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ABSTRACT: Histone deacetylase 11 (HDAC11) preferentially removes fatty acid residues from lysine side chains in a peptide
or protein environment. Here, we report the development and validation of a continuous fluorescence-based activity assay using
an internally quenched TNFα-derived peptide derivative as a substrate. The threonine residue in the +1 position was replaced
by the quencher amino acid 3′-nitro-L-tyrosine and the fatty acyl moiety substituted by 2-aminobenzoylated 11-
aminoundecanoic acid. The resulting peptide substrate enables fluorescence-based direct and continuous readout of
HDAC11-mediated amide bond cleavage fully compatible with high-throughput screening formats. The Z′-factor is higher than
0.85 for the 15 μM substrate concentration, and the signal-to-noise ratio exceeds 150 for 384-well plates. In the absence of
NAD+, this substrate is specific for HDAC11. Reevaluation of inhibitory data using our novel assay revealed limited potency and
selectivity of known HDAC inhibitors, including Elevenostat, a putative HDAC11-specific inhibitor.

■ INTRODUCTION

Reversible ac(et)ylation of lysine side chains has emerged as
one of the major regulatory mechanisms in living organisms. It
is involved in the modulation of protein−protein interactions,
protein localization and degradation, and moreover in
chromatin assembly, DNA repair, and metabolic stress
response. Acyl residues are introduced either by the action
of acetyltransferases using acyl-CoAs as cosubstrates or by
spontaneous reactions of acyl-CoA thioesters with the lysine
side chains. In the past 10 years, other types of acyl
modifications, propionylation,1 butyrylation,1 malonylation,2,3

succinylation,4 glutarylation,5 crotonylation,6 3-hydroxybutyr-
ylation,7 4-oxo-nonaoylation,8,9 hydroxyisobutyrylation,10 3-
hydroxy-3-methyl-glutarylation,11,12 3-methyl-glutaryla-
tion,11,12 3-methyl-glutaconylation,11,12 3-phosphoglyceryla-
tion,13 benzoylation,14 myristoylation,15 and stearoylation16

have been identified, thereby dramatically expanding the
portfolio of post-translation modifications controlling a
number of cellular processes.17,18

Removal of acyl residues from lysines is catalyzed by histone
deacetylases (HDACs). This reaction is more tightly regulated
by the substrate and acyl specificities of individual HDACs and
their spatiotemporal distribution within the cell. HDACs are
evolutionarily conserved among organisms. Based on sequence
homology and enzymatic mechanism, HDACs can be divided
into 4 classes. Members of classes I (HDAC 1, 2, 3, and 8), II
(HDAC4−7, 9 and 10), and IV (HDAC11) are Zn2+-
dependent hydrolases, while class III proteins (called sirtuins;
SIRT 1−7) use NAD+ as the cosubstrate for the transfer of the
acyl moiety from the lysine side chain to the ADP-ribosyl
fragment of NAD+ generating nicotinamide as the third
product of the reaction.19 Recently, our group and others
identified a robust defatty acylase activity for HDAC11,20−22

which may represent the major enzymatic activity of HDAC11
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in vivo. HDAC11 is involved in the regulation of the immune
system and the modulation of cancer growth,19,23 and very
recently, it has been demonstrated that HDAC11 knock-out
protects mice from high-fat diet-induced obesity and metabolic
syndrome,24 making HDAC11 an interesting target for the
treatment of cancer and obesity-related diseases.
There is only limited information on the development and

use of HDAC11-specific inhibitors. In 2017, Huang et al.
reported Elevenostat (compound JB3-22), the putative
HDAC11-specific inhibitor, to be effective in pharmacologic
modulation of functions of T-regulatory cells.25 Very recently,
the development of FT895, a hydroxamate-based small-
molecule compound, has been described by Martin et al.,26

and 2-carboxamidothiophene-based zinc ion chelating carbo-
hydrazides were shown to be selective HDAC11 inhibitors
active in vivo.27 Additionally, several pan-HDAC inhibitors
used in clinical trials, including romidepsin and trichostatin A
(TSA), are reported to have nanomolar potency for HDAC11.
At the same time, however, inhibitory constants of these and
other small molecules toward HDAC11 listed in the ChemBL
database are somewhat inconsistent, and these inconsistencies
may stem from different assay conditions (pH values, the
presence of additives like bovine serum albumin (BSA) or
detergents, and substrate concentrations) as well as the use of
suboptimal substrates like acetylated peptides, which are very
poorly accepted by HDAC11. Consequently, we believe that
reevaluation of some of these findings would be valuable for
the scientific community focused on biological experiments in
the future.
The detection of HDAC activity is often coupled to a

separation of a substrate and its reaction product. Different
methods are used for such separation steps, including capillary
electrophoresis,28 microchip electrophoresis,29 microfluidic
mobility assay,30,31 polyacrylamide gel electrophoresis,32

high-performance liquid chromatography (HPLC),33−36 thin-
layer chromatography,37 charcoal-binding,38 binding to bor-
onic acid resins,39 and extraction with organic solvents.40

