the use of
more selective inhibitors. In the course of identifying such a
selective inhibitor, we identified a family of biaryls that gave us
the opportunity to examine such putative advantages.15 In these
studies, DW2a, one example of this family, has been enzy-
matically characterized and compared to SAHA (summarized in
Table 2).
It has previously been demonstrated that HDACs 1 and 2

conform to Michaelis−Menten assumptions when measuring
the rate of product formation.21 Although the substrate and
assay methodology used by Schultz et al. and Chou et al. was
different than that used in this paper, the Km and Vmax values
determined here are similar in scale and conform to the
Michaelis−Menten kinetic model.

Figure 4. Biaryl HDAC inhibitors are competitive inhibitors that
induce a conformational change upon binding HDAC. (A) kobs values
from the activity assays were plotted vs the HDAC inhibitor con-
centration to determine the binding mode. The hyperbolic curve
indicates that these inhibitors induce a conformational change after the
initial binding complex is formed. (B) Representative replot of the kobs
values in the presence of HDACi at varying substrate concentrations
demonstrates that the inhibitors are competitive with substrate binding.

Figure 5. Schematic of the two-step binding performed by the biaryl
HDAC inhibitors and the associated rate constants. In order for slow-
type inhibition to be observed, the on- and off-rates (kon and koff,
respectively) must be fast in comparison to the forward (kF) and
reverse (kR) rates of conformational change; the reverse rate must be
significantly slower than the other three rates. Note that in such a case,
the observed off-rate is kR rather than reflecting the true koff.

Figure 6. Determination of the affinities of the initial encounter
complex and the conformationally changed complex. Representative
replots of the (A) initial or (B) steady-state velocity as a fraction of the
uninhibited velocity vs the biaryl concentration gave the apparent
affinity constants Ki

app and Ki*
app, respectively.
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Characterization of SAHA and its FITC-labeled analogue by
activity assays demonstrated that they both come rapidly to
equilibrium for inhibiting HDACs 1, 2, and 3 (Figure S1, SI).
Our determined Ki value for SAHA of 16 nM agrees with that
of Beckers et al. (14 nM) 22 and Chou et al. (5.4 nM).20 The
addition of fluorescein to SAHA had no impact on its mech-
anism of action or selectivity although it did improve the potency
by 10-fold. Consistent with the observed rapid equilibrium, the
off-rates measured for SAHA and fSAHA were >0.23 min−1 and
0.521 min−1, respectively. The binding assay defined an association
rate constant for fSAHA as 2 × 108 M−1 min−1 and is likely to

be diffusion limited. The calculated kon value for SAHA was
>1.4 × 107 min−1 M−1. Other HDAC inhibitors such as
LBH589, HC Toxin, and PXD101 also follow these fast binding
kinetics and are competitive inhibitors (data not shown).
Unlike the hydroxamate class to which SAHA belongs, mem-

bers of the biaryl family such as DW2a and fDW2a have dis-
played slow binding characteristics as demonstrated by IC50
dependence on preincubation time (Table 1). The clinical
compound MS275 also demonstrates moderate slow binding
(data not shown). The slow establishment of equilibrium
explains the nonlinear progress curves and necessitated the use

Table 2. Summary of All Rate and Binding Constantsa

SAHA fSAHA DW2a fDW2a derivation

koff
Rev (min−1) >0.23b >0.23b 0.0086 ± 0.0029c 0.0098 ± 0.0055c reversibilityd

koff
a (min−1) ND 1.2 ± 0.4b ND <0.02c association

koff
d (min−1) ND 0.521 ± 0.019b ND (2.5 ± 0.8) × 10−5c dissociation

kR
Act (min−1) ND ND 0.00017 ± 0.0002b 0.00085 ± 0.0005b activity assay

koff (min
−1) ND ND ND 0.75b calcd from Ki × kon

a

kon
a (M−1min−1) ND (2.0 ± 0.4) × 108 ND (4.7 ± 0.3) × 106 association

kon (M
−1min−1) >1.4 × 107 >1.5 × 108 ND ND calcd from kon = koff

Rev/Ki

Kd (nM) ND 6.2 ND ND calcd from Kd = koff
a/kon

a

equilibrium affinity constant (nM) 13 ± 1 (Ki) 6.8 ± 0.8 (Kd) 1.1 ± 0.3 (Ki*) 3.1 ± 0.9 (Kd*) binding assay: change of Ki or Kd with time
Ki (nM) 15.9 ± 3.6e 1.5 ± 0.5e 161 ± 45f 159 ± 23f activity assay
Ki* (nM) NA NA <0.9 <0.7 calcd from Vs/V0

d

kF (min
−1) NA NA 0.054 ± 0.005 0.058 ± 0.005 calcd from kobs vs [I]

d

aThe average ± SEM of the various affinity and rate constants were determined by the indicated calculations or experiments. Each experiment was
performed a minimum of three times. Lettered superscripts in the first column distinguish the source of the measured rates. NA: not applicable; ND:
not determined. Italic superscripts in the data columns refer to the source of the data. bValue represents the rate of the inhibitor dissociating from
HDAC1. cValue represents the reverse conformational change (kR).

dData acquired from activity assays. eMichaelis−Menten competition model
(activity assay); fCalculated from Vi/V0 (activity assay).

