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P. McCarren,a S. L. Fisher,c T. Kaya,a W.-N. Zhao,ad S. A. Reis,ad K. M. Hennig,ad
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S. J. Haggarty,ad L.-H. Tsaiab and E. B. Holson*a

Aiming towards the development of novel nootropic therapeutics to address the cognitive impairment

common to a range of brain disorders, we set out to develop highly selective small molecule inhibitors

of HDAC2, a chromatin modifying histone deacetylase implicated in memory formation and synaptic

plasticity. Novel ortho-aminoanilide inhibitors were designed and evaluated for their ability to selectively

inhibit HDAC2 versus the other Class I HDACs. Kinetic and thermodynamic binding properties were

essential elements of our design strategy and two novel classes of ortho-aminoanilides, that exhibit

kinetic selectivity (biased residence time) for HDAC2 versus the highly homologous isoform HDAC1,

were identified. These kinetically selective HDAC2 inhibitors (BRD6688 and BRD4884) increased H4K12

and H3K9 histone acetylation in primary mouse neuronal cell culture assays, in the hippocampus of CK-

p25 mice, a model of neurodegenerative disease, and rescued the associated memory deficits of these

mice in a cognition behavioural model. These studies demonstrate for the first time that selective

pharmacological inhibition of HDAC2 is feasible and that inhibition of the catalytic activity of this enzyme

may serve as a therapeutic approach towards enhancing the learning and memory processes that are

affected in many neurological and psychiatric disorders.
Introduction

Mounting evidence, generated over the past decade, supports
the critical role of chromatin modication and gene expression
regulation in the molecular mechanisms underlying synaptic
plasticity and memory formation.1 Dysregulation of these
neurobiological processes manifest as a variety of cognitive
phenotypes in a host of diseases including Alzheimer's disease
(neurodegenerative2), schizophrenia3 (psychiatric), post-
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traumatic stress disorder (PTSD)4 (psychiatric), Rubinstein–
Taybi and Rett's syndrome5 (intellectual disability). The
learning and/or memory impairments associated with these
disorders represent a profound unmet medical need that is not
effectively ameliorated by current approved treatments.
According to the 2014 Alzheimer's disease facts and gures
report, the prevalence of AD alone is estimated to triple by 2050
and affect more than 13 million individuals in the United
States. New treatments which focus beyond the slowing of
disease progression in AD and are more broadly applicable
across disease states are sorely needed. Because learning and
memory processes require active gene transcription and
subsequent protein synthesis to establish long-lasting changes
in synapses, biological targets which affect gene expression are
attractive for pharmacological intervention. Several chromatin
modifying enzymes have been implicated in the neurobiology of
learning and memory, in particular, histone deacetylases
(HDACs).1,6 HDACs are responsible for catalyzing the post-
translational hydrolysis of acetyl groups from the 3-nitrogen of
lysine residues located on histone as well as non-histone
proteins.7–9 The metal-dependent isoforms are categorized as
follows: Class I (HDACs 1, 2, 3 and 8), Class IIa (HDACs 4, 5, 7,
9), Class IIb (HDACs 6, 10) and Class IV (HDAC11).7 The dys-
regulation of histone acetylation is a feature associated with a
range of neurological disorders.6 For example, Rubinstein–
This journal is © The Royal Society of Chemistry 2015
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Taybi Syndrome (RTS), a rare human genetic disorder, is caused
by mutations in the histone acetyltransferase (HAT) domain of
the CREB-binding protein (CBP) gene.10 This loss of function
mutation leads to a hypoacetylation state, in transgenic mice,
that phenocopies cognitive decits observed in humans. As a
therapeutic proof of principle, the hypoacetylation in brain and
the corresponding cognitive decits in these mice can be
rescued through the administration of SAHA, a non-selective
Class I, IIb HDAC inhibitor. Subsequently, several groups
demonstrated that administration of non-selective inhibitors,
primarily SAHA and the Class I inhibitor sodium butyrate, can
rescue the cognitive decits in learning and memory behavioral
paradigms for a variety of transgenic mouse models.11–15 Most
recently, Gräff et al. show that treatment with CI-994, an
HDAC1, 2 and 3 inhibitor, triggers the upregulation of a key set
of neuroplasticity-related genes and was efficacious in fear
extinction models of PTSD.4 A key question underlying the
effects of these non-selective HDAC inhibitors is whether they
are driven by the inhibition of a single or a combination of
HDAC isoforms.

Among the Class I and Class IIb isoforms, knockout and/or
over-expression transgenic mouse models of HDAC2,12,16

HDAC315 and HDAC611,13 have demonstrated that loss of func-
tion of these individual isoforms can enhance memory and
synaptic plasticity. While selective inhibitors of HDAC3 and
HDAC6 have been described and in some cases demonstrated in
vivo efficacy inmousemodels of learning andmemory, there are
no such tools available for probing the selective inhibition of
HDAC2 in the brain.17 Additionally, Tsai and co-workers
demonstrated that HDAC1 activity may be neuroprotective,18

reinforcing the importance of selective inhibition within the
class I isoforms. Intrigued by the opportunity for pharmaco-
logical intervention in psychiatric diseases characterized by a
cognitive impairment component, and the increasing evidence
implicating the role of HDAC2 in learning and memory, we set
out to identify selective small molecule inhibitors of HDAC2.

