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The structure–activity and structure–kinetic relationships of a series of novel and selective
ortho-aminoanilide inhibitors of histone deacetylases (HDACs) 1 and 2 are described. Different kinetic
and thermodynamic selectivity profiles were obtained by varying the moiety occupying an 11 Å channel
leading to the Zn2+ catalytic pocket of HDACs 1 and 2, two paralogs with a high degree of structural
similarity. The design of these novel inhibitors was informed by two ligand-bound crystal structures of
truncated hHDAC2. BRD4884 and BRD7232 possess kinetic selectivity for HDAC1 versus HDAC2. We
demonstrate that the binding kinetics of HDAC inhibitors can be tuned for individual isoforms in order
to modulate target residence time while retaining functional activity and increased histone H4K12 and
H3K9 acetylation in primary mouse neuronal cell culture assays. These chromatin modifiers, with tuned
binding kinetic profiles, can be used to define the relation between target engagement requirements and
the pharmacodynamic response of HDACs in different disease applications.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Imbalance in the status of chromatin post-translational modifi-
cations, such as histone acetylation and methylation, plays a signif-
icant role in many human diseases as it tightly controls and alters
chromatin architecture regulating gene transcription.1 The role of
epigenetic modifications is well known in cancer,2 and increasing
evidence supports contributions in non-oncology indications such
as diabetes,3 infectious disease (HIV),4 or neurodegenerative and
psychiatric disorders.5 In the latter case, there is mounting
evidence implicating dysfunction in acetylation status, a chromatin
modification mediated by histone acetyltransferases (HATs) and
histone deacetylases (HDACs). Understanding the role of the indi-
vidual HDAC isoforms and development of highly potent and selec-
tive inhibitors of each isozyme has increased in the past decade.6

Our group has been particularly interested in the role of HDAC2
in psychiatric and neurodegenerative disorders,7 and the selective
inhibition of this isoform has emerged as a potential epigenetic-
based therapeutic approach. Small molecules with improved
thermodynamic (IC50, Ki) and/or kinetic (half-life/residence time)
selectivity for HDAC1 and 2 will help delineate the respective
biological roles of the class I HDACs for complex and chronically
treated CNS diseases. Here, we describe our efforts to selectively
tune the kinetic binding profiles of inhibitors towards HDAC1 and
HDAC2, two class I paralogs that share the highest overall amino
acid sequence and Zn2+ catalytic binding domain similarity
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(86% and 95%, respectively). Binding kinetics represent key and
requisite parameters to consider when developing therapeutics8 to
understand and define the target engagement–pharmacodynamic
(PD) response relationships. At one extreme, prolonged target
engagement (slow-off or pseudo-irreversible inhibitors), as observed
for the HDAC1,2 inhibitor compound 609 (Supplemental Table S1),
may be desirable to affect a prolonged PD response to drive effi-
cacy. Alternatively, prolonged target engagement across multiple
HDAC isoforms may drive mechanism-based toxicity, such as
thrombocytopenia, and decrease the therapeutic window.10 By
developing a structure–kinetic relationship (SKR)11 for inhibitors
towards HDAC1 and HDAC2, the development of kinetically differ-
ent binding parameters for each isoform will define optimal target
engagement to maximize the PD response and therapeutic index.

2. Material and methods

2.1. Chemistry

See SI for details. Representative procedure for the synthesis of
ortho-aminoanilide analogs is detailed in Supporting information.
All final compounds were confirmed to be of >95% purity based
on HPLC LCMS analysis (Alliance 2795, Waters, Milford, MA). Purity
was measured by UV absorbance at 210 nm. Identity was deter-
mined on a SQ mass spectrometer by positive and negative electro-
spray ionization. All reagents and solvents were purchased from
commercial vendors and used as received. 1H and 13C NMR spectra
were recorded on a Bruker 300 MHz or Varian UNITY INOVA
500 MHz spectrometer as indicated. Proton and carbon chemical
shifts (d) are reported in ppm relative to tetramethylsilane (d 0
for both 1H and 13C) and DMSO-d6 (1H d 2.50, 13C d 39.5). NMR data
were collected at 25 �C. Flash chromatography was performed
using 40–60 lm Silica Gel (60 Å mesh) on a Teledyne Isco Combi-
flash Rf system.