Figure 7. Association kinetics of FITC-labeled HDAC inhibitors. (A and B) Binding to HDAC1 was initiated by addition of fHDACi and was followed
by fluorescence polarization. (A) fSAHA. (B) fDW2a. (C) kobs values from A and B were replotted vs HDAC1 concentration to determine the on-rate
(kon

a) from the slope and the off-rate (koff
a) from the y-intercept. (D) Kd

app was plotted vs time to determine the equilibrium affinity constant. fSAHA
and fDW2a were fit to a one- or two-phase exponential curve, respectively.
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of non-Michaelis−Menten analyses to define affinities and
mechanism. This characteristic was recapitulated in the binding
assays. Several assays helped to distinguish which mechanism of
slow binding was used by these biaryl compounds. Using both
activity and binding assays, it was demonstrated that DW2a
binds reversibly and exhibits dissociation kinetics of less than
0.0001 min−1, more than 1000-fold slower than fSAHA.
The rate for the reverse conformational change (kR) as deter-

mined by the reversibility activity assay may be overstated for
DW2a. Although the 1000-fold compound dilution went below
the IC50 values, considerable inhibition remained with DW2a,
suggesting that the equilibrium dissociation constant (Ki*)
is lower than expected. On the basis of the curvature of the
data fit, DW2a may not have reached equilibrium during the
course of this experiment. As the various assay protocols were
nearing the lower limit of enzyme and ligand concentrations
that could be reliably used, it is quite possible that these
concentrations limited precise measurement of Ki* and kR
for DW2a. Supporting this, the binding experiment values for
koff

d were at least 10-fold lower than those derived from the
reversibility assay.
The proposed mechanism includes a conformational change

that occurs after the enzyme−ligand complex forms. An
analogous mechanism where a conformational change of the
enzyme is required to bind the inhibitor was eliminated by the
kobs vs HDAC inhibitor concentration replot (Figure 4A); kobs
would have decreased rather than increased in this scenario.17

Replots of the kinetic kobs values provide confirmation that the
biaryls are competitive inhibitors, supported by the binding
assays where both DW2a compounds could compete for
binding with the two SAHA compounds.

In order to determine the actual koff for fDW2a, eq 6 was
applied. As the binding assay measured the concentrations of
both conformations of the bound enzyme complex, the plot of
kobs

a vs HDAC1 enzyme concentration (Figure 7C) was linear
rather than the expected hyperbola, indicating that the on-rate
reflects the rate of association rather than the rate of con-
formational change in the forward direction. This on-rate was
about 40-fold slower than that of fSAHA. From the kon and the
Ki values, the actual koff was determined to be 0.75 min

−1 which
is similar to that of fSAHA, once again supporting the con-
clusion that it is the reversal of the putative conformational
change that is slow.
On the basis of these various assays, it was evident that the

biaryl inhibitors bind to the enzyme rapidly and reversibly
involve a slow conformational change. Docking studies using a
homology model of human HDAC1 suggested that the biaryl
moiety of DW2a was likely to occupy a hydrophobic cavity
denoted as the ‘foot pocket’, immediately adjacent to the
catalytic zinc ion. (Figure 10) This foot pocket has also been
modeled to explain the selectivity of the biaryl inhibitor class
for HDAC1 over HDAC3.23 A similar binding orientation has
been determined experimentally in PDB entry 3MAXthe
complex of HDAC2 with a biaryl benzamide. For HDAC2, a
semiempirical QM study suggested the slow binding kinetics
was associated with the disruption of an internal hydrogen
bond.16 We subjected our model of the initial recognition com-
plex of HDAC1−DW2a to molecular dynamics and observed
changes in the foot pocket region, consistent with an induced

Figure 8. Dissociation kinetics of FITC-labeled HDAC inhibitors.
Dissociation was initiated by addition of SAHA to preincubated
HDAC1·fHDACi. (A) fSAHA. (B) fDW2a. Bound fHDACi was mea-
sured by fluorescence polarization. Representative curves at a single
HDAC1 concentration are shown.