Results and discussion

The development of highly potent and isoform selective HDAC
inhibitors is critical not only to rene our understanding
regarding the relevant isoform(s) for on-target efficacy but also to
mitigate potential mechanism-based, dose-limiting side effects
(thrombocytopenia, fatigue) caused by the inhibition of
multiple HDACs, particularly HDACs 1 and 2.19 Among the Class
I HDACs (HDACs 1, 2, 3 and 8), HDAC 1 and 2 share the highest
overall sequence similarity (86%) and display 95% similarity
within the Zn2+ catalytic binding domain.7 At the outset, we
believed imparting sufficient selectivity between these two
highly similar isoforms presented the greatest chemical chal-
lenge for small molecule binders targeting the HDAC catalytic
binding domain. As part of our design strategy, we emphasized
the kinetic (residence time) and thermodynamic binding
properties of our inhibitors for HDACs 1, 2 and 3. Binding
kinetics and residence times are important considerations
when developing therapeutics.20 Compound residence time at
the target of interest can dictate efficacy while its residence time
This journal is © The Royal Society of Chemistry 2015
at homologous target(s) could affect potential adverse effects.
Ideally, a selective HDAC2 inhibitor would demonstrate both
thermodynamic (Ki or IC50 values) and kinetic selectivity (resi-
dence time) favoring HDAC2. Another major challenge in CNS
drug discovery, highlighted by the pharmacokinetic shortcom-
ings of SAHA, is the efficient delivery of small molecules across
the blood brain barrier (BBB). Consequently, our inhibitor
design hinged on a multi parametric optimization of highly
brain penetrant and selective inhibitors of HDAC2 versus all
other Zn-dependent HDACs, paying particular attention to
HDAC1.

While there are several chemical classes of HDACi, we
chose to focus our medicinal chemistry efforts on the ortho-
aminoanilide class of inhibitors. Ortho-aminoanilides, exem-
plied by CI-994 (Table 1), are sub-Class I selective, inhibiting
only HDAC1, 2 and 3, with no activity towards HDAC8 or the
Class IIa and IIb HDAC isoforms (ESI Table 1†). Several groups
have described HDAC1, 2 selective ortho-aminoanilides,
exemplied by compound 1 (Table 1).21–23 The C-5 thiophene
moiety, in compound 1, occupies a 14 Å internal cavity in
HDACs 1 and 2 leading to improved selectivity and potency for
these two isoforms. In addition, ortho-aminoanilides display
slow binding kinetics.24–28 For example, compound 1 displays
potent in vitro inhibition towards human recombinant HDACs
1 and 2 with pseudo-irreversible binding kinetics (Table 1;
residence time determined through progression curve analysis
for HDAC catalyzed deacetylation at various concentrations of
inhibitor, see ESI†). Finally, ortho-aminoanilides are highly
synthetically tractable and possess more desirable pharma-
cokinetic properties than other known HDAC inhibitor
chemotypes.17,29

In an effort to understand the contribution of the core
binding motifs in 1 and maximize ligand efficiency in our
design, we set out to identify the minimal pharmacophoric
elements that confer potency for HDAC2.30 Starting from 1
(ligand efficiency (ligE) ¼ 0.32 for HDAC2) we designed a series
of truncated analogs starting from the solvent exposed acet-
amide motif (Table 1). Removal of the capping acetamide group
provided compound 2, which retained moderate to good
potency for HDACs 1, 2 and 3 (2, IC50 ¼ 0.023 mM, 0.129 mM and
1.68 mM, respectively). Truncating further by removing the
phenyl linking motif provided compound 3, which displayed
weak to moderate potency for HDACs 1, 2 and 3 (3, IC50 ¼ 0.335
mM; 8.71 mM and 0.665 mM, respectively). Accordingly, the
ligand efficiencies of this truncated series for HDAC2 remains
high ($0.32). Finally, the biaryl-dianiline 4 displayed no
inhibitory activity towards HDACs 1, 2 and 3. Intrigued by the
ability of the highly efficient small molecule ligand 3 to bind
HDAC1, 2 and 3, we performed molecular docking simulations
into HDAC2 (3MAX structure)21 (Fig. 1A). Compound 3 achieves
optimal chelation geometry establishing an intricate network of
H-bonds with His145, His146 and Gly 154 (Fig. 1A and B). The
docked structure demonstrates that the methyl amide is not
only accommodated but provides a rigid vector aligned with the
hydrophobic 11 Å channel (Fig. 1A) leading to the solvent
exposed surface (Fig. 1B). On the basis of this model, we spec-
ulated that sp3-rich substituents projecting along this
Chem. Sci., 2015, 6, 804–815 | 805
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Table 1 Defining the essential HDAC binding elements of ortho-aminoanilides