2.2. HDAC inhibition assays

All HDACs were purchased from BPS Bioscience. The substrates,
Broad Substrate A, and Broad Substrate B, were synthesized in
house.21 All the other reagents were purchased from Sigma. Caliper
EZ reader II system was used to collect all data. Purified HDACs
were incubated with 2 lM carboxyfluorescein (FAM)-labeled
acetylated or trifluoroacetylated peptide substrate (Broad Sub-
strate A and B respectively) and test compound for 60 min at room
temperature, 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 final concentration of 1.5 lM. Sub-
strate and product were separated electrophoretically and fluores-
cence 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 calcu-
lated 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 fitting by Origin 8.0 software.

2.3. Plasma stability

Plasma stability was determined at 37 �C at 5 h in mouse
plasma. Each compound was prepared in duplicate at 5 lM in
plasma diluted 50/50 (v/v) with PBS pH 7.4 (0.95% acetonitrile,
0.05% DMSO). Compounds were incubated at 37 �C for 5 h with a
350-rpm orbital shake with time points taken at 0 h and 5 h.
Samples were analyzed by UPLC–MS (Waters, Milford, MA) with
Please cite this article in press as: Wagner, F. F.; et al. Bioorg. Med. Che
compounds detected by SIR detection on a single quadrupole mass
spectrometer.

2.4. Microsomal stability

Microsomal stability was determined at 37 �C at 60 min in
mouse microsomes. Each compound was prepared in duplicate at
1 lM with 0.3 mg/mL microsomes in PBS pH 7.4 (1% DMSO). Com-
pounds were incubated at 37 �C for 60 min with a 350-rpm orbital
shake with time points taken at 0 min and 60 min. Samples were
analyzed by UPLC–MS (Waters, Milford, MA) with compounds
detected by SIR detection on a single quadrupole mass
spectrometer.

2.5. Neuronal histone acetylation assays

Measurements of increases in neuronal histone acetylation in
mouse fore-brain primary neuronal cultures induced by HDAC
inhibitor compounds was performed exactly as described in Fass
et al.12 On the 13th day after generating the cultures, cells were
treated for 24 h with compounds at 10 lM. Cells were fixed with
formaldehyde, stained with antibodies to acetyl-histone H3, lysine
9 (AcH3K9), or acetyl-histone H4, lysine 12 (AcH4K12), and green
fluorescent secondary antibodies, and cellular fluorescence signals
were quantitated using laser-scanning cytometry (Acumen eX3,
TTP Laptech). To determine the efficacy of HDAC inhibitor com-
pounds, we calculated the percentage of compound-treated cells
with a fluorescence signal above a baseline threshold established
in vehicle (DMSO) treated cells.

2.6. Protein purification and crystallization

Protein was produced essentially as described in Bressi et al.13

Briefly, C-terminally His-tagged full-length protein was expressed
in insect cells und purified by affinity and size exclusion chro-
matography. The protein was C-terminally truncated by treatment
with trypsin for 1 h at 25 �C. The reaction was stopped by addition
of 1 mM PMSF and the protein finally purified by gel filtration
chromatography. For crystallization 0.5 lL of the protein solution
at 12 mg/ml, containing the ligand at a concentration of 2 mM,
was mixed with 0.5 lL of the crystallization buffer (34% PEG400,
0.10 M NaKPO4 pH 6.50, 0.20 M KF). Crystals were harvested in a
cryo-loop and frozen directly in liquid nitrogen.

2.7. Data collection, structure solution and refinement

Data collection was performed with synchrotron radiation
at the Swiss Light Source, Paul-Scherrer-Institute, Villingen,
Switzerland. Crystals belonged to space group P212121 with cell
dimensions a = 92.30 Å, b = 98.01 Å and c = 139.25 Å, a = b = c = 90�.
X-ray intensities and data reduction were evaluated by using
the XDS program package14 (see Table S3 for data collection
and processing statistics). Structures were solved and refined
with programs of the CCP4 suite (MOLREP and REFMAC5)15 (see
Table S4 for refinement statistics).