Owing to this additional separation step, the resulting assay
format is discontinuous and not suited for high-throughput
applications. Alternatively, mass spectrometry could be used
for the separation of the substrate and the reaction
product.41,42 Matrix assisted laser desorption ionization-time
of flight mass spectrometry readout, in combination with
peptide derivatives immobilized on glass surfaces, was used for
the systematic profiling of substrate specificity of HDAC2,
HDAC3, and HDAC8.43,44 Additionally, HDAC activity
patterns could be determined in cell lysates using this
technique.45 Moreover, the same technology uncovered the
dependence of the HDAC8 substrate specificity on the nature
of the metal ion within the active site.46 Alternative approaches
make use of reagents sensing either the acetylated substrates,
like acetyllysine recognizing antibodies,47−52 or the reaction
products. The release of radioisotopically labeled acetate was
used to analyze HDAC activity.53−56 More recently, acetate
could be captured by coupling to an enzymatic reaction,57 and
a chemical reaction was used to trap the HDAC8-mediated
release of thioacetate yielding a chromophore.58 Reagents for
the detection of the generated primary amine in the peptide
product could either be chemicals, like biotin-containing active
esters or activated fluorescent dyes, reacting with the lysine
side chain59,60 or intramolecular reactions, like transesterifica-
tion with a coumarin dye,61 which is only possible if the lysine
side chain is released by HDAC activity.62−65 Additionally,

aggregation-induced emission66,67 and modulation of binding
to DNA68,69 were used to probe HDAC activity.
An interesting alternative is the coupling of the HDAC-

mediated reaction to a proteolytic reaction using proteases,
specific for the free lysine side chain in the reaction
product.34,56,70,71 The fluorescence-based readout for the
proteolytic reaction is common to increase the sensitivity of
the assay. Commercially available HDAC substrates are fused
to 7-amino-4-methylcoumarin, resulting in bright fluorescence
subsequent to cleavage of the lysinyl-coumaryl amide
bond.72−78 However, as the proteolytic stability of different
HDACs against the developer proteases is limited, most
protease-coupled HDAC assays have to be performed in a
discontinuous manner. The additional disadvantage stems
from the fact that the substituted coumaryl moiety represents
an artificial residue within the HDAC substrate preventing the
investigation of substrate specificities in +1, +2, etc. positions.
Moreover, it was demonstrated that profiling of HDAC activity
with substrates containing coumaryl fluorophores yielded
results different from screening results with more natural
substrates, including artificially enhanced affinity to the active
site (HDAC6) or loss of sequence specificity (HDAC4).79

Additionally, substrates of this type are characterized by
suboptimal KM-values in the high micromolar range.
Continuous assays without coupling to enzymatic or

chemical reactions are described for sirtuins.80,81 In these
cases, a fluorophore or a quencher is an integral part of the acyl
moiety linked to the lysine side chain. Such an approach is not
feasible for HDACs of classes I and II because their narrow
acyl binding pockets cannot accommodate acyl groups
decorated with bulky fluorophore moieties. In contrast,
HDAC11 is able to remove hydrophobic, long-chain acyl
residues from lysine side chains,20−22 and therefore, we
wondered if continuous substrates described for sirtuins are
suitable for the determination of HDAC11 activity. Here, we
report the development of a continuous and direct activity
assay for HDAC11 based on internal fluorescence quenching.
Using this novel HDAC11 activity assay in comparison to the
data generated using a commercially available trifluoroacety-
lated lysine derivative, we were able to reevaluate the potency
of known HDAC inhibitors including Elevenostat, Pracinostat,
Quisinostat, Dacinostat, Trapoxin A, and Romidepsin. Addi-
tionally, we were able to demonstrate that this HDAC11
activity assay is fully compatible with high-throughput
screening formats.

■ RESULTS
Continuous and Direct Activity Assay for HDAC11.

HDAC11 is able to remove decanoyl, dodecanoyl, and
myristoyl residues from lysine side chains in the sequence
context of a substrate sequence derived from peptide
microarray experiments.22 We wondered if the active site of
HDAC11 could adopt an aminoundecanoic acid residue,
which is acylated by anthranilic acid. In the past, we were able
to demonstrate that such modification of the acyl moiety is
well tolerated by most of the class III HDACs (sirtuins).81

Fluorescence of the anthraniloylamide is efficiently quenched
by a 3-nitrotyrosine residue in the +1 position of a TNFα-
derived peptide substrate 1, resulting in an increase of
fluorescence subsequent to HDAC11 treatment (Figure S2).
We used substrate 1 (see Figure 1) because it is derived from a
known in vivo myristoylation site.82 First, we analyzed the
substrate properties using human HDAC11 in combination
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with an HPLC-based assay as described.20 Substrate 1 is well
accepted by HDAC11 with a specificity constant very similar
to the values for trifluoroacetylated substrates used in protease-
coupled assay formats. To increase the wavelength used for the
excitation of fluorescence, we generated peptidic substrate 2
(Figure 1) equipped with a sterically more demanding
fluorophore. Using an HPLC-based activity assay, we were
able to demonstrate the cleavage of the amide bond at the side
chain of the lysine residue but with very poor kinetics (Figure
S3). After treatment with 500 nM HDAC11 for 1 h, around
6% substrate conversion could be detected. Obviously, the
hydrophobic pocket of HDAC11 accepting the acyl lysine is
sensitive to sterically more demanding moieties, at least at the
distal positions.
When fluorescence change was monitored over time, the