HDAC isoform inhibition IC50
a (mM)

Ligand efficiencyb (ligE)
Compound Structure HDAC1 HDAC2 HDAC3 HDAC1/HDAC2

Cl-994 0.041 � 0.012 0.147 � 0.066 0.046 � 0.018 0.37/0.34

1

0.001 � 0.001 0.013 � 0.009 0.398 � 0.105 0.36/0.32
Residence time T1/2 (min)

>2400 �4800 �1200

2 0.023 � 0.008 0.129 � 0.006 1.68 � 0.26 0.36/0.33

3 0.355 � 0.012 8.71 � 3.16 0.665 � 0.063 0.40/0.32

4 >33.33 >33.33 >33.33

a Values are the mean of a minimum of two experiments. Data are shown as IC50 values in mM � standard deviation. Compounds were tested in
duplicate in a 12-point dose curve with 3-fold serial dilution starting from 33.33 mM. b Ligand efficiency (ligE) ¼ (�log IC50)/number of non-
hydrogen atoms.
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molecular trajectory would provide novel chemotypes and
impart structure–activity relationships which were largely
unexplored.

While other sp3-linked ortho-aminoanilides have been
described, they possess extended linker and capping groups
that project beyond the 11 Å channel.31 We chose to focus our
Structure Activity Relationship (SAR) efforts on the linker
portion of the molecule occupying the 11 Å channel. To
modulate compound properties (both physicochemical and
binding kinetics), we chose three 14 Å internal cavity motifs: a
2-thienyl and p-uorophenyl group, both of which are hydro-
phobic, and a more hydrophilic 4-pyridyl group.

Encouraged by the initial results with acetyl compound 3, we
were inspired to chemically map the 3D topography of the linker
region visibly available in our computational model (Fig. 1) to
806 | Chem. Sci., 2015, 6, 804–815
probe linker effects on potency, selectivity and kinetic binding,
as well as the interplay with 14 Å internal cavity motifs. Using
small sp3 rich linker groups (non-aromatic), we systematically
explored the 11 Å channel (Table 2).

An isopropyl (compound 5) coupled with the 2-thienyl 14
Å internal cavity motif afforded a 6 to 33-fold improvement
in potency for HDAC1 and 2 with modest selectivity versus
HDAC3 (Table 2). This gain of potency combined with the
minimal atomic size of this group maintained excellent
ligand efficiency of 0.37. However, the tert-butyl compound 6
exceeded the steric limits of the channel and led to a
signicant loss in potency against HDAC1, 2 and 3. In
contrast, the constrained cyclopropyl group (compound 7)
afforded a dramatic 100-fold improvement in potency for
HDAC2.
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (A) Cross sectional view of compound 3 docked into catalytic binding domain of HDAC2 (B) surface view of compound 3 docked into
HDAC2 showing the trajectory of the sp3 methyl amide into the 11 Å channel. Hydrogen bonding interactions are shown as yellow dotted lines.
The electrostatic surface of HDAC2: blue ¼ hydrophobic regions; red ¼ negatively charged regions.
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Increasing linker ring size (compounds 8–10) combined with
hydrophobic (p-uorophenyl or 2-thienyl) 14 Å internal cavity
motifs increased potency on HDAC1 only, suggesting that larger
hydrophobic and sp3-rich linkers are tolerated in HDAC2 but do
not provide additional binding energy. Contrary to observations
in the hydroxamic acid chemical series,32 sp2-hybridization a to
the carbonyl in BRD2283 had minimal effect on the inhibitor
activity towards Class I HDACs. The addition of hydrophilic
linker groups gave mixed effects towards binding affinity. The
basic N-methyl piperidine (compound 11) was not tolerated as
its inhibitory activity on all HDACs suffered a$80-fold loss. The
highly hydrophobic 11 Å channel, lined by two phenylalanines
(Fig. 1), does not tolerate the hydrophilic piperidine ring which
is protonated at physiological pH. In contrast, the neutral N-
acetylpiperidine (BRD3349) or pyran (BRD4884) derivatives
provided highly potent and selective HDAC1, 2 inhibitors
(Table 2, BRD4884: IC50 0.029 mM and 0.062 mM on HDAC1 and
HDAC2 respectively with $17-fold selectivity versus HDAC3).
Interestingly, replacement of the p-uorophenyl with a 4-pyridyl
as an internal cavity motif (cf. BRD4884 to compound 12)
reduced potency on HDAC1, 2 and 3 by 18 to 80-fold. In this
carbamide series, the combination of sp3-rich linker with a 14 Å
cavity hydrophobic aryl group is preferred, affording highly
potent and selective HDAC1 and 2 inhibitors. Next, we evaluated
the in vitro kinetic binding properties towards HDACs 1, 2 and
3, through progression curve analyses at various inhibitor
concentrations and substrate conversion dilution experiments
monitored continuously for 4 hours. Analysis of BRD4884
kinetic parameters revealed slow-on/slow-off kinetics for
HDAC2, but a shi to fast-on/faster-off kinetics for HDAC1,
leading to a 7-fold longer half-life on HDAC2 (T1/2 143 min)
versus HDAC1 (T1/2 20 min; Table 2 and ESI Table 2†). This
binding prole provides kinetic selectivity for HDAC2 and good
thermodynamic selectivity for HDAC1, 2 versus HDAC3. Further
characterization of BRD4884 in mice revealed good pharmaco-
kinetic properties (T1/2 ¼ 0.9 hours) including excellent brain
This journal is © The Royal Society of Chemistry 2015
permeability (brain-to-plasma ratio of 1.29 based on AUC, see
ESI Fig. 1†) and a moderate predicted free fraction (6%) in brain
based on a tissue binding assay.

