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Alan Kozikowski,∥ Wolfgang Sippl,‡ Cyril Barǐnka,*,† and Mike Schutkowski*,§
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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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ABSTRACT: We developed a one-step direct assay for the
determination of histone deacylase (HDAC) activity by
substituting the carbonyl oxygen of the acyl moiety with sulfur,
resulting in thioacylated lysine side chains. This modification is
recognized by class I HDACs with different efficiencies ranging
from not accepted for HDAC1 to kinetic constants similar to that
of the parent oxo substrate for HDAC8. Class II HDACs can
hydrolyze thioacylated substrates with approximately 5−10-fold
reduced kcat values, which resembles the effect of thioamide
substitution in metallo-protease substrates. Class IV HDAC11
accepts thiomyristoyl modification less efficiently with an ∼5-fold
reduced specificity constant. On the basis of the unique
spectroscopic properties of thioamide bonds (strong absorption in spectral range of 260−280 nm and efficient fluorescence
quenching), HDAC-mediated cleavage of thioamides could be followed by ultraviolet−visible and fluorescence spectroscopy in
a continuous manner. The HDAC activity assay is compatible with microtiter plate-based screening formats up to 1536-well
plates with Z′ factors of >0.75 and signal-to-noise ratios of >50. Using thioacylated lysine residues in p53-derived peptides, we
optimized substrates for HDAC8 with a catalytic efficiency of >250000 M−1 s−1, which are more than 100-fold more effective
than most of the known substrates. We determined inhibition constants of several inhibitors for human HDACs using
thioacylated peptidic substrates and found good correlation with the values from the literature. On the other hand, we could
introduce N-methylated, N-acylated lysine residues as inhibitors for HDACs with an IC50 value of 1 μM for an N-methylated,
N-myristoylated peptide derivative and human HDAC11.

R eversible ac(et)ylation of lysine side chains has emerged
as a ubiquitous posttranslational modification regulating

cellular metabolism as well as many other cellular processes
such as protein localization and degradation, chromatin
assembly, DNA repair, and metabolic stress response. Either
enzymes named acetyltransferases or spontaneous reactions of
acyl-CoA derivatives decorate lysine side chains with acyl
moieties.1,2 Caused by improvements in mass spectrometry, a
number of new lysine acylations have been identified in vivo,
including lysine formylation,3,4 propionylation,5 butyrylation,5

malonylation,6,7 succinylation,8 glutarylation,9 crotonylation,10

3-hydroxybutyrylation,11 4-oxo-nonaoylation,12,13 hydroxyiso-
butyrylation,14 3-hydroxy-3-methyl-glutarylation,15,16 3-meth-
yl-glutarylation,15,16 3-methyl-glutaconylation,15,16 3-phospho-
glycerylation,17 benzoylation,18 myristoylation,19 and stearoy-

lation.20 Several of these modifications could be removed by
evolutionarily conserved enzymes introduced as histone
deacetylases (HDACs).
On the basis of sequence homology, HDACs can be divided

into four classes. Members of class I (HDAC1−3 and -8), class
IIa (HDAC4, -5, -7, and -9), class IIb (HDAC6 and -10), and
class IV (HDAC11) are Zn2+-dependent hydrolases, while
class III proteins (called sirtuins; SIRT 1−7) use NAD+ as a
cosubstrate for the transfer of the acyl moiety from the lysine
side chain to the ADP-ribosyl fragment of the cosubstrate,
thereby generating nicotinamide as the third reaction
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product.21 HDAC1−3, -6, and -8 show robust deacetylase
activity. Class IIa HDACs are nearly inactive on acetylated
substrates, but they are highly effective in hydrolyzing
trifluoroacetylated peptide derivatives.22 Recently, it was
demonstrated that HDAC11 is specific for fatty acyl residues,
including octanoyl, decanoyl, dodecanoyl, and myristoyl
residues.23−25 Demyristoylase activity was demonstrated for
HDAC8, too,26 while deformylase activity was detected for
HDAC627,28 and HDAC3.28 Additionally, HDAC3 exhibits
decrotonylase activity.29 HDAC10 can remove acetyl groups
from model peptides, but it has been shown that HDAC10 is
much more active if acetylated polyamines like N8-acetyl-
spermidin are used as substrates.30

Enzymatic activity of HDACs is involved in a number of
processes like cancer progression, regulation of obesity, and
immune function. Therefore, several HDAC inhibitors
(HDACi) have been approved by the Food and Drug
Administration for the treatment of cancer (vorinostat,
romidepsin, belinostat, and panobinostat), and a number of
clinical trials with HDACi (either natural products or synthetic
small molecules) have been started to evaluate their
efficacy.31,32 Robust and continuous HDAC activity assays
compatible with high-throughput screening (HTS) are
required for further drug development.
Several assays have been developed and/or optimized for the

monitoring of HDAC activity as reviewed in refs 33 and 34.
Most of these activity assays are discontinuous [high-
performance liquid chromatography (HPLC)-based or mass
spectrometry-based assays] or suffering from complex reaction
mixtures caused by the coupled enzyme(s) or coupled
chemical reaction(s) requiring additional control measure-
ments. Determination of IC50 values or Ki values for potential
HDACi is therefore time-consuming and cumbersome. In
theory, monitoring of the amide bond cleavage followed by
ultraviolet (UV) spectroscopy (190−200 nm) can be used for
direct measurement of HDAC activity.35 However, in practice,
the presence of UV-absorbing buffer ions and proteins makes
this setup unfeasible.
To design spectroscopic probes for direct and continuous

HDAC assays that can be used for the high-throughput
screening platforms in real life, we replaced the oxygen of the
amide bond with sulfur. The resulting thioamide bond shows a
characteristic red-shifted absorption band at 260 nm for the
π−π* transition with minimal structural perturbations to a
substrate.36 Such thioamide bonds could not be efficiently
cleaved by sirtuins due to the formation of a so-called stalled
intermediate.37,38 Nevertheless, using a discontinuous assay
format based on quantification of the released thioacetate by a
coupled chemical reaction, Fatkins et al. showed that HDAC8
but not other class I HDACs can hydrolyze thioamide bonds.39

Here, we report that the cleavage of thioacyl groups from
lysine side chains by HDACs in model substrates could be
followed directly by ultraviolet−visible (UV−vis) spectrosco-
py. More importantly, modifications of such substrates can
yield fluorescence substrates with greatly enhanced sensitivity
that can be used in direct and continuous activity assays in the
HTS format. Finally, we showed that besides HDAC8, other
members of classes IIa, IIb, and IV can hydrolyze thioamide
bonds, expanding thus the utility of our findings to the whole
family of zinc-dependent HDACs.

■ EXPERIMENTAL PROCEDURES

Chemicals and General Methods. All chemicals were
purchased from Sigma (St. Louis, MO) if not denoted
otherwise. N,N-Dimethylformamide (DMF), piperidine, ethyl
(hydroxyimino)cyanoacetate (OxymaPure), pentafluorophe-
nol, and Rink amide MBHA resin were obtained from Iris
Biotech (Marktredwitz, Germany). 9-Fluorenylmethoxy-car-
bonyl (Fmoc)-protected amino acid derivatives and O-
(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluoro-
phosphate (HBTU) were purchased from Merck (Darmstadt,
Germany). Trifluoroacetic acid (TFA) was obtained from
Roth (Karlsruhe, Germany). Fmoc-protected β-(7-methoxy-
coumarin-4-yl)-alanine (Mcm) was purchased from Bachem
(Bubendorf, Switzerland). Fmoc-Lys(Ns)-OH was prepared as
described elsewhere.40 Vorinostat, Trichostatin A, TMP195,
TMP269, and KD5170 were purchased from Biomol
(Hamburg, Germany).
For HPLC separations, solvents consisting of water (solvent

A) and ACN (solvent B), both containing 0.1% trifluoroacetic
acid (TFA), were used. Analytical runs were performed on an
Agilent 1100 HPLC instrument (Boeblingen, Germany) with a
quaternary pump, a well-plate autosampler, and a variable-
wavelength detector. Separations were performed on a 3.0 mm
× 50 mm reversed phase column (Phenomenex Kinetex XB C-
18, 2.6 μm) with a flow rate of 0.6 mL/min. 2−5 and 11−13
were separated using a linear gradient from 10% to 60%
solvent B within 6 min. 6, 9, and 10 were separated using a
linear gradient from 5% to 95% solvent B within 6 min. The
absorbance of 2-aminobenzoyl residue was used to quantify
product and substrate peak areas.
UPLC-MS analysis was performed using either a Waters

Acquity UPLC-MS system or a Waters XEVOTQD UPLC-MS
system (Milford, MA) with a Waters Acquity-UPLC-MS-BEH
C18, 1.7 μm (2.1 mm × 50 mm, 30 Å) column. As a mobile
phase, 0.1% formic acid in H2O (solvent A) and 0.1% formic
acid in acetonitrile (ACN) (solvent B) solutions were used. A
typical gradient from 95:5 to 5:95 (v/v) H2O:ACN in 6 min
was used for the most of the runs. Data analysis was performed
using Waters MassLynx software.
Peptides were purified on a Shimadzu LC System with a

Phenomenex Kinetex 5 μm XB-C18 (250 mm × 21.1 mm, 100
Å) column using different gradients of 0.1% TFA in H2O
(solvent A) and 0.1% TFA in ACN (solvent B) solutions.

Expression Plasmids. Genes encoding individual human
HDACs used in this study were obtained from several sources
(Table S1). HDAC coding sequences were amplified via
polymerase chain reaction using a set of primers listed in Table
S1. A Gateway cloning system (Invitrogen, Carlsbad, CA) was
used to construct individual HDAC expression plasmids as
described previously.41 Briefly, coding sequences were inserted
into the pDONR221 donor plasmid by BP recombination.
Expression plasmids were then prepared by LR recombination
between the donor plasmid and the destination plasmid
bearing the N-terminal TwinStrep-Flag-HALO purification tag
(Figure S2).