3. Results and discussion

We previously reported the discovery of highly ligand efficient
carbamide (sp3-linked) HDAC inhibitors, such as BRD4884 (Fig. 1),
with excellent potency and moderate kinetic selectivity for
HDAC2.16 Following an initial phase (�1 h) of good kinetic selectiv-
ity for HDAC1, driven by faster on-rate, BRD4884 then displays a 7-
fold kinetic bias towards HDAC2 versus HDAC1 with residence
times of 142 min and 20 min, respectively. In order to obtain a
m. (2016), http://dx.doi.org/10.1016/j.bmc.2016.06.040
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Figure 1. Crystal structure of hHDAC2 (ribbon diagram) bound to BRD4884 (in green) at 1.66 Å resolution; catalytic Zn2+ shown in purple; on right: BRD4884 chemical
structure and key binding motifs.
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deeper understanding of the structure–activity relationship (SAR)
of this novel class of HDAC inhibitors, we report a 1.66 Å resolution
structure of human HDAC2 in complex with a carbamide-based
ortho-aminoanilide, BRD4884 (Fig. 1).

A C-terminally His-tagged full-length hHDAC2 protein was
expressed in SF9 insect cells and purified by affinity and size exclu-
sion chromatography. The protein was C-terminally truncated by
treatment with trypsin according to Bressi et al.13 As previously
described,13 the overall protein structure is characterized by a sin-
gle a/b domain that includes eight b sheets sandwiched between
13 a helices. The active site is characterized by a lipophilic channel
of approximately 11 Å that leads from the protein surface to the
active site Zn2+ ion (Fig. 2A and B) and is lined by Gly154,
Phe155, Phe210 and the Zn2+ chelating His183. The active site is
characterized by a complex coordination sphere between the zinc
atom and several key amino acids including Asp181 and His183
(Fig. 2B). Further from the zinc binding site, a hydrophobic 14 Å
cavity (the so-called ‘foot pocket’13) extends towards the core of
the protein and is defined by several additional residues including
Met35, Phe114, and Leu144 (Fig. 2A and C).

Similar to other small-molecule HDAC inhibitors like SAHA17 or
substituted N-(2-aminophenyl)benzamides,13 BRD4884 coordi-
nates to the Zn2+ ion via the free aniline –NH2, completing its tetra-
hedral coordination sphere in addition to the side chains of
Asp181, His183, and Asp269 with the anilide carbonyl oxygen sit-
uated at a distance of 2.8 Å to the Zn2+ ion (Fig. 2B). The anilide –
NH of BRD4884 forms an H-bond to the backbone carbonyl oxygen
of Gly154. The 11 Å lipophilic channel harbors the tetrahydropyran
moiety of BRD4884making Van Der Waals contacts with the chan-
nel wall. The tetrahydropyran ring adopts a preferential chair con-
formation allowing the pyran oxygen atom to form a hydrogen
bond (3.5 Å) with a conserved water13,17 at the surface of HDAC2
(Fig. 2B). This ordered water acts as a molecular bridge between
the ligand and the protein forming a hydrogen bond with His183
(2.8 Å). Finally, the hydrophobic 14 Å cavity harbors various water
molecules that provide a partially hydrophilic environment. These
waters could either be displaced or utilized through specific hydro-
gen bond interactions to achieve greater potency and/or better
physicochemical properties. The phenyl ring of BRD4884 is sand-
wiched between Leu144 and Met35 and the para-fluorine atom
points towards Phe114 within the 14 Å cavity.
Please cite this article in press as: Wagner, F. F.; et al. Bioorg. Med. Che
Informed by this crystal structure and in an effort to further
understand and potentially modulate the kinetic binding parame-
ters for HDAC1 or HDAC2, we extended the structure–activity rela-
tionship (SAR) at two key portions of the molecule: the internal
14 Å cavity motif (R2), a 4-fluorophenyl in BRD4884 and the linker
portion (R1), a 4-tetrahydropyran moiety in BRD4884 (Fig. 1); then
obtained binding kinetics for lead compounds. Modifications of the
chelating ortho-aminoanilide moiety (aniline and anilide) led to a
significant loss in potency (unpublished results), therefore the
Zn2+-chelating functional groups were retained throughout this
SAR exploration.

First, we explored the space available in the 14 Å cavity
(Fig. 2A and C) to understand effects on activity, isoform selectivity
and physicochemical properties. As shown in the crystal structure
(Fig. 2C), the para-fluorophenyl moiety tightly occupies the 14 Å
internal cavity. Two water molecules fill an additional small pocket
at the back of the 14 Å cavity, presumably, creating a slightly
hydrophilic environment that could tolerate less hydrophobic sub-
stituents. This small crevice could also accept a functional group
with the correct vector off the phenyl ring. The unsubstituted phe-
nyl ring, in compound 1 (Table 1), led to a 5-fold loss in potency
towards HDAC2 compared to the para fluoro phenyl ring in
BRD4884. In addition to the increased potency from the para fluoro
in BRD4884, it also conferred increased microsomal stability (54%
vs 2% of the parent compound remaining after 2 h in mouse liver
microsomes, See Supporting info).