Intrigued by the potency and kinetic selectivity towards
HDAC2 of these sp3-rich carbamide-linked inhibitors, we
investigated whether the hydrophobic 11 Å channel could
tolerate alternative chemotypes such as carbamates and ureas
(Table 3).

We anticipated that these alternate chemotypes would affect
the electronic nature of the carbonyl moiety and negatively
inuence its' ability to effectively chelate zinc. To our surprise,
propyl carbamate 13 was an effective inhibitor of HDAC1 and 2
with low micromolar potencies. While an extensive exploration
of the SAR in the carbamate series did not lead to selective
HDAC2 inhibitors, it did produce potent HDAC1, 2 inhibitors.
Compound 14 represents the most potent and selective HDAC1,
2 inhibitor of the carbamate series (Table 3; IC50 0.069 and
0.104 mM on HDAC1 and 2 respectively with 8-fold selectivity
versus HDAC3).

Next we turned our attention to the nitrogen ortholog of
carbamate 13 to explore the inuence of alternative hetero-
atoms at this position. Propyl urea 15 and the N-methylated
analog 16 displayed low micromolar potencies for HDAC1 and
2. On the basis of our computational models dening the
topology of the 11 Å channel (Fig. 1B) and the observed SAR in
the carbamide series we next examined conformationally
constrained ureas. Cyclizing the N–Me motif in compound 16
onto the terminal propyl carbon provided compound 17,
which displayed excellent potency and selectivity for HDACs 1,
2 (Table 3; IC50 0.010 and 0.059 mM on HDAC1 and 2 respec-
tively with 25-fold selectivity versus HDAC3). Interestingly the
smaller azetidine linked ureas, BRD3321 and BRD0302,
combined with a p-uorophenyl 14 Å cavity motif demon-
strated >12-fold selectivity for HDAC1 over HDAC2 (BRD0302
HDAC1 Ki ¼ 0.111 mM vs. HDAC2 Ki ¼ 2.74 mM, 25-fold selec-
tivity, no kinetic selectivity was observed). These compounds
Chem. Sci., 2015, 6, 804–815 | 807
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Table 2 Structure–activity relationships for carbamide based HDAC inhibitors30

HDAC isoform inhibition IC50
a (mM)

[Brain]/[plasma] and brain
free fractionb (%)Compound R1 group R2 group HDAC1 HDAC2 HDAC3

5 0.059 � 0.015 0.261 � 0.140 0.949 � 0.034 nd

6 4.24 � 0.257 3.13 � 0.492 25.0 � 1.71 nd

7 0.072 � 0.029 0.086 � 0.057 0.350 � 0.018 nd

8 0.020 � 0.003 0.131 � 0.015 0.548 � 0.162 nd

9 0.011 � 0.005 0.095 � 0.061 0.635 � 0.308 nd

BRD2283 0.003 � 0.002 0.054 � 0.016 0.604 � 0.039 nd

10 0.021 � 0.005 0.079 � 0.042 1.01 � 0.16 nd

11 11.9 � 1.17 13.23 � 0.45 >33.33 nd

BRD3349 0.011 � 0.003 0.049 � 0.005 2.78 � 0.02 0.04

BRD4884

0.029 � 0.012 0.062 � 0.031 1.09 � 0.38
1.29

Residence time T1/2 (min)
20 143 257 6%

12 2.36 � 0.151 1.10 � 0.019 >33.33 nd

a Values are the mean of a minimum of two experiments. Data are shown as IC50 values in mM � standard deviation. Compounds were tested in
duplicate in a 12-point dose curve with 3-fold serial dilution starting from 33.33 mM. nd ¼ not determined. b Brain free fraction estimated based on
brain tissue binding experiments.
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represent some of the most thermodynamically selective
HDAC1 inhibitors reported to date and reinforce the notion
that differentiation between these two isoforms is possible. An
important SAR distinction in the urea series versus the
808 | Chem. Sci., 2015, 6, 804–815
carbamide series is that heteroaromatic internal cavity motifs
(cf. BRD6688 vs. compound 17) retain potency towards HDAC1
and 2 (ligE ¼ 0.33) allowing us to tune physicochemical
properties through substitutions in this portion of the
This journal is © The Royal Society of Chemistry 2015
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Table 3 Structure–activity relationships for carbamate and urea based HDAC inhibitors30

HDAC isoform inhibition IC50
a (mM)