Expression and Purification of Recombinant HDAC
Variants. Large scale expression of human HDACs was
carried out essentially as described previously.41,23 Briefly,
HEK-293/T17 cells were transiently transfected by a given
HDAC expression plasmid using linear polyethylene imine
(PEI, Polysciences Inc., Warrington, PA). Cells were harvested
3 days post-transfection by centrifugation, and the cell pellet

Biochemistry From the Bench

DOI: 10.1021/acs.biochem.9b00786
Biochemistry 2019, 58, 4777−47894778



was resuspended in a lysis buffer [50 mM Tris, 150 mM NaCl,
10 mM KCl, 2 mM MgCl2, 10% glycerol, and 0.2% Igepal-630
(pH 8)] supplemented with benzonase (2 units/mL; Merck,
Darmstadt, Germany) and a cocktail of protease inhibitors
(Roche, Basel, Switzerland). The cell suspension was sonicated
(30 W, 3 × 20 s) on ice and then incubated on ice for an
additional 30 min. The cell lysate was cleared by centrifugation
at 40000g 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. Following the
washing step (10 column volumes; the lysis buffer
supplemented with 2 mM ATP and 10 mM MgSO4), fusion
proteins were eluted with the elution buffer [50 mM HEPES,
100 mM NaCl, 50 mM KCl, 10% glycerol, and 3 mM
desthiobiotin (pH 7.5)]. Eluted proteins were either further
purified using the Superdex 16/600 HR200 size exclusion
chromatography column (GE Healthcare Bio-Sciences, Little
Chalfont, U.K.) with 30 mM HEPES, 140 mM NaCl, 10 mM
KCl, 3% glycerol, and 0.25 mM TCEP as the mobile phase or
used directly following affinity purification (HDAC1 and -11).
The purity of the final HDAC preparations was evaluated by
sodium dodecyl sulfate−polyacrylamide gel electrophoresis
and is shown in Figure S1. Purified proteins were concentrated
to the desired concentration, aliquoted, flash-frozen in liquid
nitrogen, and stored at −80 °C until further use.
smHDAC8 was expressed and purified as described

previously.42

Solid Phase Peptide Synthesis. The peptides were
synthesized using Fmoc-based solid phase peptide synthesis
(SPPS) with automated microwave peptide synthesizer Liberty
Blue (CEM Corp., Matthews, NC). The coupling of amino
acids was performed with DIC/OxymaPure at 90 °C for 2 min.
All coupling steps were performed twice. Fmoc deprotection
was accomplished with a 20% piperidine solution in DMF at
90 °C for 1 min.
N-Terminal modification was performed with 2-amino-

benzoic acid (Abz-OH) (4 equiv), HBTU (4 equiv), and
DIPEA (8 equiv) at room temperature in DMF for 1 h.
Alternatively, acetylation was performed using an acetic
anhydride/DIPEA/DMF [1:2:7 (v/v)] mixture.
Modification of the ε-Amino Group of Lysine. Lysine

side chain acylations were performed on the resin after removal
of the nosyl protecting group; 100 mg portions of the resin-
bound peptide were used for each preparation.
The nosyl group was cleaved using a 1,8-diazabicyclo[5.4.0]-

undec-7-ene/thiophenol/DMF solution [1.5:1:7.5 (v/v)] (2 ×
90 min). After washing with DMF, the free lysine side chain
was modified as described below. (1) The resin was treated
with an ethyl dithioacetate (4 equiv) and DIPEA (8 equiv)
solution in DMF for 1 h (peptides 2 and 11). (2) The resin
was reacted with a solution of trifluorothioacetamide (5 equiv)
in DCM overnight (peptides 4, 12, and 13). (3) The resin was
treated with a solution of 1-thiodecanoyl-6-nitrobenzotria-
zole43 in DCM for 1 h (peptide 6). (4) The resin was allowed
to react with a solution of myristic acid (4 equiv), HBTU (4
equiv), and DIPEA (8 equiv) in a DMF/DCM [1:1 (v/v)]
mixture (peptide 10). (5) The resin was incubated with a
solution of carboxymethyl dithiomyristoate44 (3 equiv) and
DIPEA (6 equiv) in DMF for 2 h (peptide 9).
Global Deprotection. Once the reaction proceeded, the

resin was washed several times with DCM, MeOH, and DCM
before TFA treatment. The resin was further incubated with a
TFA/H2O [90:10 (v/v)] solution for 3−4 h and filtered, and

the volatiles were removed in vacuo. The residue was dissolved
in an ACN/H2O solution and purified via HPLC. Fractions
containing the pure peptide (as judged by UPLC-MS) were
frozen and lyophilized affording pure material.

HPLC-Based Deacylation Assay. Reactions were per-
formed in a total volume of 100 μL in assay buffer, containing
50 mM HEPES, 140 mM NaCl, 10 mM KCl, and 1 mM TCEP
(pH 7.4, adjusted with NaOH). To avoid unspecific binding to
the reaction vessels, 0.2 mg/mL bovine serum albumin (BSA)
was added to the buffer. The peptide (100 μM) was incubated
for 7 min at 25 °C. The reaction was started by the addition of
0.1 or 0.01 μM enzyme. After different incubation times (1 and
3 h), the sample was quenched by adding TFA (0.5% final
concentration). The cleavage rate was determined by using
analytical RP-HPLC. The reaction solution in a volume of
≤100 μL was injected into the HPLC system, and compounds
were separated using linear gradients as described above. The
absorbance of the 2-aminobenzoyl residue at 320 nm was used
to quantify the substrate and the product peak area of 1 to 7,
11, and 12. The consumption of 8 to give 10 and 13 was
detected at a wavelength of 220 nm. Product formation was
calculated from the product peak area divided by the total peak
area (sum of product and substrate peak areas).

UV−vis Spectroscopy. All UV−vis spectra were recorded
at 25 °C in assay buffer (composition as described above).
Samples were measured in a 150 μL UV cuvette with an optical
path length of 1 cm using a model Specord M500
spectrophotometer (Carl Zeiss, Jena, Germany). The peptide
concentration was 50 μM. The background of the buffer or the
buffer with the corresponding enzyme was subtracted from all
spectra. All spectra were measured with a resolution of one
data point per nanometer.

Determination of the Molar Extinction Coefficient.
The Lambert−Beer law was used to calculate the molar
extinction coefficient of the difference spectra for the thioacetyl
amide residue (Figure S3) and the thiotrifluoroacetyl amide
residue (Figure 2A). A spectrum of free thioacetic acid as the
reaction product (corrected against buffer background) and of
compound 2 as the substrate (corrected against the absorbance
of compound 1, which represents the peptide without lysine
modification) was recorded. The absorbance of free thioacetic
acid was subtracted from the absorbance of compound 2,
resulting in the difference spectra (Figure S3). The difference
spectra of free thiotrifluoroacetate (STFAc) and compound 4
were calculated equally. This results in a molar extinction
coefficient ε262 of 6008 L mol−1 cm−1 for thioacetyl amide and
an ε275 of 5556 L mol−1 cm−1 for thiotrifluoroacetyl amide.
STFAc was produced by an enzymatic reaction of 4 with 100
nM HDAC7. The full cleavage of peptide 4 was proven by RP-
HPLC analysis.

Fluorescence Spectroscopy. All fluorescence spectra
were recorded using a compound concentration of 5 μM at
25 °C in a 500 μL cuvette in assay buffer (composition
described above). The measurements were performed with a
Fluoromax 4 instrument (Horiba, Kyoto, Japan).

Steady-State Measurements. UV Measurements. The
kinetic measurements for HDAC4−9 were carried out at 25 °C
in assay buffer (composition described above) with varying
peptide concentrations (10−1000 μM). The kinetic measure-
ments for HDAC11 were performed at 37 °C in sodium
phosphate buffer [20 mM phosphoric acid (pH 7.4, adjusted
with NaOH) and 0.2 mg/mL BSA]. Peptide substrates,
dissolved in the corresponding buffer, were incubated at
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25 °C (or 37 °C for HDAC11) for at least 5 min, and the
reaction was started by addition of the enzyme (10−200 nM).
The UV measurements were performed in a 150 μL UV
cuvette with an optical path length of 1 cm and in a 150 μL
cuvette with an optical path length of 0.1 cm at the
spectrophotometer (Specord M500). For peptides 2 and 9,
the measurement wavelength was 262 nm, and for peptides 4,
12, and 13, the measurement wavelength was 275 nm. The
change in absorbance was measured continuously for at least 3
min with one data point per second. At least all measurements
were taken in duplicate. The absorbance was plotted against
the time, and the initial slope of these curves represents the
reaction rate. The Lambert−Beer law and the calculated molar
extinction coefficient (see above) were used to calculate the
reaction rate in micromolar per second. This reaction rate was
plotted as a function of substrate concentration. A nonlinear
regression according to the Michaelis−Menten equation was
applied for calculation of KM and kcat values using GraphPad
Prism (GraphPad Software, San Diego, CA).
RP-HPLC. The buffer usage and composition for different

HDAC isoforms are like those described above. All reactions
take place in a 1.5 mL reaction vessel made of polypropylene.
The compound was incubated with the appropriate buffer for 7
min. The reaction was started with the addition of an enzyme
(1−20 nM). At different time points (1.5−60 min), the
reaction was quenched by adding trifluoroacetic acid (0.5%
final concentration). The cleavage rate was determined by
using analytical RP-HPLC. The reaction solution with a
volume of ≤100 μL was injected into the HPLC system. The
separation, detection, and quantification of the product were
performed as described above. Product formation was plotted
as a function of time. The initial slope of this plot represents
the reaction rate in micromolar per second. Further analysis
(v/[S] plot) was performed as described above.
Fluorescence Measurements. The fluorescence measure-

ments take place in a black 96-microtiter well plate (100 μL)
with a flat bottom from GreinerBioOne (Frickenhausen,
Germany, catalog no. 655076). The measurements were
performed on an EnVision 2104 Multilabel reader (Perki-
nElmer, Waltham, MA) with a 330 ± 75 nm excitation filter
and a 430 ± 8 nm emission filter (1% percent of emission light,
15 flashes, three flashes per AD conversion, and detector gain
of 10). The fluorescence signal was converted to a product
concentration using calibration curves. The calibration curves
were measured using chemically synthesized deacetylated
product (10−100 μM) with the same setting as described
above.
Determination of Inhibition Constants. The IC50 values

are determined in a black 96-microtiter well plate (100 μL)
with a flat bottom from GreinerBioOne (catalog no. 655076).
The measurements were performed on an EnVision 2104
Multilabel reader (PerkinElmer) with a 330 ± 75 nm
excitation filter and a 430 ± 8 nm emission filter (1% percent
of emission light, 15 flashes, three flashes per AD conversion,
and detector gain of 10). Peptide 4 was incubated with varying
inhibitor concentrations (0−2 mM) and 3% DMSO for 7 min,
and the deacetylation reaction was started by adding enzyme
(10−40 nM). The measurements were taken in triplicate. The
fluorescence intensity was plotted as a function of time. The
initial slope of these plots was set as activity. The activity in the
non-inhibited reaction was assigned to 100%, and the activity
in a reaction without enzyme was defined as 0%. The
normalized activity was plotted as a function of the logarithm

inhibitor concentration, and the IC50 values were calculated
using nonlinear regression for normalized dose−response
curves with GraphPad Prism and the following equation.

=
+

−
Y

100

1 10X log IC50

The measurements for the 384-well plate (GreinerBioOne,
catalog no. 784900) run with n = 4 and the 1536-well plate
(ThermoFisher Scientific, catalog no. 264711) with n = 8.
The dose−response curves of HDAC6 were determined

with 1. Product formation was monitored via analytical HPLC
as described above. The activity was the initial slope of product
formation. All measurements were taken in triplicate.

Z′ Factor and Signal/Noise Ratio Analysis. The Z′ factor is
a dimensionless statistical parameter for HTS assays.45 For the
analysis, a concentration of 200 μM peptide 4 as a negative
control (mean0%) and a concentration of 200 μM deacylated
peptide 4 as a positive control (mean100%) were chosen. The
fluorescence was detected with the EnVision Multilabel reader
as described above. The mean and the standard deviation (SD)
were calculated from 40 data points per replicate with three
replicates running in 96-well plate, six replicates running in a
384-well plate, and eight replicates running in a 1536-well
plate. The Z′ factor was determined with the following
equation:

′ = −
+

| − |
Z 1

3SD100% 3SD0%

mean mean100% 0%

The signal/noise ratio (S/N) was also calculated with the
values described above and with the following equation:45

=
−

S N/ ratio
mean mean

SD0%

100% 0%

■ RESULTS

Thioamide Bond Cleavage Can Be Continuously
Monitored by UV Absorption. Recently, we identified an
efficient substrate sequence for HDAC6 using a peptide
microarray-based approach (1).27 We synthesized derivatives
of this sequence carrying different acyl groups, including
thioacetyl (2) and thiotrifluoroacetyl (4), together with their
respective oxo counterparts 3 and 5 (Figure 1). All compounds
are >95% pure as determined by HPLC at 220 nm and showed
the expected molecular mass (Figures S24−S32).
Thioamide and thiotrifluoroamide bonds exhibit an intense

π−π* transition at 260 and 275 nm, respectively. Extinction
coefficients are 10000 and 9000 M−1 cm−1 for thioacetylated
and thiotrifluoroacetylated lysine side chains, respectively,

Figure 1. General structure of peptide derivatives used in this study
(Abz = 2-aminobenzoyl; Ac = acetyl).
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while the thioacetate and thiotrifluoroacetate reaction products
show strong absorption in the range of 240−250 nm (Figure
2A and Figure S3). Large absorbance differences at 250 and

275 nm thus allowed us to monitor the HDAC-mediated
cleavage of the thiotrifluoroacetylated lysine either by
measuring the increase in the intensity of the signal at 250
nm or the decrease in the intensity of the signal at 275 nm.
Figure 2B shows recorded UV−vis spectra of a reaction
solution containing 4 together with HDAC7. It is obvious that
4 represents a substrate for HDAC7 and that the differences in
the UV spectra enable monitoring of the enzymatic reaction as
demonstrated in Figure 2C for various concentrations of
HDAC7. The slope of the decrease in the intensity of the

signal at 275 nm is dependent on the enzyme concentration,
resulting in a linear correlation between the amount of
HDAC7 and the reaction rate (Figure 2D). This dependence
on enzyme concentration demonstrates that the measured
decrease in the intensity of the signal is caused by direct
cleavage of the thioamide bond and not cleavage of the normal
amide bond subsequent to spontaneous non-enzymatic
dethiolation.