Exploring more hydrophilic substituents within the 14 Å inter-
nal cavity, the 4-pyridyl (compound 2) or 3-pyridyl (compound 3)
substituents led to a significant loss of potency on HDAC1, 2 and 3
(>10-fold loss) consistent with the lipophilic nature of this domain.
This observation is unique to the carbamide series as the same 4-
pyridyl substituent was optimal in a previously reported con-
strained urea series.16 We hypothesize that the divergent SAR
between linker and 14 Å internal cavity chemotypes is indicative
of ligand defined secondary structural effects which are propa-
gated throughout the catalytic binding domain. Decreased sp3

steric requirements within the 11 Å channel, minimized in the con-
strained ureas series versus the carbamide series, are able to
accommodate more diverse 14 Å internal cavity motifs.

The regiochemistry of the fluoro substituted phenyl ring was
also critical. Figure 2C shows that the p-fluorophenyl ring fits
m. (2016), http://dx.doi.org/10.1016/j.bmc.2016.06.040
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Table 1
Mapping the foot pocket: structure activity relationship in the 14 Å internal cavity

R1 NH

O

NH2

R2

linker
zinc-binding group

internal cavity motif
HDAC isoform inhibition IC50

a (lM)

Compound R1 group R2 group HDAC1 HDAC2 HDAC3

BRD4884 O F

0.029 ± 0.012 0.062 ± 0.031 1.09 ± 0.38

Residence time T1/2 (min)

20 143 257

1
O

0.119 ± 0.057 0.312 ± 0.087 3.85 ± 0.48

2
O N

2.35 ± 0.336 1.42 ± 0.443 >33.33

3
O

N 6.45 ± 1.00 7.32 ± 1.04 20.8 ± 1.51

4
O Cl

1.52 ± 0.092 2.53 ± 0.661 14.2 ± 1.78

5 O F3C
26.7 ± 2.31 >33.33 >33.33

6
O

F
9.67 ± 1.27 12.3 ± 5.07 >33.33

a Values are the mean of a minimum of three experiments. Data are shown as IC50 values in lM ± standard deviation. Compounds were tested in duplicate in a 12-point
dose curve with 3-fold serial dilution starting from 33.3 lM.
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tightly in the 14 Å cavity, larger substitutions at the ortho or para
positions were predicted to be disfavored, presumably due to neg-
ative Van der Waals interactions with Phe114 (Fig. 2C), and require
significant spatial shifts in ligand binding that would destabilize
the complex network of hydrogen bond interactions with the zinc
atom. Indeed, larger groups at the 4-position of the phenyl ring
were not tolerated as both the 4-chlorophenyl (compound 4) and
4-trifluoromethylphenyl (compound 5) analogs were weak binders
of HDAC1, 2 and 3. However, a substitution at the meta position
might afford the proper vector to access the additional pockets in
distal regions of the 14 Å cavity. Unfortunately, the 3-fluoro substi-
tuted compound (6) displayed weak activity on HDAC1, 2 and 3
(P9 lM on HDAC1, 2 and 3). Other significant changes to these
14 Å occupying motifs (e.g., heteroaryl, cinnamyl, cycloalkenyl)
did not yield improvements in potency (data not shown). In sum-
mary, the SAR within the 14 Å cavity proved very sensitive and
intolerant to changes in substituent size, regiochemistry and
hydrophobicity. Since the 4-fluorophenyl group demonstrated
optimal binding properties in the internal cavity, it was maintained
Please cite this article in press as: Wagner, F. F.; et al. Bioorg. Med. Che
constant while exploring the SAR of the linker portion of the
molecule.

Examination of the BRD4884:HDAC2 crystal structure revealed
an H-bonded bridging water molecule between the pyran oxygen
of BRD4884 and His183 of HDAC2 (Fig. 2B). In order to evaluate
the energetic contribution of this hydrogen bond,18 the regioiso-
meric 2-pyran (compounds 7 and 8) and 3-pyran (9) analogs were
synthesized and their respective enantiomers separated and tested
(Table 2).