resulting progress curves at different concentrations of
HDAC11 were linear up to 25% conversion of the substrate.
In the absence of HDAC11, a slight fluorescence decrease of
7% of the total fluorescence intensity is detectable after 30 min
(Figure 1a). The slope of the fluorescence increases of reaction
solutions containing 1 and HDAC11 is dependent on the
enzyme concentration, resulting in a linear correlation between
the HDAC11 amount and the reaction rate (Figure 1b). This
dependence on enzyme concentration demonstrates that the
measured signal increase is caused by the enzyme-mediated
cleavage of the amide bond and not by fluorescence artifacts.
Therefore, peptide derivative 1 could be used for the recording
of HDAC11 activity in a continuous format. For the generation
of appropriate calibration curves, N-(2-aminobenzoyl)-11-
aminoundecanoic acid, the reaction product, was used. We
found a pronounced dependence of HDAC11 activity on the

concentration of bovine serum albumin (BSA) in the assay
buffer (Figure 2c). Therefore, all measurements were
performed in the presence of 2 mg/mL of BSA. To ensure
that this concentration of BSA does not affect the inhibitor’s
potency, we have tested the quisinostat as a representative of
moderately active inhibitors in different concentrations of BSA
in the buffer. No decisive effect of BSA on the activity of the
inhibitor was observed at concentrations tested (Supporting
Information Figure S5). To demonstrate that the activity assay
is useful for high-throughput screenings, we performed
measurements in 96-, 384-, and 1536-well microtiter plates
(Figure 2d) yielding excellent Z′-factors of 0.85 for 1 at 15 μM
concentration. The KM values determined using the different
microtiter plate formats are very similar, and the resulting
specificity constants are in the range of 11 000 to 13 000 M−1

s−1 (Figure 2).
Because HDAC8 is the only other Zn2+-dependent HDAC,

which is able to accept longer acyl moieties, we tested peptides
1 and 2 as HDAC8 substrates using an HPLC-based activity
assay. We found less than 1% cleavage using 500 nM HDAC8
for 4 h, with a 20 μM peptide substrate. Thus, in the absence
of NAD+, which prevents any action of sirtuins against 1,
peptidic substrate 1 could be considered as an HDAC11-
specific substrate.

Reevaluation of known HDAC Inhibitors Using
Peptidic Substrate 1 and Trifluoroacetyllysine Deriva-
tive 3. Most of the typical HDAC inhibitors are not active
against HDAC11. Nevertheless, several inhibitors were
described for HDAC11 with IC50 values in the low nanomolar
range. Trapoxin A is an inhibitor of HDAC11 activity with an
IC50 value of 170 nM and a Ki value of 24 nM if a
myristoylated peptidic substrate was used for activity measure-
ments. We determined the IC50-value for Trapoxin A-mediated
HDAC11 inhibition using 1 to validate the continuous and
fluorescence-based activity assay. We found an IC50 value of 10
nM (Table 1), which is in good agreement with the data from
the literature. TSA is an inhibitor for HDAC11 with described
affinities between 14 nM83 and 32 μM.21 If measured with an
acetylated fluorogenic pentapeptide derived from p53, an IC50
value of 17 nM was reported.84 In contrast, no efficient
inhibition by TSA could be detected using a myristoylated
peptidic derivative with an estimated IC50 value of 32 μM.21

We used 1 to reanalyze the effect of TSA on HDAC11 activity
and obtained less than 50% inhibition at 20 μM inhibitor
resulting in an IC50 of 22 μM (Table 1). This demonstrates
that substrate 1 yielded results closer to results found using
myristoylated substrates. For comparison, we profiled TSA-
mediated inhibition of HDAC11 with the trifluoroacetylated
lysine derivative 3 and again found no effective inhibition (an
IC50 value of 10 μM). Similarly, we analyzed romidepsin, a
cyclic peptidic inhibitor used in the clinic. An IC50 value of 0.3
nM85 could not be confirmed using either substrate 1 or 3
(Table 1). In our hands, romidepsin is active against HDAC11
with the IC50 value in the low μM range. This finding is
supported by the reported IC50 value of higher than 10 μM if a
trifluoroacetylated substrate peptide was used.86 To our
surprise, several inhibitors that are described to be highly
efficient against HDAC11, like Dacinostat, Elevenostat,
Pracinostat, Mocetinostat, and Quisinostat, are not so effective
if analyzed using substrates 1 and 3 (Table 1). In all cases, the
reported values were generated using acetylated substrates. On
the other hand, we were able to confirm the efficient inhibition
of HDAC11 by fimepinostat using substrate 1, demonstrating

Figure 1. General structure of the substrates. Peptide substrates 1 and
2 were derived from the known myristoylation site TNFα-Lys20.15

The naturally occurring threonine residue in +1 position is replaced
by the quencher L-3-nitrotyrosine. The lysine side chain correspond-
ing to Lys20 of TNFα is acylated with fluorescent N-anthraniloylated
(peptide 1) or N-(4-N,N-dimethylamino-1,8-naphthalimido)acetyl
(peptide 2) 11-aminoundecanoic acid. Lysine derivative 3 represents
the commercially available trifluoroacetylated HDAC substrate.
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that 1 is suitable for inhibitor screenings resulting in less false
positives compared to screenings with acetylated substrates.