[Brain]/[plasma] and
brain free fractionb (%)Compound R1 group R2 group HDAC1 HDAC2 HDAC3

13 0.611 � 0.253 1.00 � 0.34 2.60 � 0.09 nd

14 0.069 � 0.031 0.104 � 0.028 0.861 � 0.141 nd

15 0.071 � 0.009 2.64 � 1.13 13.05 � 3.04 nd

16 0.216 � 0.050 0.912 � 0.155 13.2 � 2.19 nd

17 0.010 � 0.002 0.059 � 0.021 1.47 � 0.25 nd

BRD3321 0.019 � 0.005 0.233 � 0.053 1.75 � 0.25 nd

BRD0302

0.113 � 0.015 1.29 � 0.55 9.22 � 2.06 nd
Ki (mM)

0.111 2.74 17.7
Residence time T1/2 (min)

308 375 231

BRD6688
0.021 � 0.013 0.100 � 0.048 11.48 � 2.54

0.26
54%

Residence time T1/2 (min)
65 381 280

18 0.093 � 0.022 0.176 � 0.100 10.15 � 3.27 nd

19 0.024 � 0.001 0.271 � 0.086 1.96 � 1.34 nd

BRD3227 0.043 � 0.024 0.291 � 0.141 23.5 � 6.7 0.01

20
0.035 � 0.012 0.238 � 0.107 5.07 � 0.93

0.19
21%

Residence time T1/2 (min)
165 513 495

BRD3386
0.026 � 0.007 0.178 � 0.058 3.13 � 0.90

0.34
22%

Residence time T1/2 (min)
570 660 495

This journal is © The Royal Society of Chemistry 2015 Chem. Sci., 2015, 6, 804–815 | 809
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Table 3 (Contd. )

HDAC isoform inhibition IC50
a (mM)

[Brain]/[plasma] and
brain free fractionb (%)Compound R1 group R2 group HDAC1 HDAC2 HDAC3

BRD8951
0.001 � 0.001 0.011 � 0.003 0.544 � 0.205

0.27
2%

Residence time T1/2 (min)
2100 788 ND

BRD4161
0.007 � 0.002 0.045 � 0.010 3.46 � 0.89

0.11
23%

Residence time T1/2 (min)
430 788 770

a Values are the mean of a minimum of two experiments. Data are shown as IC50 values in mM � standard deviation. Compounds were tested in
duplicate in a 12-point dose curve with 3-fold serial dilution starting from 33.33 mM. nd ¼ not determined. b Brain free fraction estimated based on
brain tissue binding experiments.
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molecule. Additionally, the 4-pyridyl motif in BRD6688
provides increased selectivity for HDACs 1 and 2 ($115-fold)
reected by an HDAC3 IC50 of 11.4 mM. More importantly,
BRD6688 possesses preferential binding kinetics with
extended half-life on HDAC2 compared to HDAC1 (381 min
versus 65 min, 6-fold selectivity). To determine the optimal
cyclic urea motif, we synthesized piperidine and morpholine
analogs 18–20 and BRD3227 which led to a slight loss in
potency on both HDAC1 and 2. In HDAC2, the apparent steric
limit presented by a 6-membered linker group in the 11 Å
channel and the corresponding loss in potency could not be
compensated for by the use of a hydrophobic 14 Å cavity group
(compound 19) and/or by ring substitutions (e.g. morpholine
in compound 20 and 4-acetamide in BRD3227). Also, no
signicant increase in potency was observed when using the
sterically less demanding oxa-aza-spiroheptane ring33 in
BRD3386 as an alternative to the morpholine. In order to
minimize sp3 steric components and capitalize on potential p–
p interactions with Phe 155 and 210 which line the 11 Å
channel (Fig. 1A and B), we synthesized isoindoline ring
systems (BRD8951 and BRD4161). These compounds dis-
played improved potency on both HDAC1 and HDAC2 irre-
spective of the nature of the internal 14 Å cavity motif. Analysis
of the isoform binding kinetics of these more potent HDAC1, 2
inhibitors showed no kinetic selectivity and presented no
improvement relative to BRD6688.

We have identied and characterized the rst kinetically
selective HDAC2 inhibitors in two novel and distinct chemical
series (full binding kinetics provided in ESI Table 2†). The
carbamide BRD4884 and the urea BRD6688 possess selective
binding kinetics for HDAC2 (T1/2 ¼ 143 and 381 min respec-
tively) compared to the highly homologous isoform HDAC1 (T1/
2 ¼ 20 and 65 min respectively). Interestingly, these kinetically
selective HDAC2 ortho-aminoanilide based inhibitors rely on
810 | Chem. Sci., 2015, 6, 804–815
the incorporation of sp3-rich linker motifs coupled with aryl
and/or heteroaryl 14 Å cavity motifs. Both compounds show
excellent HDAC2 thermodynamic selectivity versus other Class I
(>17-fold) and Class II (>500-fold) HDAC isoforms tested (ESI
Table 1†). Moreover, BRD4884 and BRD6688 display good to
excellent brain penetration (ESI Fig. 1†), low brain tissue
binding, low potential cardiac toxicity, and high specicity
versus a broad panel of biological targets (Tables 2 and 3 and
ESI Table 3†). To better dene HDAC isoform selectivity in
brain we integrated the in vitro kinetic binding parameters, in
vivo pharmacokinetic properties (including brain free fraction)
and the HDAC enzyme concentration in brain34 by simulating
target engagement proles over time using numerical
integrations over a system of differential equations describing
the distribution of enzyme states (Fig. 2, see ESI for detailed
description of method and input parameters†). Good
correlation between in vitro and in vivo derived kinetic
binding parameters for small molecule inhibitors of HDACs 1,
2 and 3 has been demonstrated using brain tissue
autoradiography.34