Trifluorothioamides Are Superior to Thioamides as
HDAC Substrates. Using the set of substrates 2−5, we
evaluated the kinetic parameters of the deacetylase activity of
other members of the HDAC family (Table 1 and Table S2)
except for HDAC10, as this isoform specifically recognizes
acetylated polyamines rather than peptides.30 In agreement
with known substrate preferences of HDACs, acetylated
peptide 3 was efficiently hydrolyzed only by class I enzymes
(HDAC1 and -8) and HDAC6 (Figure S9). Its thioamide
analogue, 2, was efficiently processed by only HDAC8 and
HDAC6 (Table S2). HDAC1 was not able to hydrolyze 2.
On the other hand, trifluoroacetylated peptide 5 and more

importantly its trifluorothio analogue, 4, were more widely
accepted making thus trifluorinated (thio)acetyl peptides
superior and more versatile substrates for HDAC isoforms.
While class IIa HDACs were virtually inactive against
thioacetylated derivative 2, they efficiently removed the
trifluorothioacetyl moiety from 4 with high catalytic efficacies
ranging from 21000 to 81000 M−1 s−1 from HDAC9 to
HDAC7, respectively. The KM values for 4 and 5 are virtually
identical for all class IIa isoforms, suggesting that both
trifluoroacetyl and trifluorothioacetyl moieties can be well
accommodated in the active site. Contrary to the nearly equal
KM values, the catalytic constants are ≤10-fold lower for
trifluorothio analogues.
HDAC8 removes the trifluorothioacetyl moiety efficiently,

while HDAC1 is inactive against 4 (Table 1). Obviously, the
active site of HDAC1 cannot accommodate thioacetyl and
thiotrifluoroacetyl residues in a productive conformation.
Surprisingly, KM values for both trifluorothioacetyl and
thioacetyl peptides are lower than those of oxo analogues for
HDAC8.
HDAC6 accepted the trifluorothioacetyl moiety but with

reduced kinetic constants. This effect on HDAC6 is more
pronounced for the thioacetyl/acetyl pair of substrates 3 and 2,
where the specificity constant for the thioacetyl substrate is
approximately 40-fold lower than that of the oxo analogue 2,

Figure 2. (A) UV−vis spectra of 4 and trifluorothioacetate (STFAc)
at a concentration of 50 μM and the calculated difference spectrum.
(B) UV−vis spectra of 4 treated with 50 nM HDAC7 at 25 °C. The
green line shows the spectrum immediately after the addition of
HDAC7 (t = 0). Black lines show the first 30 cycles. UV−vis spectra
were recorded every 40 s. The red line shows the UV−vis spectrum of
the reaction solution after 66 min (full conversion of 4 verified via
HPLC). (C) Progress curves of the conversion of 50 μM 4 by
HDAC7. The enzyme concentration varies between 10 and 90 nM,
and substrate conversion was monitored at 275 nm and 25 °C. (D)
Rate of reaction of the conversion of 4 by HDAC7 that is linearly
dependent on the enzyme concentration at a substrate concentration
of 50 μM. Measurements were taken in duplicate, and error bars show
the standard deviation.

Table 1. Kinetic Parameters of Trifluoroamide (5) and Trifluorothioamide (4) Hydrolysis by Different HDAC Isoformsa

peptide 5 peptide 4

HDAC KM (μM) kcat (s
−1) kcat/KM (M−1 s−1) KM (μM) kcat (s

−1) kcat/KM (M−1 s−1)

1 no deacetylationb no deacetylationb

4 >400 >40 not determined 290 ± 40 8.3 ± 0.4 29000

5 230 ± 40 80 ± 8 350000 240 ± 70 10 ± 1 31000

6 >400 >1.5 not determined 170 ± 40 0.8 ± 0.3 4800

7 220 ± 40 97 ± 8 450000 240 ± 20 20 ± 5 81000

8 1400 ± 200 440 ± 40 320000 550 ± 50 260 ± 20 470000

9 190 ± 50 11 ± 1 58000 90 ± 30 1.9 ± 0.4 21000

peptide 10 peptide 9

HDAC KM (μM) kcat (s
−1) kcat/KM (M−1 s−1) KM (μM) kcat (s

−1) kcat/KM (M−1 s−1)

11 7.5 ± 0.2 0.45 ± 0.01 36000 44 ± 13 0.30 ± 0.01 5800

aData are presented as means ± standard deviation with n = 3. bNo deacetylation means <0.5% product formation after 3 h with 0.1 μM HDAC
and 100 μM compound.
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mainly caused by a decrease in catalytic constant kcat. Findings
that HDAC6 can accept thioamides, yet prefers their oxo
counterparts, were further corroborated by comparing its
deformylase and depropionylase activities.27 Here, thioformy-
lated or thiopropionylated substrates were processed with a 30-
or 10-fold lower catalytic efficacy, respectively, compared to
the formylated or propionylated peptide (Figure S12).
HDAC11 can hydrolyze amide bonds formed by decanoy-

lation or myristoylation of lysine side chains.23 Therefore, we
tested thiodecanoylated peptide 6 and the respective
thiomyristoylated derivative as substrates for HDAC11. We
detected cleavage of the thioacylated amide bonds but were
unable to determine catalytic constants KM and kcat because of
solubility problems and/or micelle formation (data not
shown). Nevertheless, we were able to show that HDAC11
generates thiomyristic acid, yielding a chromophore subse-
quent to reaction with Ellman’s reagent (Figure S8). This
result points to direct cleavage of the thiomyristoylamide bond
mediated by HDAC11. To circumvent the solubility issues and
to be closer to myristoylated sites found in vivo, we tested
peptides derived from naturally occurring TNFα in myristoy-
lated (10) and thiomyristoylated (9) forms. We were able to
detect efficient cleavage of 10 and ∼10-fold less efficient
cleavage of the thioamide bond in 9. Surprisingly, in the case of
HDAC11, less efficient cleavage of the thioamide bond results
from less efficient binding to the active site as mirrored in the
KM values (Table 1).
Fluorescence Quenching by Thioamides Enables the

Development of Continuous and Fluorescence-Based
HDAC Activity Assays That Are Suitable for High-
Throughput Applications. Thioamides represent efficient
quenchers for fluorophores excited in the range of 260−330
nm via a FRET-based mechanism.46−48 We therefore
wondered whether the N-terminal 2-aminobenzoyl fluoro-
phore of 2 and 4 enables the continuous fluorescence-based
readout of HDAC-mediated cleavage of thioamide and
trifluorothioamide bonds.
Figure 3A shows the fluorescence spectra of 4 and 1 upon

excitation of the Abz fluorophore at 320 nm, and the detected
large difference in fluorescence intensity verifies an efficient
FRET-based quenching of Abz by the trifluorothioamide
moiety. Determination of the initial slopes of progress curves
(Figure 3B) yielded a linear relationship between the HDAC
concentration and the reaction rate as exemplified for HDAC7
in Figure 3C, confirming the utility of this approach for the
development of a continuous and fluorescence-based activity
assay. On the other hand, 2 shows a much smaller difference in
the fluorescence intensity compared to 1, indicating that

thioamides cannot quench the fluorescence of Abz efficiently
in this case (Figure S4).
To demonstrate the applicability of our newly developed

assays to evaluate inhibitor efficacy in high-throughput
screening campaigns, we tested inhibition of HDAC8 by β-
Thujaplicin in 96-, 384-, and 1536-well formats (Figure 4A).

Dose−response curves using the different assay formats
provided nearly identical IC50 values of 0.74, 0.49, and 0.78
μM for 96-, 384-, and 1536-well plates, respectively, which are
in good agreement with the published value of 0.36 μM
(calculated from KI

49). Furthermore, the excellent statistical
parameters of the assays (Z′ score between 0.94 and 0.87 and
S/N ratio between 50 and 113) confirmed the scalability and
the high-throughput potential of the HDAC activity assay.
Next, we profiled the inhibitory potencies of several known

HDACi, including standard HDAC8 inhibitor PCI-34051 and
Trichostatin A (TSA), suberoylanilide hydroxamic acid
(SAHA), TH42, TH153, KD5170, TMP195, TMP269, and
LMK-235, and compared resulting inhibition constants with
values reported in the literature (Table 2 and Figure 4B).
Overall, there is a very good correlation between the reported
inhibition constants and inhibition constants determined in
our assay, with the sole exception of LMK235. Here, our IC50

values are 5700- and 2800-fold higher for HDAC4 and
HDAC5, respectively, as compared to the low nanomolar
inhibition constants reported originally.50 At the same time,
however, a recent report by Choi et al.51 yielded inhibition
constants of LMK-235 against HDAC4 and -5 with high
micromolar values that are more consistent with our findings.

The HDAC8 Trifluorothioacetyl “Supersubstrate” Can
Be Developed on the Basis of the Modified p53

Figure 3. (A) Fluorescence spectra of peptide 4 (red) and 1 (blue). The excitation wavelength was 320 nm, and the compound concentration 5
μM. (B) Progress curves of HDAC7-mediated deacetylation of 4 at different enzyme concentrations at 25 °C. The fluorescence intensity was
monitored at 430 ± 8 nm with an excitation wavelength of 330 ± 75 nm. The peptide concentration was 20 μM. (C) Reaction rate of the
consumption of 4 as a function of HDAC7 concentration. The peptide concentration was 20 μM, and the error bars show the standard deviation
with n = 3.