■ DISCUSSION

HDAC11 is one of the least studied HDAC isoforms. To
evaluate its biological function, highly efficient tools are
needed, like compound selectively inhibiting HDAC11 with
high affinity. Screening of large compound libraries is limited
by the complex assays known for HDAC activity measure-
ments. Most of the fluorogenic assays are discontinuous
because of the limited stability of the HDACs against the
developer protease used. Alternative assays, like HPLC-based
or MS-based formats, are very time consuming, and therefore
not suited for HTS applications. Moreover, HDAC11 is unique
in the sense of substrate specificity. It has very poor activity
against acetylated substrates but robust activity on trifluor-
oacetylated substrates and substrates with decanoylated or
myristoylated lysine side chains. Based on this knowledge, we
developed peptidic substrate 1, which is from the structural
point of view closer to the myristoylated in vivo substrates. We
then used this substrate to reevaluate some of the HDAC
inhibitors, especially compounds described to be efficient
against HDAC11 (Table 1, Figure 3). There are two major
findings. First, effective inhibitors identified using either

trifluoroacetylated substrates (Fimepinostat)87 or myristoy-
lated substrates (Trapoxin A21) could be confirmed using
substrate 1. Second, effective compounds identified using
acetylated substrates are not so effective if analyzed using
either 1 or 3 (Table 1). The very poor activity of HDAC11
against acetylated substrates generates a problem if the enzyme
preparation is contaminated with traces of HDACs that are
highly active against acetylated substrates. Such contamina-
tions are probably because most of the commercially available
HDAC11 preparations have suboptimal purity. Depending on
the respective kinetic constants, contaminating HDAC
amounts less than 0.1 percent (which is hardly visible in
PAGE gels) could generate a robust signal leading to false-
positive screening hits. This situation is better if trifluoroacety-
lated substrates are used because HDAC11 is more active in
such cases. Nevertheless, other HDACs like HDAC4, 5, 7, 8,
and 9 are known to recognize trifluoroacetyllysine substrates
with substantially higher efficacy. Substrate 1 is optimal for
HDAC11 measurements because this is the only isoform that
is able to handle this acyl moiety. In principle, sirtuins 1−6 can
deacylate substrate 1, but for that reaction, the presence of the
NAD+ cosubstrate is necessary.81

Careful inspection of the presented IC50 values in Table 1
uncovers higher IC50 values for measurements performed with
substrate 1 compared to lysine derivative 3 resulting in up to 5-

Figure 2. Fluorescence measurements using substrate 1. (A) Fluorescence change as a function of time. The excitation/emission wavelengths were
set at 330 ± 75/430 ± 8 nm, respectively. The reaction was performed with the 15 μM substrate and 30 nM HDAC11 (blue dots) as well without
enzyme (gray dots). (B) Fluorescence change as a function of the HDAC11 concentration. The reactions were performed with 100, 67, 44, 30, 20,
13, 9, and 6 nM HDAC11 and 50 μM substrate. (C) Velocity of the product formation as a function of BSA concentration in the buffer. The
substrate concentration (peptide 1) was 20 μM and HDAC11 concentration was 30 nM. The experiment was performed once with n = 6, and the
error bars show the standard deviation (SD). (D) Steady-state kinetics of HDAC11 with compound 1. Reactions were performed using 30 nM
HDAC11 and varying concentrations of 1 (0.1−70 μM). The results are from two independent experiments, and each experiment was done with n
= 3 (96 well), n = 4 (384 well), and n = 6 (1536 well) replicates, and the error bars show the standard deviation. The velocity v means product
formation per time unit and per active site. The resulting kinetic constants of the fit are summarized in the table below.
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fold differences. These differences are smaller if the respective
Ki-values are calculated because of the much better KM value of
substrate 1 (Figure 4, Table S3). Additionally, differences in
inhibition constants depending on the chemical nature of the
used substrate are known in the field of sirtuin research88 and
for HDAC8. Sippl et al. were able to demonstrate that IC50
values can differ up to 10-fold, depending on the used
substrate.89

In summary, we developed an efficient and HDAC11-
selective substrate enabling high-throughput screening of
inhibitor libraries yielding reduced false-positive hits.

■ MATERIALS AND METHODS
Chemicals. All chemicals were purchased from Sigma

(Saint Louis) if not denoted otherwise. Trifluoroacetic acid
(TFA) was obtained from Roth (Karlsruhe, Germany).
Peptidic substrate 1 is commercially available from JPT
Peptide Technologies (Berlin, Germany) and lysine derivative
3 was purchased from Bachem (Bubendorf, Switzerland;
#4060676).
The synthesis of all peptidic substrates is described.20,81

HDAC inhibitors were purchased from Selleckchem and
Cayman Chemical.
HDAC11 Expression and Purification. Full-length

human HDAC11 was expressed and purified as described
previously.20 Briefly, HDAC11 was expressed using HEK-293/
T17 cells following transient transfection mediated by linear
polyethylene imine (PEI; Polysciences Inc., Warrington, PA).
Three days after transfection, cells were harvested by
centrifugation at 500g for 10 min and suspended in a lysis
buffer (50 mM Tris, 150 mM NaCl, 10 mM KCl, 2 mM
MgCl2, 10% glycerol, pH 8) supplemented with benzonase (2

U/mL; Merck, Darmstadt, Germany) and a cocktail of
protease inhibitors (Roche, Basel, Switzerland). Cell lysis was
enhanced by the addition of Igepal-630 (final concentration
0.2%), followed by incubation for 30 min at 4 °C. The cell
lysate was cleared by centrifugation at 40 000g for 30 min at 4
°C, and the supernatant was loaded on a Strep-Tactin column
(IBA, Gottingen, Germany) previously equilibrated in the lysis
buffer. The column was first washed with the lysis buffer
supplemented with 2 mM ATP and 10 mM MgSO4, followed
by the second wash with the elution buffer (50 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 100
mM NaCl, 50 mM KCl, 10% glycerol, pH 7.5). Fusion
proteins were eluted with the elution buffer supplemented with
3 mM desthiobiotin. Eluted proteins were concentrated to 2
mg/mL and flash-frozen in liquid nitrogen.