The simulated target engagement proles for both
compounds are characterized by three phases of kinetic selec-
tivity (ESI Fig. 2†); an initial phase (t¼ 0–60min) of good kinetic
selectivity for HDAC1 (BRD4884, 3.5–30-fold, BRD6688, 2.5–20-
fold), an intermediate crossover stage with equivalent target
engagement levels for HDAC1 and 2, followed by a terminal
phase (BRD4884, t > 3 h; BRD6688, t > 6 h) of high and sustained
kinetic selectivity for HDAC2 (BRD4884, 20–1000X; BRD6688, 3–
50-fold). Both compounds exhibit high kinetic selectivity
against HDAC3 throughout the simulation. There is, however, a
substantial difference between the two compounds in the
magnitude of HDAC2 target engagement, which is driven by
differences in the measured free fraction (BRD6688, fu ¼ 0.54;
BRD4884, fu ¼ 0.06) and, to a lesser extent, the slower on and
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Simulated target engagement profiles for HDAC1, 2 and 3 in brain for BRD4884 and BRD6688 at 10 mg kg�1 dose.
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off-rate for BRD6688. BRD6688 attains greater than 50%HDAC2
engagement for several hours whereas BRD4884 achieves no
more than 10% HDAC2 engagement. Taken together, these
compounds represent the state of the art HDAC2 selective
inhibitors to probe the function of HDAC2 in brain via small
molecule modulation.

To further validate the activity of these compounds, we
investigated whether the in vitro biochemical activities against
human recombinant enzymes and their respective kinetic
proles translated to functional cell based assays by measuring
histone acetylation changes.

H3K9 and H4K12 have been implicated as potential HDAC2
substrates in HDAC2 KO and OE transgenic mice.12 However,
these histone loci display acetylation changes in response to
non-selective HDAC2 inhibitor treatment35,36 demonstrating the
non-specic nature of theses loci towards HDAC2. Primary
mouse forebrain neuronal cultures were treated with BRD4884
and BRD6688 (10 mM for 24 h) and monitored for acetylation
changes at H3K9 and H4K12 relative to the vehicle control
(Fig. 3).
Fig. 3 Increased acetylation of histones H4K12 and H3K9 in mouse
forebrain primary neuronal cultures following treatment with kineti-
cally selective HDAC2 inhibitors BRD4884 and BRD6688 (10 mM, 24
hours). Average of two experiments run in triplicates from separate
dissections and cultures.

This journal is © The Royal Society of Chemistry 2015
Treatment with BRD4884 or BRD6688 produced signicant
increases in AcH4K12 and AcH3K9 conrming the inhibitory
activity of these compounds towards endogenous HDACs.
While these histone acetylation increases are indicative of
HDAC inhibition, it is not clear whether these changes are
driven solely through modulation of HDAC2 or through a
combination of HDACs including HDACs 1 and 3. We speculate
that the attenuated change in AcH3K9 demonstrated by
BRD6688 (cf. BRD4884) is due in part to its' superior selectivity
for HDAC2 relative to HDAC3, the most highly expressed HDAC
isoform in the brain.37

To further characterize the translational potential of
kinetically selective HDAC2 inhibitors in cognitive disorders,
BRD4884 and BRD6688 were evaluated in CK-p25 mice, a
murine model of neurodegeneration with profound decits
in spatial and associative memory.38,39 Overexpression of p25
protein is controlled by a doxycycline-repressed, calcium/
calmodulin-dependent protein kinase II (CaMKII)
promoter.38 Six week induction recapitulates many hallmark
features of Alzheimer's disease, including progressive
neuronal loss, tau pathology, b-amyloid accumulation,
cognitive dysfunction and impaired synaptic plasticity.2,39,40

Daily treatment for 10 days with BRD4884 or BRD6688
(10 and 1‡mg kg�1, i.p. dosing respectively, Fig. 4A), rescued
the memory defects associated with p25 induced neuro-
degeneration in contextual fear conditioning, a hippocampal
dependent form of learning (Fig. 4B). Remarkably, BRD6688
daily compound treatment at 1 mg kg�1 in p25 induced
animals restored the freezing response to normal levels
compared to the vehicle treated non-induced p25 littermates
(red vs. white bar).