In each case, a 20 to 75-fold loss of potency for HDAC2 was
observed along with a significant decrease in mouse plasma stabil-
ity indicating an inherent metabolic liability within this series (0%
parent remaining after 1 h). The significant loss of activity can be
attributed to the loss of the H-bond interaction with the conserved
bridging water at the surface of HDAC2 (Fig. 2B) as well as nega-
tive interaction between the hydrophilic oxygen atoms pointing
towards the lipophilic amino acids of the 11 Å channel (Gly154,
Phe155, Phe210 and Leu276). In order to capitalize on potential
p–p interactions with the phenylalanines lining the 11 Å channel
m. (2016), http://dx.doi.org/10.1016/j.bmc.2016.06.040
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Table 2
Structure activity relationship in 11 Å catalytic channel: IC50s for HDAC1, 2 and 3; mouse plasma (after 5 h) and mouse liver microsomes (after 1 h) stability

R1 NH

O

NH2

R2

linker

internal cavity motif

zinc-binding group
HDAC isoform inhibition IC50

a (lM) Mouse plasma stability
% remaining

Mouse liver microsomes stability
% remaining

Compound R1 group R2 group HDAC1 HDAC2 HDAC3

BRD4884
O

F
0.029 ± 0.012 0.062 ± 0.031 1.09 ± 0.38 93 54

7

O

F
0.467 ± 0.203 1.29 ± 0.399 5.73 ± 1.85 0 nd

8

O

F
1.43 ± 0.210 1.45 ± 0.486 5.95 ± 0.518 0 nd

9
O

F
1.22 ± 0.479 4.73 ± 0.299 19.8 ± 7.96 nd nd

10

O

F
5.59 ± 2.26 6.56 ± 2.66 6.26 ± 3.59 3.7 nd

11

O

F 0.045 ± 0.007 0.119 ± 0.050 25.9 ± 7.12 11.1 nd

12
O F

0.072 ± 0.013 0.156 ± 0.071 >33.33 100.3 25

13
O F

0.123 ± 0.022 0.219 ± 0.001 1.49 ± 0.02 94.1 60

BRD7232 O
F

0.192 ± 0.045 0.168 ± 0.052 2.28 ± 0.61 114.5 62

14 O
F

1.45 ± 0.424 1.59 ± 0.372 13.7 ± 0.902 nd nd

nd = not determined.
a Values are the mean of a minimum of three experiments. Data are shown as IC50 values in lM ± standard deviation. Compounds were tested in duplicate in a 12-point

dose curve with 3-fold serial dilution starting from 33.33 lM.
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(Phe155 and Phe210 in HDAC2, Supplemental Fig. S1), a series of
benzopyran analogs were synthesized (compounds 10–12). In
the 2-benzopyran series, the activity of compound 11 for HDAC2
was improved by a factor of 10 (0.119 lM), however its plasma
stability remained mediocre at best (11% remaining after 1 h). In
the 3-benzopyran series, the activity of compound 12 for HDAC2
was improved by a factor of 4 (0.156 lM), its plasma stability
was also improved (100% remaining after 1 h), however, com-
pound 12 still suffered from poor mouse liver microsomal stability
(25% remaining after 2 h). Next, to explore conformational effects
of the pyran system, constrained bridged systems were targeted
to lock the pyran in the active ‘chair’ conformation based on the
ligand bound structure observed for BRD4884, i.e., reinforcing
the pyran-O–H-bond with the conserved bridging water
(Fig. 2B). Different constrained cyclic systems were synthesized
to probe the optimal steric requirements and tolerability within
the 11 Å channel. The cyclopropyl fused tetrahydrofuran ([3.1.0]
bridged system) in compound 13 and the [3.2.1] bridged system
in BRD7232 afforded good activity (Supplemental Table S2 for
IC50s across HDAC1–9) and metabolic stability. The relative stere-
ochemistry in BRD7232 was important as the bridged diastere-
omer, compound 14, was weakly active (Table 2). The absolute
stereochemistry of BRD7232 was determined by X-ray crystallog-
Please cite this article in press as: Wagner, F. F.; et al. Bioorg. Med. Che
raphy (Supplemental Fig. S2). The solid-state crystal structure
unequivocally demonstrated a syn stereochemistry as represented
in BRD7232.