Figure 4. (A) Dose−response curves of HDAC8 with β-Thujaplicin
as an inhibitor and 4 as a substrate. The measurements were carried
out in 96-well (IC50 = 0.74 ± 0.06 μM, n = 3, Z′ = 0.94, S/N = 113),
384-well (IC50 = 0.49 ± 0.03 μM, n = 4, Z′ = 0.94, S/N = 116), and
1536-well (IC50 = 0.78 ± 0.08 μM, n = 8, Z′ = 0.87, S/N = 50) plates.
(B) Dose−response curves of HDAC inhibitor LMK-235 with
different HDAC isoforms determined with 4. The error bars show the
standard deviation with n = 3.
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Sequence. The catalytic efficacy (kcat/KM) of 470000 M
−1 s−1

for HDAC8 and the substrate 4 represents to the best of our
knowledge the highest values described so far. To transfer this
“supersubstrate” properties into a more native peptide
sequence, we introduced thioacetyl (11) and trifluorothioace-
tyl (12 and 13) moieties in peptides derived from p53, one of
the known in vivo HDAC8 substrates (Figure 5). Introduction

of the fluorescent amino acid derivative 7-methoxy-coumaryl-L-
alanine (Mcm) in the +1 position (11), in place of a
hydrophobic leucine residue in the wild type sequence,
abolished HDAC8-mediated cleavage of the thioamide bond,
revealing that this substitution is not tolerated at the +1
position. We thus adjusted our strategy by attaching a
fluorophore (Abz) at the N-terminus of the p53-derived
sequence in combination with the better accepted trifluor-
othioacetylated lysine residue leading to 12. This substrate was
hydrolyzed by HDAC8, although with suboptimal kinetic
parameters manifested by an ∼2-fold increase in the KM value
and a 5-fold decreased kcat value (Figure 6) maybe caused by
the artificial Abz residue at the −4 position. Realizing the
preference of HDAC8 for bulky residues at the +1 position,52

we next substituted the +1 leucine in 12 with tryptophan and
generated substrate 13 with a kcat/KM value of >250000 M−1

s−1 that is more than 100-fold more effective than most of the
known substrates reported to date (Figure 6).
It is also interesting to note that, although derivatives 12 and

13 contain a normal acetylated lysine residue at the −1
position close to the trifluorothioacetylated lysine, there is

nearly no cleavage of this “normal” acetylated lysine detectable
using HPLC-MS even after prolonged reaction times. These
findings confirm the critical importance of the +1 position for
substrate recognition by HDAC8 (Figure S22).

Monomethylation of the Scissile Amide Bond
Converts HDAC Substrates to Inhibitors. The spectral
overlap between the thioacetyl amide quencher and the Abz or
Mcm fluorophore is not optimal. Therefore, we attempted to
improve the spectral overlap by changing the secondary
thioamide bond to a tertiary amide bond via introduction of an
additional methyl group at the lysine side chain nitrogen of 2,
resulting in a thioacetylated N-monomethyl-lysine residue. It is
known that the π−π* transition of tertiary thioamides is ∼10
nm red-shifted as compared to the respective secondary
amides.36,59 To our surprise, this peptide derivative was not
accepted as a substrate by HDAC8, which was most effective
for 2. Similarly, a peptide containing an N-methylated
acetyllysine residue was not hydrolyzed by HDAC8 and all
four class IIa HDACs. HPLC analysis of peptides containing

Table 2. Inhibition Results [IC50 values ± standard deviation (SD) with n = 3] for Several HDACi Using Peptide 4 Together
with the Respective IC50 Values from the Literature

IC50 ± SD (nM) of different HDAC isoforms

HDAC4 HDAC5 HDAC8

inhibitor published measured published measured published measured ref

SAHA 48300 140000 ± 20000 20000 37000 ± 4000 960 420 ± 80 50

TSA 6590 11000 ± 2000 2170 3900 ± 700 180 120 ± 10 53

β-Thujaplicin −
c −c −c −c 356a 740 ± 110 49

TH42 −
c −c −c −c 69.2 60 ± 10 54

TH153 −
c −c −c −c 72 86 ± 11 55

KD5170 26 −
c 950 1000 ± 100 2500 1000 ± 100 56

PCI-34051 −
c −c −c −c 10 17 ± 4 57

TMP195 111 460 ± 60 106 350 ± 60 −
c −c 53

TMP269 126 640 ± 150 80 570 ± 100 −
c

−
c 53

282 101 58

LMK-235b 11.9 680000 ± 80000 4.22 120000 ± 20000 1278 880 ± 150 50

>20000 >20000 1119 51
aCalculated from the Ki value; SD means standard deviation with n = 3. bIC50 values for HDAC6 are 55.7 nM

50 and 21 ± 2 nM (determined in this
report). cNot measured.

Figure 5. Structure of the p53-derived fluorescent HDAC8 substrates
equipped with thioacyl residues at the lysine side chain. Abbrevia-
tions: Mcm, 7-methoxy-coumaryl-L-alanine; Abz, 2-aminobenzoyl; Ac,
acetyl.

Figure 6.Michaelis−Menten plots of dethioacylation of 4 and of p53-
derived substrates 12 and 13 by HDAC8. The error bars shows the
standard deviation with n = 3. The enzyme concentration was 10 nM.
Substrate 12 showed suboptimal kinetic constants. Substrate 13
represents one of the best substrates for HDAC8 with kcat/KM values
of 260000 and 300000 M−1 s−1 as determined with HPLC-based and
UV-based readouts, respectively.
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acetylated N-monomethyl-lysines revealed that these peptides
inhibit enzymatic activity of HDACs with affinities in the range
of the KM values of the respective acetylated substrates (Figure
S18). Docking studies with HDAC6 indicated a disturbed
binding mode caused by the additional methyl group at the
lysine nitrogen (Figure 7). Interestingly, HDAC11 is efficiently
inhibited by an N-methylated derivative of a myristoylated
substrate with an IC50 value of 1.2 ± 0.24 μM (Figure S19).

■ DISCUSSION

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 electro-
phoresis,60 microchip electrophoresis,61 a microfluidic mobility
assay,62,63 polyacrylamide gel electrophoresis,64 high-perform-
ance liquid chromatography (HPLC),65−68 thin layer chroma-
tography,69 charcoal binding,70 binding to boronic acid
resins,71 and extraction with organic solvents.72 As a result of
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.73,74

MALDI-MS readout in combination with peptide derivatives
immobilized on glass surfaces was used for the systematic
profiling of the substrate specificity of HDAC2, HDAC3, and
HDAC8.52,75 Additionally, HDAC activity patterns could be
determined in cell lysates using that technique.76 Moreover,
the same technology uncovered the dependency of HDAC8
substrate specificity on the nature of the metal ion within the
active site.77 Alternative approaches make use of reagents
sensing either the acetylated substrates, like acetyllysine-
recognizing antibodies,27,78−82 or the reaction products. The
release of radioisotopically labeled acetate was used to analyze
enzymatic reactions.83−86 More recently, acetate could be
captured by coupling to an enzymatic reaction87 and a

chemical reaction was used to trap the HDAC8-mediated
release of thioacetate yielding a chromophore.38 Reagents for
the detection of the generated primary amine in the peptide
product could either be added chemicals, like biotin-containing
compounds or fluorescent dyes, reacting with the lysine side
chain88,89 or intramolecular reactions, like transesterification
with a coumarine dye,90 which is possible only if the lysine side
chain is released by HDAC activity.91−94 Additionally,
aggregation-induced emission95,96 and modulation of binding
to DNA97,98 were used to probe HDAC activity.
An interesting alternative is the coupling of the HDAC

reaction to a proteolytic reaction using proteases, specific for
the free lysine side chain in the reaction product.66,86,99,100

Fluorescence-based readout for the proteolytic reaction is
common for increasing 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.22,101−106 It was demonstrated that for some sirtuins
this assay could be performed in a continuous format107,108 but
the proteolytic stability of different HDACs against the used
proteases is limited. Therefore, most protease-coupled HDAC
assays have to be performed in a discontinuous manner.
Nevertheless, this assay format has some disadvantages. The
substituted coumaryl moiety represents an artificial residue
within the HDAC substrate preventing the investigation of
substrate specificities in positions +1, +2, etc. 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 an
artificially enhanced affinity for the active site (HDAC6) or a
loss of sequence specificity (HDAC4).109

Continuous activity assays are known for sirtuins.40,110 A
fluorophore (or quencher) is fused to the acyl moiety linked to
the lysine side chain. Because of the narrow binding pockets
for the acylated lysine side chain of class I and II HDACs, such
derivatized acyl residues cannot be accommodated. Never-
theless, thioamides represent a very small quencher enabling
either FRET (if the fluorophore absorbs in the range of the
thioamide π−π* transition at 260 nm)47,48,111−115 or PET (if
the thioamide bond can make a van der Waals contact with the
fluorophore).46,116 Therefore, thioacylated substrates in
combination with fluorophores like anthranilic amides or
tryptophan should yield substrates accepted well by HDACs.
Surprisingly, there are differences between the HDAC isoforms
ranging from not being accepted as a substrate (HDAC1) to
removing thioacyl residues with kinetic constants like the
respective acyl residue (class I HDAC8 and class IIa HDAC9).
It is known that metalloproteases and HDACs could be

inhibited by thiols caused by coordination to the active site
zinc ion. Therefore, we analyzed the effects of sodium
thioacetate on the catalysis of different HDACs (Figure
S18). We found very minor inhibitory effects (<10%
inhibition) on HDAC4 and HDAC7 at 200 μM and between
10% and 20% inhibition of HDAC4 and HDAC7 activity at 2
mM. HDAC8 was inhibited ∼20% at 20 μM sodium
thioacetate and >80% at 2 mM sodium thioacetate. Never-
theless, in our enzymatic assays, the released thioacetate will
not influence the HDAC8 activity because of the short
measurements preventing release of more than 20 μM
thioacetate.
Analysis of the available crystal structures revealed that the

carbonyl oxygen of the acetyl residue is hydrogen bonded to a

Figure 7. Crystal structure of HDAC6 (Danio rerio, Protein Data
Bank entry 6EFK) with an acetylated substrate (left, peptide colored
green) and the HDAC6 docking pose of a peptide containing an N-
methylated, N-acetylated lysine residue (right, peptide colored
orange). Cocrystallized water molecules are shown as red spheres,
and hydrogen bonds and Zn2+ coordinations are shown as red dashed
lines.
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conserved tyrosine residue (Tyr306 in HDAC8) and
coordinates with the metal ion in the active site. Sulfur is a
much weaker hydrogen bond acceptor, and this reduced
hydrogen bonding capability could in principle be used to
explain the less efficient hydrolysis of thioamide bonds by
HDAC1−3, -6, and -11. Class IIa isoforms do not have this
tyrosine residue in their active sites and accept thiotrifluor-
oacetyl residues with similar kinetic constants as compared to
trifluoroacetyl residues. Nevertheless, HDAC8 cleaves thio-
amide bonds very efficiently despite the fact that such
hydrogen bonding is important for the reaction mechanism.
Tyr306F variants of HDAC8 are “trapping mutants” that bind
the acetyllysine-containing peptides but cannot perform the
hydrolysis step efficiently.117 There have to be alternatives to
explain the reactivity differences against thioamide bonds
between the HDAC isoforms.
In general, the ability of some HDAC isoforms to accept

thioamides as substrates is interesting because it is known from
studies with other enzymes acting on amide bonds that most of
these enzymes could not handle thioamides at the scissile
bond. Peptides with thioxylated prolyl bonds represent
competitive inhibitors for peptidyl-prolyl cis/trans isomerases
like cyclophilin118 or Pin1.119 Additionally, sirtuins are
potently inhibited by thioacylated lysine residues38,37,120,121

because of the formation of an intermediate that is extremely
slowly decomposed to the reaction products.122