Continuous Fluorescence Assay. The assay was carried
out as described previously with a slight modification.81 The
fluorescence measurements were performed using a fluores-
cence spectrophotometer CLARIOstar (BMG Labtech GmbH,
Ortenberg, Germany) at λex = 310 nm and λem = 405 nm. The
reaction mixture consisted of HDAC11, and the substrate in a
reaction buffer comprising 50 mM HEPES, 140 mM NaCl, 10
mM KCl, 2 mg/mL BSA, and 1 mM TCEP, at pH 7.4 was
adjusted with NaOH (total volume 50 μL). The reactions were
incubated in black 384-well plates for 60 min at 37 °C, and the
increase of relative fluorescence reflecting the product
formation was monitored. This signal was converted into
product concentration via calibration curves of free N-(2-
aminobenzoyl)-11-aminoundecanoic acid, the product of the
reaction. For the determination of kinetic constants, 20 nM
HDAC11 and the substrate in the concentration range of
0.04−200 μM were used. The slope of the linear regression of
product formation against time yielded the reaction velocity
rates in μM/s. Kinetic constants (KM and kcat) were obtained
by nonlinear regression analysis according to Michaelis−
Menten.

HPLC-Based Assay. The determination of kinetic con-
stants and IC50 values of inhibitors was carried out in parallel
to the continuous fluorescence assay by discontinuous assays
analyzed by means of reversed-phase high-performance liquid
chromatography (RP-HPLC). The reaction buffer, concen-
tration of enzyme, substrates, and inhibitors were carried out as
described above. The reaction was quenched by the addition of
0.5% acetic acid after 30 min of incubation and centrifuged at
2000g at 37 °C for 15 min to remove precipitated BSA and
HDAC11. The reactions were analyzed by RP-HPLC
(Shimadzu, HPLC Prominence system) with a Kinetex 2.6
μm XB-C18 100 Å column (100 × 3 mm; Phenomenex,
Torrance, CA). The mobile phase A was 5% acetonitrile with
0.1% (v/v) TFA and the mobile phase B was 95% acetonitrile
with 0.1% (v/v) TFA. The separation of the reaction product
from the acylated substrate was performed in a 12-min linear
gradient from 10 to 60% of eluent B at a flow rate of 0.6 mL/
min. The product and substrate peaks were quantified using
the absorbance at 365 nm (absorption of the 3-nitrotyrosyl
moiety) to verify the results of the fluorescence assay.

Discontinuous Fluorescence-Based Assay using Boc-
Lys(TFA)-7-amino-methylcoumarylamide Derivative.
The assay was carried out using the commercially available
substrate 3 as described previously with a slight modification.90

Briefly, 60 nM HDAC11 was incubated with an inhibitor in the
concentration range of 0.006−100 000 nM. The reaction was
started with the 10 μM substrate and quenched after 30 min at

Table 1. IC50 Values for Listed Inhibitors were Determined
Using the Peptidic Substrate 1 (15 μM of 1 and 20 nM
HDAC11) and Lysine Derivative 3 (10 μM 3 and 60 nM
HDAC11) and Compared to IC50 Values found in the
Literature

compound
compound

class

IC50 (nM)
peptide

derivative 1

IC50 (nM)
lysine

derivative 3
IC50 (nM)
reported

dacinostat
(NVP-
LAQ824)

hydroxamic
acids

9400 ±
1200

3930 ± 80 5.693

elevenostat
(JB3-22)

hydroxamic
acids

17 700 ±
2700

5810 ±
470

23525

fimepinostat
(CUDC-907)

hydroxamic
acids

23 ± 3 16 ± 7 5.487

mocetinostat
(MGCD0103)

benzamides >40 000 >40 000 590;94 19595

nexturastat A hydroxamic
acids

>40 000 8330 ±
1780

pracinostat
(SB939)

hydroxamic
acids

34 800 ±
10 800

28 000 ±
360

9396

quisinostat
(JNJ-
26481585)

hydroxamic
acids

3270 ± 280 1770 ±
270

0.3795

ricolinostat
(ACY1215)

hydroxamic
acids

12 300 ±
1700

5380 ±
360

>10 00097,98

romidepsin
(FK228)

cyclic
peptides

2700 ± 60 4810 ± 40 0.3;85 >10 00086

trapoxin A cyclic
peptides

10 ± 1.4 78 ± 2 17021

trichostatin hydroxamic
acids

22 000 ±
6800

10 300 ±
1900

14;83 17;84 25;99

31;100 15;101

32 00021

valproate aliphatic acids >40 000 >40 000
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37 °C by the addition of 20 μL of trypsin solution (2 mg/mL
trypsin, 20 mM Tris−HCl, 150 mM NaCl, 1 mM EDTA; pH
7.4). Following the 60 min incubation at 37 °C, a fluorescence
signal of released aminomethylcoumarin was quantified using a
CLARIOstar fluorimeter (BMG Labtech GmbH, Ortenberg,
Germany) with excitation/emission wavelengths set at 365/
440 nm, respectively.
Determination of Inhibition Constants. For the