Figure 9. Affinity constant determination of unlabeled HDAC
inhibitors to HDAC1. Competition experiments were performed by
adding unlabeled HDACi to preincubated HDAC1·fSAHA. Ki

app

values were determined at successive time points and replotted vs
time. The plateau value reflects the true affinity constant where Ki =
koff/kon for SAHA (8A) or Ki* = Ki/[1 + (kF/kR)] for DW2a (8B). The
replot of apparent dissociation constants for DW2a vs time were fit to
both one- and two-phase exponential decays illustrating the biphasic
association character of DW2a binding.
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fit of DW2a, and propose that these conformational changes
offer an alternate explanation for the slow binding kinetics of
this ligand class. To support this explanation, studies with
HDAC2 paralleled the results seen for HDAC1 (Figure S1, SI).
There are practical implications to utilizing slow-binding,

tight inhibitors. These biaryl HDAC inhibitors could be pre-
dicted to have altered kinetics in cell-based and in vivo models.
It would be supposed that the slow binding characteristic would
make it possible for a less intensive dosing schedule and possibly
fewer associated toxicities. Indeed, these predictions have been
borne out (SI). Treatment of HCT116 cells with DW2a resulted
in a dose- and time-dependent effect on cell proliferation.
(Figure S2, SI) The kinetics of histone deacetylation and
induction of apoptosis were fast for SAHA and delayed for
DW2a, consistent with our biochemical analyses. Compound
washout experiments resulted in a fast reversal of SAHA-
induced effects, whereas the effects observed with DW2a were
more persistent after compound washout (Figure S3, SI).
SAHA and DW2a were used to treat xenograft tumor-bearing
mice and were similarly efficacious. However, whereas SAHA
required QD24,25 dosing, DW2a yielded similar efficacy with
less frequent (biweekly) dosing. Histone deacetylation required
high plasma levels of SAHA to maintain its pharmacodynamic
effects. DW2a, however, had prolonged effects on histone
acetylation status despite its complete disappearance from the
plasma (Figure S4, SI). These results have been recapitulated
using another biaryl compound in both cells 21 and in vivo.20

These results also support a longer T1/2 than would be calculated
from the koff

Rev reported in Table 2. If the T1/2 is at least 12 h as
suggested by the washout experiments, kR would be ∼0.0001 min−1
and the equilibrium Kd* ≈ 100 pM. This correlates well to the
Kd* and kR values determined in the activity and binding assays,
respectively. It further supports the conclusion that the koff

Rev

rate determined in the reversibility assay overstated the rate of

the reverse conformational change. An alternative explanation
for the longer than expected functional half-life in cells and mice
could be slow compound transit through the plasma membrane
and, thus, a prolonged exposure of HDAC to DW2a.
DW2a provides us with a tool to test the hypothesis that an

HDAC1/2-specific inhibitor may offer a more efficacious and
better tolerated alternative to pan-HDAC inhibitors in cancer
patients.
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Figure 10. Model of a potential mechanism for the conformational change implied by the biaryl compound class kinetics. A representative complex
of DW2a (green) with HDAC1 (orange) from the MD simulation, overlaid with the initial recognition complex (cyan). For clarity, DW2a, the zinc
ion, and the coordinating residues Asp176, His178, and Asp264 are shown only for the MD structure. Zinc coordination by HDAC1 and DW2a was
consistent with previous studies. 17 Analysis of MD trajectories indicated a concerted motion of Loop1 (between helices α1 and α2) and Loop2
(between sheet β8 and helix α10) toward DW2a, consistent with an induced fit of the biaryl moiety.
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■ ABBREVIATIONS

APC, Adenomatous Polyposis Coli; CCR2, CC chemokine
receptor 2; fDW2a, FITC-labeled DW2a; ER, Estrogen
Receptor; FP, Fluorescence Polarization; fSAHA, FITC-labeled
SAHA; HAT, Histone Acetyl Transferase; HDAC, Histone
Deacetylase; HDACi, HDAC Inhibitor; MS275, N-[[4-[[(2-
Aminophenyl)amino]carbonyl]phenyl]methyl]-3-pyridinyl-
methyl Ester, Carbamic Acid; OPLS, Optimized Potentials for
Liquid Simulations; SAHA, Suberoylanilide Hydroxamic Acid

■ REFERENCES
(1) Reviewed in Witt, O., Deubzer, H. E., Milde, T., and Oehme, I.
(2009) HDAC Family: What are the Cancer Relevant Targets? Cancer
Lett. 277, p8−21.
(2) Suzuki, T., Yokozaki, H., Kuniyasu, H., Hayashi, K., Naka, K.,
Ono, S., and Ishikawa, T. (2000) Effect of Trichostatin A on Cell
Growth and Expression of Cell Cycle- and Apoptosis-Related
Molecules in Human Gastric and Oral Carcinoma Cell Lines. Int. J.
Cancer 88, 992−997.
(3) Curtin, M., and Glaser, K. (2003) Histone Deacetylase Inhibitors:
The Abbott Experience. Curr. Med. Chem. 22, 2373−2392.
(4) Choi, J. H., Kwon, H. J., Yoon, B. I., Kim, J. H., Han, S. U., Joo,
H. J., and Kim, D. Y. (2001) Expression Profile of Histone Deacetylase
1 in Gastric Cancer Tissues. Jpn. J. Cancer Res. 92, 1300−1304.
(5) Zhu, P., Martin, E., Mengwasser, J., Schlag, P., Janssen, K. P., and
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