Metalloprotease carboxypeptidase A can hydrolyze thioxy-
lated peptide bonds in dipeptide derivatives with slightly
reduced kcat values.123−126 Interestingly, activity against
thioamide-containing substrates increased remarkably if the
active site metal ion was substituted with more thiophilic
cadmium or cobalt ions.123,125 In contrast, aminopeptidase P
can hydrolyze thioxylated peptide bonds with >1000-fold
reduced kcat values.127 Additionally, leucine aminopeptidase
cannot hydrolyze thioxylated amide bonds, but such peptide
derivatives represent good competitive inhibitors,128 showing
that these compounds bind in a similar manner to the active
site like the respective substrates. Aminopeptidase from
Aeromonas proteolytica with zinc ions in the active site accepts
thioamides with similar kinetics like the (oxo)amides. The
respective enzyme equipped with a cadmium ion cleaves the
thioamide at the scissile bond exclusively.129 Maybe the nature
of the metal ion in the active site of HDAC8 is the key for the
high efficiency of thioamide bond cleavage. There are
discussions that HDAC8 in vivo is loaded with divalent metal
ions different from Zn2+ like Fe2+ or Co2+.77,130,131 Addition-
ally, crystal structures of metallo-substituted HDAC8 com-
plexed to Co2+, Mn2+, or Fe2+ were reported.132 If HDAC8
preparations are loaded with a more thiophilic ion, the
extraordinary cleavage rates of thioamides by HDAC8 could be
explained.
In general, substrates reported so far for HDAC8 are

relatively poor with respect to kcat/KM values ranging from 10
to 200 M−1 s−1 for acetyllysine-containing N-α-acetylated
pentapeptide amides.89 Schultz et al. reported for HDAC8 kcat/
KM values of 60 and 50 M−1 s−1 for Ac-Gly-Ala-Lys(Ac)-
fluorophore and Abz-Gly-Ala-Lys(Ac)-Ala-Ala-Dpr(Dnp)-
amide, respectively.133 Trifluoroacetylated substrates derived
from the histone H4 Lys12 acetylation site [Ac-Leu-Gly-
Lys(Tfa)-fluorophore] were published with specificity con-
stants for HDAC8 of 3800 M−1 s−1. For short peptides derived
from the acetylated (or doubly acetylated) p53 sequence,
including the respective Fluor de Lys substrate, the specificity

constants published are in a similar range75,109 or slightly
higher.29,130 Fatkins et al. determined for an 18meric,
thioacetylated p53-derived peptidic substrate a kcat/KM value
of 7715 M−1 s−1.39 Interestingly, kcat/KM values for our
trifluorothioacetylated substrates 4 are in the range of 450000
M−1 s−1, and these “supersubstrate” properties could be
transferred to p53-derived peptide substrate 13. Substrates 4
and 13 are to the best of our knowledge the most efficient
HDAC8 substrates described so far enabling highly effective
microtiter plate-based inhibitor screening projects because of
the direct and continuous nature of the assay format.
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A B S T R A C T

Histone deacylase 11 and human sirtuins are able to remove fatty acid-derived acyl moieties from the ε-amino 
group of lysine residues. Speci昀椀c substrates are needed for investigating the biological functions of these en-
zymes. Additionally, appropriate screening systems are required for identi昀椀cation of modulators of enzymatic 
activities of HDAC11 and sirtuins. We designed and synthesized a set of activity probes by incorporation of a 
thioamide quencher unit into the fatty acid-derived acyl chain and a 昀氀uorophore in the peptide sequence. 
Systematic variation of both 昀氀uorophore and quencher position resulted “super-substrates” with catalytic con-
stants of up to 15,000,000 M−1s−1 for human sirtuin 2 (Sirt2) enabling measurements using enzyme concen-
trations down to 100 pM in microtiter plate-based screening formats. It could be demonstrated that the stalled 
intermediate formed by the reaction of Sirt2-bound thiomyristoylated peptide and NAD+ has IC50 values below 
200 pM.   

1. Introduction

Acylation of lysine side chains in proteins is a widespread post-
translational modi昀椀cation regulated by the action of acyltransferases or 
by the existing metabolic situation. Reversal of such lysine acylations is 
mediated by evolutionary conserved enzymes known as histone deace-
tylases (HDACs). Based on sequence homology, HDACs can be divided 
into 4 classes. Members of class I (HDAC 1, 2, 3, and 8), class IIa 
(HDAC4, 5, 7 and 9), class IIb (HDAC6 and 10), and class IV (HDAC11) 
are Zn2+ dependent hydrolases, while class III proteins (called sirtuins; 
Sirt1 – 7) use NAD+ as a co-substrate. They transfer the acyl moiety to 
the ADP-ribosyl fragment of the co-substrate thereby generating 2-O- 
acetyl-ADP-ribose and nicotinamide as the third reaction product [1]. 

Enzymatic activity of HDACs is involved in various (patho)physio-
logical processes including cancer progression, regulation of obesity and 
immune function. Therefore, several HDAC inhibitors have been 
approved by the Food and Drug Administration for the treatment of 
cancer (vorinostat, romidepsin, belinostat, and panobinostat) and a 
number of clinical trials with sirtuin inhibitors (either natural products 
or synthetic small molecules) have been started to evaluate their ef昀椀-
cacy. Robust and continuous sirtuin/HDAC activity assays compatible 
with high-throughput screening (HTS) are still required for further drug 
development. 

Several assays have been developed for the monitoring of sirtuin and 
HDAC activity as reviewed in references [2–3]. Most of these activity 
assays are discontinuous (HPLC-based or mass spectrometry-based 

Abbreviations: TFA, tri昀氀uoroacetic acid; Mcm, 7-methoxy-coumaryl-L-alanine; Abz, 2-aminobenzoyl; Ac, acetyl; HTS, high-throughput screening. HDAC, histone 
deacetylase; Sirt, sirtuin; PET, photoinduced electron transfer. 
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assays) or suffering from complex reaction mixtures caused by coupled 
enzymatic or chemical reactions requiring additional control measure-
ments. Determination of IC50 or Ki-values for inhibitors is therefore time- 
consuming and cumbersome. Nearly all sirtuins have demyristoylation 
activity [4] and recently it was shown that HDAC11 is a robust 
demyristoylase as well [5–7]. We were able to demonstrate that the 
replacement of a myristoylated lysine residue (Fig. 1B) in TNFα-derived 
substrate peptides by an N-(2-aminobenzoyl)-11-aminoundecanoylated 
lysine residue (Fig. 1C) generates a quasi-universal sirtuin substrate 
enabling continuous activity measurements by 昀氀uorescence [8]. 
Recently, we demonstrated that the same peptide derivative is suitable 
for recording of enzymatic activity of HDAC11, enabling re-evaluation 
of HDAC11 inhibitors [9]. Nevertheless, attempts to increase the size 
of the 昀氀uorophore in the acyl moiety of the acylated lysine residue of 
such substrates, in order to allow 昀氀uorescence measurements at longer 
wavelengths, lead to dramatically decreased catalytic ef昀椀ciency for 
sirtuins [8] and HDAC11 [9]. Additionally, Kawaguchi et al. were able to 
show that Sirt1-3 and Sirt6 are able to recognize a DABCYL moiety in the 
acyl chain (Fig. 1D) enabling monitoring of sirtuin activity in living cells 
[10]. Recently, the DABCYL quencher was replaced by Disperse Red 
derivative (Fig. 1E) yielding 昀氀uorescence probes with improved sub-
strate properties for sirtuin activity measurements [11]. In our search for 
small quenchers of 昀氀uorescence we found thioamides to be ideal can-
didates. Caused by the soft sulfur atom in the thioamide moiety 昀氀uo-
rescence quenching is possible via a mechanism called photoinduced 
electron transfer (PET) [12]. The Petersson group used this quenching 
principle for monitoring of protein folding [12–15], recording of pro-
teolytic activities [15–17], investigation of binding events [18] and 
recently for the analysis of mobility of polyproline ruler peptides [19]. 
Additionally, we demonstrated that replacement of the scissile bond in 
昀氀uorescently labeled HDAC substrates by a thioamide bond enabled 
continuous activity determination of HDAC8 and HDAC11 (Fig. 1F) via 

PET 昀氀uorescence quenching [3]. Unfortunately, amide to thioamide 
replacement to the scissile bond leads to very poor substrates for sirtuins 
because of the generation of a so-called stalled intermediate, slowing 
down the reaction rate dramatically [20], and thiomyristoyl residue 
(Fig. 1F) represents a key structural element of ef昀椀cient inhibitors for 
Sirt1-3 and Sirt6 [21–23]. To circumvent this problem, we introduced a 
thioamide bond into the myristoylated lysine residue (Fig. 2, R4) and 
were able to show that such substrates are well recognized by sirtuins 
and HDAC11 following the assay principle shown in Fig. 1A. Moreover, 
incorporation of different 昀氀uorophores (Fig. 2) into the peptide chain in 
combination with thioacetylated 11-aminoundecanoyl lysine residues 
(Fig. 2, R4) yielded sirtuin and HDAC11 substrates with superior cata-
lytic constants in a continuous and direct activity assay. Such "super- 
substrates" with catalytic constants of up to 15,000,000 M−1s−1 for Sirt2 
are useful for microtiter plate-based screening in 1,536-well format with 
Z‘-factors higher than 0.88. 

2. Results

All the compounds were synthesized based on a short TNFα-derived
peptides because this sequence was used as a model substrate 
[21,24–25] for different sirtuin isoforms (Fig. 2, 1a). Fmoc-based solid 
phase peptide chemistry was used in combination with the nosyl- 
protecting group enabling selective on-resin modi昀椀cation of the 
respective lysine side chain. All compounds have purity greater than 
95% as determined by HPLC at 220 nm and showed the expected mo-
lecular mass (Figures S1-S26 and Table S1). Peptide 1a (Fig. 2) was 
reported to be a substrate for Sirt2 and Sirt3 with speci昀椀city constants of 
53,000 M−1s−1 and 29,500 M−1s−1 [8], respectively, and represents the 
best Sirt6 substrate described so far [24]. The peptide derivatives were 
synthesized with selectively modi昀椀ed myristoyl residues. In a systematic 
work, we replaced two adjacent methylene groups by a thioamide group 
ranging from methylenes 3/4 to 13/14 (a thioamide scan) resulting in 
11 peptides with the thioamide moiety in different positions (Table S2). 
Analyzing substrate properties of these derivatives with Sirt2, Sirt3, 
Sirt5 and Sirt6 we found that thioamide substitutions in the distal end of 
the acyl chain are well tolerated (Fig. S27) with an optimum spanning 
methylenes 11/12, 12/13 and 13/14. Because it was known that acyl-
ated 11-aminoundecanoylated lysine residues are well accepted by sir-
tuins [8] we focused on thioacetylated 11-aminoundecanoyl moieties in 
this work (R4, Fig. 2). To assess whether a bulky 昀氀uorescein residue 
attached to a cysteine side chain is accepted by sirtuins we generated a 
control peptide 4b (Fig. 2, R2). To our surprise the modi昀椀ed cysteine at 
the −2 position was well tolerated by both sirtuins and HDAC11 
(Table 2). Additionally, we generated a control peptide 1b with a non- 
modi昀椀ed amino acid sequence but replacement of the myristoyl res-
idue by the thioacetylated 11-aminoundecanoyl moiety (R4, Fig. 2) to 
analyze the effect of substitution of two adjacent methylene moieties by 
a thioamide group on HDAC activity. Again, we found no negative effect 
on substrate properties for sirtuins and HDAC11 (Table 2). Next, we 
systematically analyzed ef昀椀cacy of 昀氀uorescein quenching by the thio-
amide moiety (Table 1) by moving the 昀氀uorescein-modi昀椀ed cysteine 
residue from −5 to +2 position (relative to the acylated lysine) of the 
substrate resulting in peptide derivatives 1–7 (Fig. 2). The quenching 
ef昀椀cacy of these derivatives ranged from 35% for 2 to 48% for 6 
(Table 1). As a control, we replaced the thioamide in the peptide 4 by an 
amide bond yielding 4c, thus abolishing 昀氀uorescence quenching as ex-
pected (Table 1). Moreover, we also investigated the quenching ef昀椀cacy 
for different 昀氀uorophores in the +2 position because a bulky residue like 
昀氀uorescein was well accepted. Therefore, we synthesized derivatives 
8–11 and determined the differences in 昀氀uorescence as compared to the 
fully converted assay solution. We found weak quenching for the 7- 
nitrobenzoxadiazole 昀氀uorophore (11) and for the BODIPY 507/545 
dye (8). Surprisingly, 昀氀uorescence of structurally related BODIPY FL dye 
in 9 was quenched by more than 50% by the thioamide moiety. 