Furthermore, compound treatment corresponded with
increased H4K12 acetylation in hippocampal CA1 neurons
compared to the vehicle treated group (Fig. 3C and D, BRD6688
treatment effect was signicant in paired t-test). Taken together,
our results demonstrate that these novel and kinetically selec-
tive HDAC2 inhibitors engage HDACs in the brain and elicit
acetylation changes at doses that produce enhanced learning
behaviors in cognitively challenged mice.
Chem. Sci., 2015, 6, 804–815 | 811
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Fig. 4 A. Study design for CK-p25 induced neurodegenerative model and testing in contextual fear conditioning paradigm. (B) BRD4884 and
BRD6688 enhance freezing time in CK-p25 mice in a contextual fear conditioning behavioral paradigm. One-way ANOVA comparison followed
by Dunnet's posthoc analysis; *p < 0.05; n is depicted in each bars. (C) Hippocampal sections from CK-p25 mice after 10 day treatment with
BRD6688 demonstrate increased H4K12 acetylation (paired t-test). (D) Quantitation of increased acetylation in hippocampal slices after
BRD6688 treatment.
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Conclusions

Here we demonstrate for the rst time that the selective inhi-
bition of histone deacetylase 2 (HDAC2) (versus all other zinc
dependent HDACs) is feasible. Starting with the ortho-amino-
anilide chemical series and focusing on a linker-centric
strategy, we developed highly optimized compounds suitable
for CNS applications. Remarkably, we demonstrated that the
binding kinetics of these inhibitors towards individual isoforms
is tunable through a combination of linker and internal 14 Å
cavity motifs. These structural combinations, exemplied by
BRD4884 and BRD6688, demonstrate kinetic selectivity for
HDAC2 vs. HDAC1, an isoform with 95% similarity within the
catalytic binding domain. In addition, these kinetically selective
HDAC2 inhibitors increased histone acetylation (H4K12 and
H3K9) in primary mouse neuronal cultures as well as in
hippocampal CA1 neurons in CK-p25 mice. The increased
histone acetylation in brain serves as a surrogate pharmacody-
namic marker of HDAC engagement and was consistent with
our observed brain pharmacokinetic properties.

We demonstrated that HDAC2 selective inhibitors rescue the
cognitive decits in CK-p25 mice, a model of neuro-
degeneration; in a Pavlovian fear conditioning behavioral assay.
The cognitive improvements observed in these hippocampal-
812 | Chem. Sci., 2015, 6, 804–815
dependent memory processes recapitulate previous results
reported by Guan et al. on the effects elicited via the genetic
knockout of HDAC2,12 as well as through targeted RNA inter-
ference (RNAi)-mediated HDAC2 gene silencing selectively
within the hippocampus.2 Our studies suggest that a sustained
low level of HDAC2 engagement (�10% for BRD4884) by an
orthosteric kinetically biased small molecule inhibitor is suffi-
cient for biological activity. While these compounds demon-
strate sufficient selectivity versus HDAC3 to preclude its' role in
the biological effects observed, these compounds, particularly
BRD4884, do not achieve sufficient selectivity versus HDAC1. It
is possible that the intermittent inhibition of HDAC1may play a
role in the effects observed. Clearly experimental efforts are
needed to conrm these target engagement proles in vivo.
Taken together, our studies suggest that the pharmacological
inhibition of HDAC2 may enhance learning and memory and
potentially rescue the observed cognitive decits in multiple
neuro-psychiatric disorders such as schizophrenia and PTSD.
Additionally, isoform selective inhibitors may mitigate some of
the known mechanism-based toxicological effects associated
with the inhibition of multiple HDACs, particularly the con-
cominant inhibition of HDAC1 and 2.41 Also, future studies will
determine the potency and selectivity of this class of HDAC
inhibitors towards distinct Class I HDAC complexes that are
This journal is © The Royal Society of Chemistry 2015
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known to exist in the brain and play different biological
functions.12

Our studies open the way for the design of highly ligand
efficient and selective small molecule HDAC inhibitors opti-
mized for central nervous system disorders. In AD, while drugs
targeting the clearance of b-amyloid have failed to slow disease
progression and improve cognitive measures; combination
therapy with HDAC2 selective inhibitors could potentially
restart synaptic function and memory formation. These novel
small molecule inhibitors can be used as tools for probing the
biological functions and relevance of the different HDAC iso-
forms and will catalyze the evaluation of their therapeutic
potential in treating neurological disorders.
Experimental
Synthetic procedures

Detailed synthetic procedures are described in ESI.†
Materials and methods

HDAC inhibition assays. All recombinant human HDACs
were purchased from BPS Bioscience. The substrates, Broad
Substrate A, and Broad Substrate B, were synthesized in house.
All the other reagents purchased from Sigma. Caliper EZ reader
II system was used to collect all data. Compounds were tested in
duplicate in a 12-point dose curve with 3-fold serial dilution
starting from 33.33 mM. Puried HDACs were incubated with 2
mM carboxyuorescein (FAM)-labeled acetylated or tri-
uoroacetylated peptide substrate (Broad Substrate A and B
respectively) and test compound for 60 min at room tempera-
ture, in HDAC assay buffer that contained 50 mM HEPES (pH
7.4), 100 mM KCl, 0.01% BSA and 0.001% Tween-20. Reactions
were terminated by the addition of the known pan HDAC
inhibitor LBH-589 (panobinostat) with a nal concentration of
1.5 mM. Substrate and product were separated electrophoreti-
cally and uorescence intensity in the substrate and product
peaks was determined and analyzed by Labchip EZ Reader. The
reactions were performed in duplicate for each sample. IC50

values were automatically calculated by Origion8 using 4
Parameter Logistic Model. The percent inhibition was plotted
against the compound concentration, and the IC50 value was
determined from the logistic dose-response curve tting by
Origin 8.0 soware.