determination of IC50 values, 20 nM HDAC11 was

preincubated 10 min with an inhibitor in the concentration
range of 0.006−100 000 nM, and the reaction was started by
the addition of 15 μM of substrate 1. The data were fitted
using GraphPad Prism software, and IC50 values were
calculated by nonlinear regression analysis. The inhibitor-free
and enzyme-free controls were defined as 100 and 0%
HDAC11 activity, respectively. All measurements were
performed in duplicates.

Determination of Kinetic Constants. The assay was
carried out as described previously with a slight modification.91

The fluorescence measurements were performed with an
EnVision 2104 Multilabel reader (Perkin Elmer, Waltham). An
excitation filter with λ = 330 ± 75 nm and an emission filter
with λ = 430 ± 8 nm (percent of excitation light = 2%,
detector gain = 50, flashes per A/D conversion = 1, and
number of flashes = 30). The reaction mixture containing
peptide 1 in various concentrations and assay buffer (20 mM
phosphoric acid pH 7.4 adjusted with NaOH and 2 mg/mL
BSA) was incubated at 25 °C in a 96-well plate for at least 5
min. The reaction was started with the addition of HDAC11 to
a final concentration of 30 nM and a total volume of 100 μL
per well. For the measurements in the 384-well plate and the
1536-well plate, the reaction mixture (composition like above)
was incubated for at least 5 min in a clear 96-well plate. The
reaction was started with the addition of HDAC11, and the
reaction mixture with the enzyme was transferred to the

Figure 3. Structures of inhibitors used in this study.

Figure 4. Determination of IC50 values for CUDC-907 using
substrates 1 and 3. Ki-values were calculated with the Cheng−Prusoff
relationship.102 The KM-value used for the calculation for compound
1 was 12 μM and for compound 3 200 μM.
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-appropriate well plate (384-well plate with 20 μL per well and
1536-well plate with 9 μL per well). The increase of relative
fluorescence intensity reflecting product formation was
monitored and the signal was converted via calibration lines
of free N-(2-aminobenzoyl)-11-aminoundecanoic acid, the
fluorescent product of the reaction. For the determination of
kinetic constants, 30 nM HDAC11 and the substrate in the
concentration range of 0.04−70 μM were used. The initial
slope of the linear regression of product formation against time
yielded the reaction velocity rates in μM/s. Kinetic constants
(KM and kcat) were obtained by nonlinear regression according
to Michaelis−Menten.
Z′ Factor Determination. The Z′-factor is a dimension-

less statistical parameter for high-throughput screening
assays.92 The Z′-factor was calculated from the mean of the
initial slope from the change of the fluorescence intensity over
time with 15 μM peptide 1 and 30 nM HDAC11 (mean
(100%)). The negative control was determined in the same
way without enzyme (mean (0%)). The standard deviation
(SD) was calculated from 3 technical replicates (96-well plate),
6 technical replicates (384-well plate), and 8 replicates (1536-
well plate). The fluorescence intensity was measured with an
EnVision Multilabel reader as described above. The Z′-factor
was determined with the following equation.

Z 1
3SD(100%) 3SD(0%)