To improve the quenching, we simultaneously substituted two 

Fig. 1. Scheme of the sirtuin-mediated deacylation reaction. A shows a 
quencher (Qu)-containing acyl residue being transferred from the lysine side 
chain to ADP-ribose (ADP-rib) resulting in an increasing 昀氀uorescence intensity 
of the 昀氀uorophore incorporated in the peptide backbone. B. shows the naturally 
occurring myristoyl residue. C-G shows different acyl residues derived of the 
myristoyl residue used for HDAC/sirtuin activity assays. 
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methylene units (7/8 and 12/13) by thioamide moieties in one acyl 
chain (Fig. 2, peptide 17). We selected the 7/8 position for the second 
thioamide in order to create a selective substrate because we had evi-
dence that only Sirt2, but no other sirtuins can accommodate this 
modi昀椀cation (Fig. S27). As shown in Table 1 the additional second 
thioamide PET quencher increases the quenching ef昀椀cacy to 71%. 

Ef昀椀ciency of 昀氀uorescence quenching by a PET mechanism, is 
dependent on the redox potential of both 昀氀uorophore and quencher. 
Additionally, 昀氀uorophore and quencher have to be in van der Waals 
contact to allow dynamic quenching by molecular collisions. In the case 
of thioamides as PET quencher the 昀氀uorophore will be reduced and the 
thioamide oxidized [26]. Quenching takes place if the free energy of 
electron transfer is negative [26]. Small structural changes can in昀氀uence 
the reduction potential of the 昀氀uorophore or the oxidation potential of 
the thioamide quencher. In a systematic investigation Bordwell et al. 

could show that the oxidation potential of thioamides could be 昀椀ne- 
tuned by modi昀椀cation of both the residues at the nitrogen and the res-
idues at the thiocarbonyl carbon [27]. Substitution at the nitrogen and 
replacement of a methyl residue by a phenyl residue at the thiocarbonyl 
carbon increased the oxidation potential [27]. Inspired by this work we 
analyzed similar substitutions at the PET quencher thioamide moiety in 
peptide 12 (Fig. 2) which has a quenching ef昀椀ciency of 55%. Incorpo-
ration of a tertiary thioamide bond by methylation of the thioamide 
nitrogen (Fig. 2 peptide 13) and replacement of the methyl residue at the 
thiocarbonyl carbon by a tri昀氀uoromethyl moiety (Fig. 2, peptide 16) did 
not improve the quenching ef昀椀ciency signi昀椀cantly. In contrast, 
quenching ef昀椀ciency is much better (Table 1) if a thiobenzoyl residue is 
attached to the 11-aminoundecanoyl residue (Fig. 2 peptide 14) or N- 
methylated 11-aminoundecanoyl residue at the lysine side chain (Fig. 2 
peptide 15). 

Fig. 2. Overview of the peptide derivatives used in this work. The peptide sequence is derived from TNFα (amino acids 15–22). The 昀氀uorophore was incor-
porated into the peptide backbone either via the cysteine side chain or as amino acid derivative Mcm. The acyl modi昀椀cation of the Nε-amino group of the lysine 
residue is marked as R (right). 
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Sirt5 is known to speci昀椀cally hydrolyze malonylated, succinylated 
and glutarylated lysine residues [28–29]. Therefore, we incorporated a 
thioamide bond into the glutaryl residue resulting in peptides acylated 
with thiooxalylglycine (Fig. 2, peptides 18–20). This modi昀椀cation is 
accepted by human Sirt5 resulting in substrates with kcat/KM-values in 
the range of 1000 M−1s−1 (data not shown). Unfortunately, the 
quenching ef昀椀cacy of 昀氀uorescein 昀氀uorescence in either −2 (18) or +2 
position (19) is suboptimal, which is presumably caused by the rela-
tively rigid structure of the thioamide-containing acyl moiety prevent-
ing ef昀椀cient van der Waals contact with the 昀氀uorophore. Switching to 
the coumarin 昀氀uorophore in the −2 position (20), we observed 60% 
quenching of the 昀氀uorescence. 

Table 2 summarizes the results of our substrates 1–17 treated with 
HDAC11 or sirtuins 2,3,5, and 6. HDAC11 accepted all substrates with 
similar turnover (60–90% within one hour). Sirt6 also recognizes all 
compounds as substrates regardless of the 昀氀uorophore position but with 
signi昀椀cantly lower turnover compared to Sirt2 and Sirt3. No compound 
was found to be cleaved more effective through Sirt6 than the 昀氀uo-
rescently labeled peptide with natural occurring myristoyl residue (4b). 
The highest conversion of the other compounds was seen of 4d and 11. 
Unfortunately, 11 is unusable for a 昀氀uorescence approach due to low 
quenching ef昀椀ciency. Sirt2 and Sirt3 accept more or less all substrates 
with some preference for the 昀氀uorophore in the +2 position (7) and the 
−5 position (1), respectively. Also, the changes in the acyl residue 
(12–16) did not have a clear effect on the substrate preferences. Only 
compound 17 with two thioamide bonds in the acyl residue seems to be 
poorly recognized by Sirt3 and still accepted well by Sirt2. In contrast 
Sirt2 cleaves compound 7 very ef昀椀cient with full substrate conversion 
after 1 h. To our surprise, Sirt5 was able to accept thioamide containing 
derivatives 1–7 with clear preferences for 昀氀uorescein in +2 positions 
(7). Changing the 昀氀uorophore at this position (8–11) has nearly no in-
昀氀uence on the cleavage rate of Sirt5. Changing the 昀氀uorophore at 
another position (12) and the acyl residue (13–17) the substrate con-
version remains low. 

To analyze the substrate properties in more details, we determined 
the kinetic constants for HDAC11 and Sirt2, 3 and 5 using a microtiter 
plate 昀氀uorescence reader (Table 3). HDAC11 accepts the substrates of 
the “昀氀uorescein scan” (1–7) with kcat/KM-values between 13,400 
M−1s−1 and 51,000 M−1s−1. The speci昀椀city constants for 4 is about 4–5- 

fold higher compared to the continuous activity assay based on the same 
peptide sequence with the 2-aminobenzoylated 11-aminoundecanoyl 
residue (Fig. 1C) [9] and more than 8-fold higher as compared to a 
continuous substrate with the thiomyristoyl residue (Fig. 1F) [3]. 
Changing the 昀氀uorophore in +2 from 昀氀uorescein to BODIPY FL (9) 
furtherly improves the speci昀椀city constant, yielding the most ef昀椀cient 
substrate for continuous HDAC11 activity measurements to date. 
Additionally, this speci昀椀city constant is 2.3-fold higher as compared to 
the myristoylated TNFα-substrate without any 昀氀uorophore [3]. As ex-
pected from the turnover measurements (Table 2), Sirt3 showed high 
speci昀椀city constants for substrates 1 and 7 with kcat/KM-values of 
79,000 M−1s−1 and 36,000 M−1s−1, respectively. The value for 1 is 
about 28-fold higher as compared to the continuous activity assay based 
on a very similar peptide sequence with the 2-aminobenzoylated 11- 
aminoundecanoyl residue (Fig. 1C) [8]. The substrate properties of 7 
and 9 for Sirt5 are remarkable. Fluorophores in the + 2 position are 
accepted, resulting in speci昀椀city constants between 280 M−1s−1 and 
420 M−1s−1, respectively. These values are much higher than values 
reported for non-negatively charged, acetylated substrates like acety-
lated CPS-1 derived substrate with kcat/KM-value 16 M−1s−1 [30]. 

Inspection of the data presented in Table 3 revealed that thioacylated 
11-aminoundecanoyl residues in combination with 昀氀uorophores in the
peptide sequence yielded “super-substrates” for Sirt2 mainly based on
extremely low KM-values. To our knowledge, resulting speci昀椀city con-
stants between 6,800,000 M−1s−1 for 7 and 15,000,000 M−1s−1 for 14
represent values never reported so far for any sirtuin. Inspection of ki-
netic constants for 12 and 13 shows that N-methylation of the thioamide
moiety has nearly no in昀氀uence on recognition by HDAC11 or Sirt2.
Additionally, substitution of the thioacetyl moiety in 12 and 13 by the
more bulky and more hydrophobic thiobenzoyl residues (14 and 15,
respectively) results in nearly 昀椀ve-fold better substrates for Sirt2 but not
for HDAC11 (Table 3) pointing to differences in the recognition of the
hydrophobic acyl chain by the enzymes. This can be explained by the
high complementarity of obtained substrates with the Sirt2 substrate
binding pocket. Molecular modeling showed that the amino acid resi-
dues of the substrates are making multiple hydrogen bonds at the

Table 1 
Quenching ef昀椀ciency. QE is represented as mean of QE at 0.5 µM, 1 µM, 1.5 µM, 
2.5 µM using a microtiter plate reader to have assay conditions.  

compound Fluorophore QE (%) 
1 Fl 46.9 
2 Fl 35.7 
3 Fl 47.6 
4 Fl 43.5 
4c Fl −2.2 
4d Fl 50.3 
5 Fl 46.8 
6 Fl 48.3 
7 Fl 48.1 
8 Bp 6.7a 

9 Bf 24.1; 52.5a 

10 Og 45.0 
11 Nbd 12.2a 

12 Mcm 55.1 
13 Mcm 58.2 
14 Mcm 75.6 
15 Mcm 77.2 
16 Mcm 57 
17 Mcm 71 a 

18 Fl 7.1 a 

19 Fl 10.3 a 

20 Mcm 60.7 a
a QE was determined as difference of 昀氀uorescence intensity of the peptide with 

and without lysine modi昀椀cation at emission maximum of the peptide without 
lysine modi昀椀cation. 

Table 2 
Substrate properties of peptide derivatives 1–20 for HDAC11 and different 
sirtuin isoforms. Data are represented in % of product formation (n = 3) sub-
sequent to treatment with 50 nM HDAC11, 0.1 µM Sirt2, 0.1 µM Sirt3, 0.5 µM 
Sirt5, and 0.5 µM Sirt6, for 1 h at 37 çC. 0 means product formation < 0.2%. 
Graphical representation and additional 3 h timepoint are available in sup-
porting information (Fig. S29-S30, Table S3).  