In order to rationalize the effect of the bridged system in
BRD7232 on binding kinetics, the structure of hHDAC2 bound with
BRD7232 was obtained with a 1.72 Å resolution (Fig. 3A and B).
The oxabicyclo-octane moiety of BRD7232 is located in the lipo-
philic channel lined by Phe210, Phe155, Leu276 and the Zn2+

chelating His183. As shown in the space-filling representation in
Figure 3B, BRD7232 optimally fills and occludes the 11 Å channel
making Van Der Waals contacts with the channel wall and rim.
While the majority of backbone and side chains orientations
between the carbamide crystals structures were similar, we did
observe a �1.0 Å shift in Phe155 presumably to accommodate
the bridged bicycle. As predicted, the pyran ring of the oxabicy-
clo-octane moiety was locked into an energetically favored, ‘active’
chair-like conformation which allowed the pyran oxygen atom to
form a hydrogen bond with the bridging water molecule that
was also observed in the BRD4884:HDAC crystal structure
(Fig. 1A).

In order to further characterize the effect of these constrained
systems on binding, the kinetic binding parameters were deter-
mined for compound 13 and BRD7232 (Table 3).
m. (2016), http://dx.doi.org/10.1016/j.bmc.2016.06.040
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A. B.Surface binding domain

Figure 3. (A) Top view of the X-ray crystal structure of BRD7232 bound to h-HDAC2 superimposed with a solvent accessible surface. The hydrogen bond to the conserved
water is maintained; (B) same view with BRD7232 in space-filling representations.

Table 3
Kinetic parameters for BRD4884 and BRD7232

Kinetic parameters summary HDAC1 HDAC2 HDAC3

Kon

(min�1 lM�1)
Koff

(min�1)
T1/2
(min)

Ki

(lM)
Kon

(min�1 lM�1)
Koff

(min�1)
T1/2
(min)

Ki

(lM)
Kon

(min�1 lM�1)
Koff

(min�1)
T1/2
(min)

Ki

(lM)

BRD4884
O

NH

O

NH2

F

0.41 0.0345 20 0.084 0.014 0.0049 143 0.346 0.0013 0.0027 257 2.08

13

NH

O

NH2

F

O 0.17 0.053 13 0.312 0.017 0.012 58 0.706 0.0003 0.0032 217 10.7

BRD7232

NH

O

NH2

F

O
1.23 0.217 3 0.176 0.036 0.019 37 0.519 0.00061 0.0053 132 8.68

Bold numbers are meant for emphasis and these numbers are discussed in the text.

Figure 4. Simulated target engagement profiles for HDAC1, 2 and 3 in mouse brain for BRD4884 and BRD7232 with 10 mg/kg intra-peritoneal dose.
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Analysis of compound 13 kinetic parameters compared to
BRD4884 revealed a slow-on/faster-off kinetics for HDAC2, and
slower-on/fast-off kinetics for HDAC1. Combined, these changes
led to a significant decrease in residence time on HDAC2
Please cite this article in press as: Wagner, F. F.; et al. Bioorg. Med. Che
(T1/2 = 58 min for 13 vs 143 min for BRD4884). Analysis of
BRD7232 kinetic parameters (Table 3) revealed a slow-on/faster-
off kinetics for HDAC2, and faster-on/fast-off kinetics for HDAC1,
leading to an 12-fold longer residence time on HDAC2 (T1/2
m. (2016), http://dx.doi.org/10.1016/j.bmc.2016.06.040
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37 min) than on HDAC1 (T1/2 3 min; Table 3). Both compounds
demonstrated good selectivity relative to HDAC3 with minimal
affinity towards this isoform. When comparing BRD7232 to
BRD4884’s kinetic parameters, we observed that for HDAC1, both
the on-rate (kon) and off-rate (koff) are faster (3 to 6-fold) leading
to a significant decrease in residence time (less engagement) on
HDAC1. In comparison, for HDAC2, the on-rate was similarly faster
(3-fold), but the shift of the off-rate was not as significant (4-fold)
from BRD4884 to BRD7232.