Binding kinetic measurements. Slow, tight-binding kinetics
of BRD6688 and BRD4884 with HDACs 1, 2, and 3 were evalu-
ated by reaction progression curves and dilution experiments.
To determine the mechanism and associated kinetic values, a
series of progress curves of HDACs 1, 2 or 3 inhibition were
generated in the presence of BRD6688 or BRD4884 at different
concentrations. The off-rates of BRD6688 and BRD4884 were
determined from dilution experiments. See ESI for full details.†

Neuronal histone acetylation assays. Measurements of
increases in neuronal histone acetylation in mouse forebrain
primary neuronal cultures induced by HDAC inhibitor
compounds was performed exactly as described in Fass et al.,
(2013). On the 13th day aer generating the cultures, cells
This journal is © The Royal Society of Chemistry 2015
were treated for 24 hours with compounds at 10 mM. Cells
were xed with formaldehyde, stained with antibodies to
acetyl-histone H3, lysine 9 (AcH3K9), or acetyl-histone H4,
lysine 12 (AcH4K12), and green uorescent secondary anti-
bodies, and cellular uorescence signals were quantitated
with an Acumen microcytometer. To determine the efficacy of
HDAC inhibitor compounds, we calculated the percentage of
compound-treated cells with a uorescence signal above a
baseline threshold established in vehicle (DMSO)-treated
cells.

CK-p25 induction. All procedures involving animals followed
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Massachusetts
Institute of Technology Animal Care and Use Committee. Mice
at 3 months of age, CK-p25 male mice were induced for 6 weeks
to obtain forebrain-specic expression of p25 (Cruz et al., 2003).
Littermates lacking p25 were used as controls. All mice were
heterozygous for their respective genes.

Context-dependent fear conditioning. Training consisted of
habituating the mice to the conditioning box (TSE Systems) for
a period of 3 min, which was followed by a foot shock (2 s; 0.8
mA; constant current). The shock was repeated 30 s later and
the mice were allowed to remain in the box for an additional 15
s. To assess associative learning, a long-term memory test was
performed 24 h later by re-exposing the mice for 3 min to the
conditioning context, while measuring freezing behaviour
(Gräff et al., 2012).

Administration of compounds. BRD6688 and BRD4884 were
dissolved in DMSO (5% of the total resultant solution) and then
diluted in 30% Cremophor/65% in physiological saline (H2O
containing 0.9% NaCl (Sigma)), for a nal dosage solution of 1
mg kg�1 and 10 mg kg�1, respectively. Vehicle solutions con-
sisted of the forementioned solution without the compounds.
Solutions were prepared immediately before injection and
administered daily via intraperitoneal injection for a period of
10 days prior to behaviour.

Immunohistochemistry. Immunohistochemistry was per-
formed essentially as described in Gräff et al., 2012, 2014.
Coronal brain slices (40 mm thickness) were permeabilized
with 0.1% Triton X-100, blocked and incubated overnight
with 0.3% Triton X-100/10% fetal bovine serum in 1� PBS
containing AcH2K12 (Abcam) and visualized with a uo-
rescently conjugated secondary antibody (Molecular Probes).
Neuronal nuclei were stained with Hoechst 33342
(Invitrogen). Images were acquired using a confocal micro-
scope (LSM 510, Zeiss) at identical settings at the highest
intensity for each of the conditions. Using the Hoechst signal
channel, 20–40 representative non-apoptotic cells
were chosen per experimental condition, and the mean
AcH2K12 signal intensity was measured. Images were quan-
tied using ImageJ 1.42q by an experimenter blind to treat-
ment groups.

Statistics. Statistical analyses were performed using Graph-
Pad Prism 5. One-way ANOVAs followed by Tukey's posthoc
analyses or one-tailed Student's t tests were used unless indi-
cated otherwise. All data are represented as mean � SEM.
Statistical signicance was set at p ¼ 0.05.
Chem. Sci., 2015, 6, 804–815 | 813
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Notes and references
‡ 1 mg kg�1 dose of BRD6688 was chosen due to tolerability issues observed at 10
mg kg�1: mortality in 5 out of 10 mice over 10 day treatment due to unknown
cause in a single study. No toxicity was observed CK-p25 mice treated at 1 mg kg�1

or in wild-type male C57BL/6 mice treated at 30 mg kg�1 daily for 10 consecutive
days.
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