compound HDAC11 Sirt2 Sirt3 Sirt5 Sirt6 
1 86 ± 4 60 ± 10 42 ± 4 1.7 ± 0.4 15 ± 1 
1b 78 ± 4 16 ± 1 39 ± 1 29 ± 2 10 ± 1 
2 84 ± 8 46 ± 3 28 ± 4 1.4 ± 0.5 17 ± 1 
3 86 ± 3 43 ± 1 14 ± 1 1 ± 0.1 7.9 ± 0.4 
4 89 ± 1 51 ± 7 10 ± 2 3.4 ± 0.6 9.3 ± 0.6 
4b 67 ± 6 47 ± 5 46 ± 10 18 ± 3 31 ± 2 
4c 69 ± 3 92 ± 5 6 ± 1 1.5 ± 0.1 9.8 ± 1.0 
4d 80 ± 5 69 ± 1 29 ± 6 7.4 ± 1.3 22 ± 3 
5 64 ± 5 53 ± 4 13 ± 2 1.1 ± 0.2 4.0 ± 0.1 
6 81 ± 4 43 ± 6 12 ± 2 3.7 ± 0.6 11 ± 1 
7 81 ± 11 100 ± 1 35 ± 5 26 ± 2 11 ± 2 
8 83 ± 6 16 ± 1 41 ± 3 27 ± 2 11 ± 2 
9 76 ± 7 29 ± 2 21 ± 2 24 ± 2 8.6 ± 2.0 
10 84 ± 3 61 ± 4 36 ± 4 19 ± 2 7.7 ± 0.9 
11 55 ± 2 16 ± 1 32 ± 1 40 ± 3 25 ± 2 
12 89 ± 3 55 ± 5 17 ± 3 3 ± 1 7.6 ± 0.8 
13 92 ± 1 69 ± 10 17 ± 2 1.2 ± 0.1 9.4 ± 0.9 
14 79 ± 19 60 ± 7 14 ± 3 2.3 ± 0.5 6.7 ± 2.4 
15 84 ± 1 50 ± 4 16 ± 3 1.7 ± 0.1 8.8 ± 0.5 
16 56 ± 3 52 ± 3 19 ± 3 4.7 ± 0.1 12.6 ± 1.3 
17 – 68 ± 5 4 ± 0.4 0.4 ± 0.03 2.4 ± 0.2 
18 – 0 0 6.9 ± 0.1 0 
19 – 10 ± 1 9.1 ± 0.2 7.3 ± 0.5 0 
20 – 1.1 ± 0.2 0.20 ± 0.02 4 ± 0.2 0  
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entrance to the substrate binding pocket similar to the co-crystallized 
peptide. Meanwhile, the long thioacylated 11-aminoundecanoyl lysine 
residue is placed comfortably in the hydrophobic Sirt2 substrate binding 
pocket (Fig. 3A). Its scissile amide bond interacts with valine 233 and in 
the absence of the co-substrate is stabilized by a water molecule. The 
benzoyl substituent of 14 is embedded into the aromatic cage at the end 
of the pocket formed by amino acid residues Y139, F143 and F190. 
Interestingly, this aromatic cage is not observed in the substrate-bound 
conformation of Sirt3 (Fig. 3B) despite presence of the aromatic amino 
acid residues at the corresponding positions of the amino acid sequence 
(Y200, Y204 and F251). The hydrophobic acyl-lysine residues of the 
substrates point to the allosteric pocket and the benzoyl group of 14 is 
located near the solvent exposed exit of the tunnel surrounded by non- 
aromatic residues T150, P155 and D156. 

As expected from the results of the “thioamide scan” 17 represents a 

good substrate for Sirt2 but is not accepted by Sirt3, Sirt5 and Sirt6 
(Fig. S27). 

We recorded the absorbance spectra for 4a, 4, and 4d and found 
remarkable differences in the range of 490–502 nm (Fig. S38). In prin-
ciple these differences are suf昀椀cient to monitor sirtuin and HDAC11 
activity following absorption at 490 nm (Fig. S38-S41). Fig. 4A shows 
the 昀氀uorescence spectra of 4, 4a and 4c. Fluorescence intensity is much 
lower for 4 as compared to 4a and the quenching is dependent on the 
presence of the thioamide moiety. If the thioamide is replaced by an 
amide bond (4c) resulting 昀氀uorescence is similar to 4a. The observed 
difference in 昀氀uorescence for the substrate and the peptidic cleavage 
product of the sirtuin reaction enabled recording of progress curves as 
demonstrated in Fig. 4B for substrate 7 in the presence of different 
concentrations of Sirt2. In control experiments no signi昀椀cant change in 
the 昀氀uorescence signal over time could be observed either without 
NAD+ in the presence of sirtuin or without sirtuin in the presence of 
NAD+ (Fig. S42). This indicated that the observed 昀氀uorescence change 
results directly from sirtuin-mediated deacylation and not from unspe-
ci昀椀c interactions between NAD+ and/or Sirt2 and 7. The slope of the 
昀氀uorescence increase at 535 nm is dependent on the enzyme concen-
tration resulting in a linear correlation between Sirt2 amount and the 
reaction rate (Fig. 4C). We used a completely converted assay solution 
(controlled by LC-MS) for the generation of appropriate calibration 
curves (Fig. S43-S47). Based on the superior properties of substrate 7 we 
were able to monitor Sirt2 activity down to 0.1 nM concentration 
(Fig. 4C). Nevertheless, at such low concentrations of enzyme we had to 
include blocking reagents like bovine serum albumin (BSA) to the re-
action solution in order to avoid unspeci昀椀c binding and inactivation of 
enzyme and the peptides to the surface of the microtiter plate wells. 
Fig. 4D summarizes deacylation of substrate 7 by SIRT2 in in buffers 
with increasing BSA concentrations. There, we found no sirtuin activity 
in the absence of BSA for Sirt2 (Fig. 4D) or Sirt3 (Fig. S48). Overall 
enzymatic activity is increased stepwise until BSA concentration of 1.3 
mg/ml and reached a plateau at 2–3 mg/ml. Similar effects were 
observed for HDAC11 in previous work, where HDAC11 showed little or 
no enzyme activity without BSA in the buffer [9]. 

We measured Sirt2 activity at different concentrations of 7 in 96-, 
384-, and 1536-well formats (Fig. 5A) in order to demonstrate the 
applicability of our newly developed assay to evaluate inhibitor ef昀椀cacy 
in high-throughput screening campaigns. The resulting kinetic constants 

Table 3 
Kinetic parameters for HDAC11 and different sirtuin isoforms measured with 
Platereader with 昀氀uorescence readout, HPLC or 昀氀uorescence spectrometer. 
Concentrations of enzyme used in the assay are shown in parentheses below the 
enzyme name. Data are represented as mean of 3 independent replicates ±
standard deviation. v/[S] plots could be observed in the supporting information 
(Fig. S31 – Fig. S37).  

Enzyme Cmpd KM (µM) kcat (s−1) kcat /KM 
(s−1M−1) 

HDAC11  
(10–20 
nM) 

1 8.2 ± 0.5 0.22 ± 0.01 2.7 × 104 

1* 9.2 ± 2.6 0.34 ± 0.01 3.6 × 104 

2 13 ± 2 0.25 ± 0.03 1.9 × 104 

3 24 ± 3 0.59 ± 0.04 2.5 × 104 

4 5.7 ± 1.5 0.29 ± 0.02 5.1 × 104 

4* 5.8 ± 2.6 0.37 ± 0.01 6.7 × 104 

5 16 ± 2 0.22 ± 0.02 1.3 × 104 

5* 13 ± 1 0.15 ± 0.01 1.1 × 104 

6 22 ± 2 0.4 ± 0.05 1.8 × 104 

7 14 ± 3 0.25 ± 0.04 2.7 × 104 

9 5.8 ± 0.1 0.47 ± 0.03 8.1 × 104 

10 13 ± 2 0.23 ± 0.03 1.8 × 104 

12 9.5 ± 0.8 0.26 ± 0.04 2.7 × 104 

13 3.4 ± 0.2 0.089 ± 0.017 2.6 × 104 

14 3.9 ± 0.9 0.10 ± 0.02 2.6 × 104 

15 2.6 ± 0.3 0.049 ± 0.003 1.9 × 104 

Sirt2  
(0.5–2 
nM) 

1 0.010 ± 0.001 0.011 ± 0.002 1.1 × 106 

2 0.014 ± 0.001 0.0099 ± 0.0004 7.1 × 105 

3 0.010 ± 0.002 0.013 ± 0.001 1.3 × 106 

4 0.015 ± 0.002 0.014 ± 0.003 9.4 × 105 

4d 0.0058 ±
0.0003 

0.0063 ± 0.001 1.1 × 106 

5 0.054 ± 0.006 0.013 ± 0.002 2.4 × 105 

6 0.035 ± 0.004 0.011 ± 0.001 2.9 × 105 

7 0.0053 ±
0.001 

0.036 ± 0.007 6.8 × 106 

10 0.010 ± 0.001 0.016 ± 0.003 1.6 × 106 

12a 0.0061 ±
0.0003 

0.019 ± 0.001 3.0 × 106 

13a 0.0044 ±
0.0004 

0.012 ± 0.002 2.7 × 106 

14a 0.0011 ±
0.0001 

0.017 ± 0.002 15 × 106 

15a 0.0012 ±
0.0002 

0.016 ± 0.003 13 × 106 

16a 0.0015 ±
0.0003 

0.010 ± 0.001 6.4 × 106 

Sirt3  
(10–20 
nM) 

1 0.28 ± 0.01 0.022 ± 0.003 7.9 × 104 

7 0.56 ± 0.01 0.020 ± 0.003 3.6 × 104 

10 1.4 ± 0.3 0.027 ± 0.001 2.0 × 104 

Sirt5  
(0.5 µM) 

7 2 ± 0.2 7.1 × 10−4 ± 0.6 ×
10−4 

3.5 × 102 

9 19 ± 3 7.9 × 10−3 ± 1.4 ×
10−3 

4.2 × 102 

10 12 ± 1 3.3 × 10−3 ± 0.2 ×
10−3 

2.8 × 102

* were measured using HPLC;
a measured using 昀氀uorescence spectrometer.

Table 4 
IC50 values. IC50 values determined with 10 nM 7 and 500 pM Sirt2, 0.27 µM 1 
and 10 nM Sirt3, 2 µM 7 and 0.5 µM Sirt5 and 2 µM 4 and 5 nM HDAC11. Data 
are represented as mean of 3 independent replicated ± standard deviation. Dose 
response curves of IC50 determination could be observed in the supporting in-
formation (Fig. S54 – Fig. S57).  

Enzyme Compound IC50 (µM) 
± SD (n =
3) 

IC50 (µM) reported 

Sirt2 S2i5L 0.048 ±
0.007 

0.013 [32], 1.2a [8] 

SirReal2 1.3 ± 0.1 0.4 [31] 
SirReal2 (Ki) 0.68 0.22 [31] 

Sirt3 NAM 198 ± 31 377 [33], 186a [8] 
3-Typ 168 ± 4 38 [33] 

Sirt5 DK5.1 3.5 ± 0.8 1.6 [34] 
NAM 210 ± 30 700 [35] 

HDAC11 Trichostatin A 
(TSA) 

2.6 ± 0.3 0.014 [36], 0.017 [37], 0.025  
[38], 0.031 [39], 0.015 [40], 32  
[6], 10 [9], 22 [9] 

Panobinostat 
(LBH-589) 

0.37 ± 0.03 4.4 [27186676] 

Quisinostat (JNJ- 
26481585) 

0.53 ± 0.23 0.37 [41], 3.3 [9], 1.8 [9] 

CUDC-907 
(Fimepinostat) 

0.040 ±
0.014 

0.023 [9], 0.016 [9], 0.0054 [42]  

a calculated from Ki value. 
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are comparable and the excellent statistical parameters of the assay Z2

factor between 0.90 and 0.88 (and S/N ratio between 75 and 177) 
con昀椀rmed the high-throughput potential of the HDAC11/Sirt2 activity 
measurements (Fig. 5, Fig. S49-52, Table S4). Next, we pro昀椀led the 
inhibitory potencies of several known Sirt2 inhibitors, including Sir-
Real2 [31] and the cyclic peptide derivative S2i5L [32], using 7 as the 
substrate. SirReal2 is competitive against the peptide substrate (Fig. 5B) 
with a Ki-value of 0.68 µM (Fig. 5C) which is in good agreement with the 
reported value of 0.22 µM [31]. Moreover, we examined inhibitory ac-
tivity of compounds Trichostatin A (TSA), CUDC-907, Quisinostat, and 
Panobinostat against HDAC11 using substrate 4 in a 96-well format 
(Fig. 5D). Again, the determined IC50 values correlate well with values 
determined using a different 昀氀uorescence-based and continuous 
HDAC11 activity assay [9]. 