mean(100%) mean(0%)
′ = − +

| − |
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Schwienhorst, A. Factors affecting the substrate specificity of histone
deacetylases. Biochem. Biophys. Res. Commun. 2007, 357, 439−445.
(73) Wegener, D.; Hildmann, C.; Riester, D.; Schober, A.; Meyer-
Almes, F.-J.; Deubzer, H. E.; Oehme, I.; Witt, O.; Lang, S.; Jaensch,
M.; Makarov, V.; Lange, C.; Busse, B.; Schwienhorst, A. Identification
of novel small-molecule histone deacetylase inhibitors by medium-
throughput screening using a fluorigenic assay. Biochem. J. 2008, 413,
143−150.
(74) Ciossek, T.; Julius, H.; Wieland, H.; Maier, T.; Beckers, T. A
homogeneous cellular histone deacetylase assay suitable for
compound profiling and robotic screening. Anal. Biochem. 2008,
372, 72−81.
(75) Wegener, D.; Hildmann, C.; Riester, D.; Schwienhorst, A.
Improved fluorogenic histone deacetylase assay for high-throughput-
screening applications. Anal. Biochem. 2003, 321, 202−208.
(76) Wegener, D.; Wirsching, F.; Riester, D.; Schwienhorst, A. A
fluorogenic histone deacetylase assay well suited for high-throughput
activity screening. Chem. Biol. 2003, 10, 61−68.
(77) Bradner, J. E.; West, N.; Grachan, M. L.; Greenberg, E. F.;
Haggarty, S. J.; Warnow, T.; Mazitschek, R. Chemical phylogenetics
of histone deacetylases. Nat. Chem. Biol. 2010, 6, 238−243.
(78) Lahm, A.; Paolini, C.; Pallaoro, M.; Nardi, M. C.; Jones, P.;
Neddermann, P.; Sambucini, S.; Bottomley, M. J.; Lo Surdo, P.; Carfí,
A.; Koch, U.; Francesco, R.; de; Steinkühler, C.; Gallinari, P.
Unraveling the hidden catalytic activity of vertebrate class IIa histone
deacetylases. Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 17335−17340.
(79) Toro, T. B.; Bryant, J. R.; Watt, T. J. Lysine Deacetylases
Exhibit Distinct Changes in Activity Profiles Due to Fluorophore
Conjugation of Substrates. Biochemistry 2017, 56, 4549−4558.
(80) Kawaguchi, M.; Ikegawa, S.; Ieda, N.; Nakagawa, H. A
Fluorescent Probe for Imaging Sirtuin Activity in Living Cells, Based
on One-Step Cleavage of the Dabcyl Quencher. ChemBioChem 2016,
17, 1961−1967.
(81) Schuster, S.; Roessler, C.; Meleshin, M.; Zimmermann, P.;
Simic, Z.; Kambach, C.; Schiene-Fischer, C.; Steegborn, C.; Hottiger,
M. O.; Schutkowski, M. A continuous sirtuin activity assay without
any coupling to enzymatic or chemical reactions. Sci. Rep. 2016, 6,
No. 22643.
(82) Jiang, H.; Khan, S.; Wang, Y.; Charron, G.; He, B.; Sebastian,
C.; Du, J.; Kim, R.; Ge, E.; Mostoslavsky, R.; Hang, H. C.; Hao, Q.;
Lin, H. SIRT6 regulates TNF-α secretion through hydrolysis of long-
chain fatty acyl lysine. Nature 2013, 496, 110−113.
(83) Neelarapu, R.; Holzle, D. L.; Velaparthi, S.; Bai, H.;
Brunsteiner, M.; Blond, S. Y.; Petukhov, P. A. Design, synthesis,
docking, and biological evaluation of novel diazide-containing

ACS Omega Article

DOI: 10.1021/acsomega.9b02808
ACS Omega 2019, 4, 19895−19904

19903

http://dx.doi.org/10.1021/acsomega.9b02808


isoxazole- and pyrazole-based histone deacetylase probes. J. Med.
Chem. 2011, 54, 4350−4364.
(84) Yu, C.-W.; Chang, P.-T.; Hsin, L.-W.; Chern, J.-W. Quinazolin-
4-one derivatives as selective histone deacetylase-6 inhibitors for the
treatment of Alzheimer’s disease. J. Med. Chem. 2013, 56, 6775−6791.
(85) Salvador, L. A.; Park, H.; Al-Awadhi, F. H.; Liu, Y.; Kim, B.;
Zeller, S. L.; Chen, Q.-Y.; Hong, J.; Luesch, H. Modulation of Activity
Profiles for Largazole-Based HDAC Inhibitors through Alteration of
Prodrug Properties. ACS Med. Chem. Lett. 2014, 5, 905−910.
(86) Yao, Y.; Tu, Z.; Liao, C.; Wang, Z.; Li, S.; Yao, H.; Li, Z.; Jiang,
S. Discovery of Novel Class I Histone Deacetylase Inhibitors with
Promising in Vitro and in Vivo Antitumor Activities. J. Med. Chem.
2015, 58, 7672−7680.
(87) Chen, Y.; Wang, X.; Xiang, W.; He, L.; Tang, M.; Wang, F.;
Wang, T.; Yang, Z.; Yi, Y.; Wang, H.; Niu, T.; Zheng, L.; Lei, L.; Li,
X.; Song, H.; Chen, L. Development of Purine-Based Hydroxamic
Acid Derivatives: Potent Histone Deacetylase Inhibitors with Marked
in Vitro and in Vivo Antitumor Activities. J. Med. Chem. 2016, 59,
5488−5504.
(88) Spiegelman, N. A.; Price, I. R.; Jing, H.; Wang, M.; Yang, M.;
Cao, J.; Hong, J. Y.; Zhang, X.; Aramsangtienchai, P.; Sadhukhan, S.;
Lin, H. Direct Comparison of SIRT2 Inhibitors: Potency, Specificity,
Activity-Dependent Inhibition, and On-Target Anticancer Activities.
ChemMedChem 2018, 13, 1890−1894.
(89) Kannan, S.; Melesina, J.; Hauser, A.-T.; Chakrabarti, A.;
Heimburg, T.; Schmidtkunz, K.; Walter, A.; Marek, M.; Pierce, R. J.;
Romier, C.; Jung, M.; Sippl, W. Discovery of inhibitors of
Schistosoma mansoni HDAC8 by combining homology modeling,
virtual screening, and in vitro validation. J. Chem. Inf. Model. 2014, 54,
3005−3019.
(90) Riester, D.; Wegener, D.; Hildmann, C.; Schwienhorst, A.
Members of the histone deacetylase superfamily differ in substrate
specificity towards small synthetic substrates. Biochem. Biophys. Res.
Commun. 2004, 324, 1116−1123.
(91) Roessler, C.; Nowak, T.; Pannek, M.; Gertz, M.; Nguyen, G. T.
T.; Scharfe, M.; Born, I.; Sippl, W.; Steegborn, C.; Schutkowski, M.
Chemical probing of the human sirtuin 5 active site reveals its
substrate acyl specificity and peptide-based inhibitors. Angew. Chem.,
Int. Ed. 2014, 53, 10728−10732.
(92) Zhang, J. H. A Simple Statistical Parameter for Use in
Evaluation and Validation of High Throughput Screening Assays. J.
Biomol. Screening 1999, 4, 67−73.
(93) Auzzas, L.; Larsson, A.; Matera, R.; Baraldi, A.; Deschen̂es-
Simard, B.; Giannini, G.; Cabri, W.; Battistuzzi, G.; Gallo, G.; Ciacci,
A.; Vesci, L.; Pisano, C.; Hanessian, S. Non-natural macrocyclic
inhibitors of histone deacetylases: design, synthesis, and activity. J.
Med. Chem. 2010, 53, 8387−8399.
(94) Zhou, N.; Moradei, O.; Raeppel, S.; Leit, S.; Frechette, S.;
Gaudette, F.; Paquin, I.; Bernstein, N.; Bouchain, G.; Vaisburg, A.; Jin,
Z.; Gillespie, J.; Wang, J.; Fournel, M.; Yan, P. T.; Trachy-Bourget,
M.-C.; Kalita, A.; Lu, A.; Rahil, J.; MacLeod, A. R.; Li, Z.; Besterman,
J. M.; Delorme, D. Discovery of N-(2-aminophenyl)-4-(4-pyridin-3-
ylpyrimidin-2-ylamino)methylbenzamide (MGCD0103), an orally
active histone deacetylase inhibitor. J. Med. Chem. 2008, 51, 4072−
4075.
(95) Arts, J.; King, P.; Marien̈, A.; Floren, W.; Belien̈, A.; Janssen, L.;
Pilatte, I.; Roux, B.; Decrane, L.; Gilissen, R.; Hickson, I.; Vreys, V.;
Cox, E.; Bol, K.; Talloen, W.; Goris, I.; Andries, L.; Du Jardin, M.;
Janicot, M.; Page, M.; van Emelen, K.; Angibaud, P. JNJ-26481585, a
novel “second-generation” oral histone deacetylase inhibitor, shows
broad-spectrum preclinical antitumoral activity. Clin. Cancer Res.
2009, 15, 6841−6851.
(96) Novotny-Diermayr, V.; Sangthongpitag, K.; Hu, C. Y.; Wu, X.;
Sausgruber, N.; Yeo, P.; Greicius, G.; Pettersson, S.; Liang, A. L.; Loh,
Y. K.; Bonday, Z.; Goh, K. C.; Hentze, H.; Hart, S.; Wang, H.;
Ethirajulu, K.; Wood, J. M. SB939, a novel potent and orally active
histone deacetylase inhibitor with high tumor exposure and efficacy in
mouse models of colorectal cancer. Mol. Cancer Ther. 2010, 9, 642−
652.