To understand the impact of the kinetic binding parameters in
an in vivo setting, the target engagement profiles for HDAC1, 2
and 3 in brain were simulated by numerical integration of differen-
tial equations describing the enzyme states.19 Combining the
in vitro kinetic binding parameters, the in vivo pharmacokinetic
properties (including brain free fraction, Supplemental Fig. S3)
for each compound at equivalent doses (10 mg/kg ip, see Supple-
mental Fig. 1) and the HDAC enzyme concentration in brain20

(see Supporting information for detailed description of method
and input parameters), a model of target engagement versus time
was developed (Fig. 4). The system was assumed to be in rapid
equilibrium, while the inhibition complex was driven by the rate
constants kon and koff. Total enzyme concentration was fixed over
the course of all simulations and the intracellular enzyme concen-
tration was estimated for each isoform according to Wagner et al.7c

([HDAC1] = 0.57 lM, [HDAC2] = 0.74 lM, [HDAC3] = 2.0 lM). Good
correlation between in vitro and in vivo derived kinetic binding
parameters for HDACs 1, 2 and 3 has been demonstrated using
brain tissue autoradiography.20 As described in a previous report,16

this simulation helps define HDAC isoform selectivity in the
dynamic in vivo context.

The overall target engagement and exposure profile of BRD7232
on HDAC1 (42%, AUC = 56 h�1) compared to BRD4884 (68%,
AUC = 86 h�1) has been significantly reduced, from a peak of 67%
engagement to 41%, due to a much faster koff (6 times faster). While
the magnitude of target engagement of HDAC2 is very similar
between the two compounds (10–12%), the overall duration of tar-
get engagement has also been significantly reduced (AUC of 42 vs
25 h�1). BRD7232 engagement is limited to <3 h on all isoforms.
Both compounds exhibit high kinetic selectivity against HDAC3
throughout the simulation. While both BRD4884 and BRD7232
demonstrate kinetic selectivity for HDAC1 versus HDAC2,
BRD7232’s engagement of HDAC1 was significantly reduced, as
the engagement of HDAC2 remained similar to BRD4884. This
demonstrates that the binding kinetics of HDAC inhibitors can be
tuned to generate inhibitory compounds with varied target
engagement in terms of both magnitude and duration.
Please cite this article in press as: Wagner, F. F.; et al. Bioorg. Med. Che
Finally, we further validated the functional activity of
BRD7232 toward endogenous HDAC complexes in a cell-based
assay by measuring H3K9 and H4K12 acetylation changes in pri-
mary mouse neuronal culture. These two histone loci, while not
selectively deacetylated by HDAC1 and 2,8,12 are nevertheless
indicative of HDAC1,2 engagement and associated with active
transcription. Briefly, mouse forebrain primary neuronal cultures
were treated with compounds at 10 lM for 24 h prior to
measuring the acetylation status of H3K9 and H4K12 compared
to vehicle treatment (Fig. 5). Treatment with BRD4884 or
BRD7232 displayed significant increases in AcH4K12 and
AcH3K9 confirming HDAC1, 2 inhibition in a relevant cell based
context.
4. Conclusions

Following our initial report of kinetically selective HDAC2 inhi-
bitors, we now demonstrate that inhibitor binding kinetics for
HDACs 1 and 2 can also be tuned by modifying substituents occu-
pying the 11 Å channel. The X-ray crystal structure of human
HDAC2 in complex with BRD4884 and BRD7232 were solved with
excellent resolution and represent the first protein bound crystal
structures of non-benzamide ortho-aminoanilides. Additionally,
we demonstrate that these inhibitors display cell based functional
activity through significant increases in AcH4K12 and AcH3K9 in
primary neuronal cultures. These novel small molecule inhibitors,
which are characterized by different target engagement and bind-
ing kinetic profiles on HDAC1 and HDAC2, can be used as tools for
probing the biological functions and relevance of the different class
I HDAC isoforms. In particular, these compounds enable a refine-
ment of the required inhibitor target engagement (level and dura-
tion) to affect the desired pharmacodynamic (PD) response while
mitigating other known on-target toxicities, such as thrombocy-
topenia, that have been linked to the concomitant inhibition of
HDAC1 and HDAC2.10 Additional studies are needed to further
enhance the binding kinetics towards one or the other of these
highly homologous paralogs. We demonstrate that while a kineti-
cally selective HDAC1 inhibitor with high target engagement is
obtainable, a selective HDAC2 inhibitor with a similar binding
kinetics profile remains elusive. Additionally, experimental efforts
are underway to confirm these target engagement profiles in vivo.
The functional translation of these and other selective inhibitors
with higher order HDAC complexes, different cell types and tissues,
and their role in histone and non-histone acetylation as well as
gene expression, remain a field of continued research. Ultimately,
our studies open the way for the design of highly optimized selec-
tive small molecule HDAC inhibitors relying on structure–kinetic in
addition to structure–activity relationships.
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