(97) Yang, Z.; Wang, T.; Wang, F.; Niu, T.; Liu, Z.; Chen, X.; Long,
C.; Tang, M.; Cao, D.; Wang, X.; Xiang, W.; Yi, Y.; Ma, L.; You, J.;
Chen, L. Discovery of Selective Histone Deacetylase 6 Inhibitors
Using the Quinazoline as the Cap for the Treatment of Cancer. J.
Med. Chem. 2016, 59, 1455−1470.
(98) Santo, L.; Hideshima, T.; Kung, A. L.; Tseng, J.-C.; Tamang,
D.; Yang, M.; Jarpe, M.; van Duzer, J. H.; Mazitschek, R.; Ogier, W.
C.; Cirstea, D.; Rodig, S.; Eda, H.; Scullen, T.; Canavese, M.; Bradner,
J.; Anderson, K. C.; Jones, S. S.; Raje, N. Preclinical activity,
pharmacodynamic, and pharmacokinetic properties of a selective
HDAC6 inhibitor, ACY-1215, in combination with bortezomib in
multiple myeloma. Blood 2012, 119, 2579−2589.
(99) Muthyala, R.; Shin, W. S.; Xie, J.; Sham, Y. Y. Discovery of 1-
hydroxypyridine-2-thiones as selective histone deacetylase inhibitors
and their potential application for treating leukemia. Bioorg. Med.
Chem. Lett. 2015, 25, 4320−4324.
(100) Marek, L.; Hamacher, A.; Hansen, F. K.; Kuna, K.; Gohlke,
H.; Kassack, M. U.; Kurz, T. Histone deacetylase (HDAC) inhibitors
with a novel connecting unit linker region reveal a selectivity profile
for HDAC4 and HDAC5 with improved activity against chemo-
resistant cancer cells. J. Med. Chem. 2013, 56, 427−436.
(101) Cincinelli, R.; Musso, L.; Giannini, G.; Zuco, V.; Cesare, M.;
de; Zunino, F.; Dallavalle, S. Influence of the adamantyl moiety on the
activity of biphenylacrylohydroxamic acid-based HDAC inhibitors.
Eur. J. Med. Chem. 2014, 79, 251−259.
(102) Yung-Chi, C.; Prusoff, W. H. Relationship between the
inhibition constant (KI) and the concentration of inhibitor which
causes 50 per cent inhibition (I50) of an enzymatic reaction. Biochem.
Pharm. 1973, 22, 3099−3108.

ACS Omega Article

DOI: 10.1021/acsomega.9b02808
ACS Omega 2019, 4, 19895−19904

19904

http://dx.doi.org/10.1021/acsomega.9b02808