Thiomyristoylated peptide derivatives represent effective Sirt2 

inhibitors caused by the formation of a stalled intermediate reminiscent 
of a bisubstrate-analog inhibitor. The Ki value of thiomyristoylated 
TNFα derived peptide 21 (Fig. 2) is 80 nM if the enzymatic reaction is 
started with Sirt2 [8]. Using the substrate 7 we obtained biphasic 
progress curves resembling slow-binding inhibition yielding IC50 values 
of 4.3 ± 0.6 and 0.9 ± 0.1 nM using either the 昀椀rst phase or the slower 
phase for calculation, respectively (Fig. S53). In order to determine the 
IC50 value starting off the preformed stalled intermediate we pre- 
incubated 250 pM Sirt2 with 21 and NAD+ for 15 min. Starting the 
enzymatic reaction by adding 7 yielded linear progress curves and 
enabled us to determine an IC50 value of 180 ± 20 pM for the stalled 
intermediate (Fig. S53B). This value is very close to half-concentration 
of Sirt2 allowing the speculation, that the assay conditions are still 
limiting and that the “real” IC50 value for the stalled intermediate 
formed by 21 and ADP-ribose is lower than 180 pM. 

If the quenching of the 昀氀uorescence is caused by a PET mechanism, 
the substrates have to be conformationally 昀氀exible to allow for the 
necessary van der Waals contact between the thioamide moiety and the 
excited 昀氀uorophore. On the other hand, quenching via PET should not 
be possible if the substrate is bound to the active site of Sirt2 due to the 
spatial separation of the thioamide group and the 昀氀uorophore (Fig. 3A). 
Therefore, we monitored 昀氀uorescence intensity of 10 nM 7 in the 
presence of increasing amounts of Sirt2 (up to 2 µM resulting in 200-fold 
excess of the enzyme over the substrate). Fig. 6A shows a clear increase 
in 昀氀uorescence depending on the enzyme concentration resembling a 
titration curve with an in昀氀ection point at about 12 nM which is very 
close to the KM value of 7. This observation encouraged us to develop a 
昀氀uorescent indicator displacement assay for Sirt2. Using a preformed 
complex of 250 nM Sirt2 and 10 nM of 7 (25-fold excess of Sirt2) we 
were able to determine a competitive displacement value of 6.8 µM for 
SirReal2 (Fig. 6B). Using an alternative readout, we were able to show 
that the change in 昀氀uorescence polarization could be used too for 
determination of binding of 7 to Sirt2 (Fig. 6C) resulting in a similar 
in昀氀ection point like in the 昀氀uorescence intensity readout. 

3. Discussion 

Detection of sirtuin and HDAC activity is often coupled to a sepa-
ration step enabling independent quanti昀椀cation of a peptidic substrate 
and a product. Separation methods are different, including capillary 
electrophoresis [43], microchip electrophoresis [44], micro昀氀uidic 
mobility [45–46], polyacrylamide gel electrophoresis [47], high- 
performance liquid chromatography [28,48–50], thin layer chroma-
tography [51], charcoal binding [52], binding to boronic acid resins 
[53] and extraction with organic solvents [54]. Nevertheless, the 
resulting assay format is discontinuous and therefore not suited for high- 
throughput applications. Alternatively, mass spectrometry allows 
quanti昀椀cation of peptidic substrates and products subsequent to sepa-
ration in the gas phase [35,55–57]. MALDI-MS readout in combination 
with peptide derivatives immobilized on glass surfaces was used for the 
systematic pro昀椀ling of the substrate speci昀椀city of Sirt1, Sirt3, HDAC2, 
HDAC3, and HDAC8 [58–59]. Additionally, sirtuin/HDAC activity pat-
terns could be determined in cell lysates using that technique [60]. 
Alternative approaches make use of reagents and chemical reactions for 
sensing either the acetylated substrates, like acetyllysine-recognizing 
antibodies, [61–66] or the reaction products, like chemical reactions 
modifying the released primary amino function of the lysine side chain. 
Such reactions could be acylations with biotin-containing compounds or 
昀氀uorescent dyes [67], alkylations with 昀氀uorescamine [68] or intra-
molecular reactions, like transesteri昀椀cation with a coumarin dye 
[69–71], or release of bioluminescent luciferin subsequent to an intra-
molecular cleavage of an ester bond [72] or intramolecular aldimine 
formation [73–74]. Additionally, spontaneous chromophore maturation 
after deacetylation of lysine 85 in enhanced green 昀氀uorescent protein 
enables monitoring of sirtuin activities in living cells via increase in 
昀氀uorescence [75]. Using a similar approach, active site lysine 529 was 

Fig. 3. Binding modes of peptide substrates 7 and 14 in Sirt2 PDB ID 4Y6O 
(A) and Sirt3 PDB ID 5BWN (B) derived from the docking study. The surface of 
the substrate binding pocket is colored green for hydrophobic areas and gray for 
neutral and hydrophilic zones. Relevant amino acid residues of the proteins are 
shown in stick representation and colored white for Sirt2 and pale pink for 
Sirt3. Peptide substrates are shown in stick representation with carbon atoms 
colored as followed: 7 – magenta, 14 – cyan, substrate co-crystallized with Sirt2 
– mustard, peptide substrate co-crystallized with Sirt3 – orange. Heteroatoms 
are colored in a standard way: oxygen – red, nitrogen – blue, sulfur – yellow. 
Water molecule interacting with the scissile amide bond of the substrate is 
shown as a red ball. (For interpretation of the references to color in this 昀椀gure 
legend, the reader is referred to the web version of this article.) 
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replaced by acetylated lysine in 昀椀re昀氀y luciferase yielding an enzymati-
cally inactive enzyme variant. Subsequent to treatment with different 
sirtuins deacetylation could be monitored in a continuous assay format 
by restored luciferase activity [76]. 

Alternatively, physical interactions of positively charged primary 
amino functions of lysine side chains with negatively charged molecules 
like DNA were used for monitoring of sirtuin/HDAC activity by 
aggregation-induced emission [77–78] and modulation of 昀氀uorescence 
properties [79–80]. 

It was demonstrated that substrates and products of sirtuin/HDAC 
reaction could be sensed by the coupling to enzymatic reactions either 
by using proteases, speci昀椀c for the free lysine side chain of the peptidic 
product [48,81–83], by using combination of nicotinamidase/glutamate 
dehydrogenase for indirect spectrophotometric measurements of 
released nicotinamide [76] and by a cascade of enzymatic reactions to 
quantify the NAD+ cosubstrate [46]. One advantage of monitoring the 
general product nicotinamide or the general cosubstrate NAD+ is that it 
allows activity measurements independent of the nature of the peptide 
substrate. On the other hand, coupling the deacylase reaction to several 
enzymes makes the assay setup more complex, limits the linear range of 
the assay and makes the results more prone to artifacts caused by 
additional interaction of potential sirtuin/HDAC modulators with the 
coupling enzymes as demonstrated for the Sirt5 inhibitor GW5074 
which affects enzymatic activity of the glutamate dehydrogenase [84]. 

Substrates used for protease coupled sirtuin/HDAC assays are often 

fused to substituted coumarins, generating bright 昀氀uorescence subse-
quent to cleavage of the lysyl-coumaryl amide bond [85–90]. Subopti-
mal proteolytic stability of different HDACs against the used proteases 
prohibited a continuous assay format, but there are reports for some 
sirtuins that this assay could be performed in a continuous manner 
[91–92]. 

Most of the published sirtuin assays have the limitation, that the 
substrate properties for the different sirtuin isoforms are suboptimal 
with regard to both, KM and kcat values, resulting in kcat/KM values in the 
range of 10–10,000 M−1s−1. This demands relatively high substrate 
concentrations and the low kcat values lead to assay protocols with sir-
tuin concentrations in the range of 500 nM (Sirt2) up to 2 µM for Sirt6 
measurements. Such settings limit the validity of the Michaelis-Menten 
equation and exacerbate correct determination of IC50 values for in-
hibitors binding with high af昀椀nity. 

In contrast to most HDACs, sirtuins are able to accept longer acyl 
chains at the lysine side chain [4]. Based on this observation, three 
昀氀uorescence based and continuous activity assays without any coupling 
to enzymatic or chemical reaction have been developed for sirtuins 
[8,10–11]. Subsequently, a similar assay was adapted to monitor 
HDAC11 activity [9]. In all cases, a 昀氀uorophore (or a quencher) is fused 
to the acyl moiety linked to the lysine side chain. Resulting substrates 
have good properties for Sirt2 and HDAC11 with kcat/KM values up to 
175,000 M−1s−1 and 11,000 M−1s−1, respectively [8]. Recently, we 
were able to show that replacing the scissile bond by a thioamide bond is 

Fig. 4. A. Fluorescence spectra of 4a, 4, 4c, 4d at concentration of 1 µM. Excitation and emission wavelengths were set to 493 nm and 518 nm, respectively. B. 
Progress curves of Sirt2 mediated cleavage of 7 at 25 çC with 40 nM peptide, 500 µM NAD+, and different SIRT2 concentrations ranging from 0.1 to 2 nM. Fluo-
rescence readout was corrected by a negative control without enyzme. Product concentration was calculated using a calibration line (Fig S44). The excitation 
wavelength was set to 485 ± 14 nm and the emission wavelength to 35 ± 25 nm. C. Reaction rate of 7 from panel B is linearly dependent on the Sirt2-concentration at 
40 nM substrate concentration. Error bars shows the standard deviation from triplicates of one experiment. D. Reaction rate of Sirt2 mediated cleavage of 7 as a 
function of BSA–concentration in the reaction mixture at 10 nM of 7 and a Sirt2 concentration of 250 pM. 
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Fig. 5. A. v/[S] plots of 500 pM Sirt2 with different concentrations of 7 and 500 µM NAD+ in three different well plate types. The resulting kinetic constants, the Z’- 
factor and the S/N ratio are summarized in the table under the 昀椀gure. B. v/[S] plots of Sirt2 and 7 with different concentrations of the Sirt2 inhibitor SirReal2 with 
500 pM Sirt2, 500 µM NAD+ and altering concentrations of 7. C. Lineweaver-Burk plot of the steady-state kinetics of B, showing a competitive binding mode of the 
inhibitor SirReal2, resulting in a Ki value of 0.68 µM. Hanes-Woolf plot and Dixon plot of the inhibitor measurement are shown in the supporting information 
(Fig. S52). D. Dose-response curves of four known HDAC11 inhibitors using 5 nM HDAC11 and 2 µM of 4. The IC50 values are summarized in Table 4. 

Fig. 6. A. Fluorescence change of 10 nM 7 or 7a subsequent to treatment with increasing amount of Sirt2 (0.05 nM to 2048 nM) but without NAD+. B. Binding curve 
of SirReal2 to Sirt2 generated by displacing 7 from Sirt2 which results in PET-based quenching of 昀氀uorescence intensity. The concentration of 7 was 10 nM and Sirt2 
excess 25-fold (250 nM). C. Fluorescence polarization change of 10 nM 7 or 7a subsequent to treatment with increasing amount of Sirt2 (0.05 nM to 2048 nM) but 
without NAD+. 
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accepted by some HDAC isoforms yielding internally 昀氀uorescence- 
quenched HDAC8 super-substrates with kcat/KM values up to 450,000 
M−1s−1. A similar replacement in sirtuin substrates is not productive 
because of the dramatically reduced substrate properties [20]. There-
fore, we wondered if we could arti昀椀cially introduce a thioamide bond 
into the fatty acid chain of myristoylated peptides (Fig. 2). 

In combination with a respective 昀氀uorophore in the peptide chain 
the thioacylated 11-aminoundecanoylated lysine derivatives SIRT2 
shows extremely low KM values down to 5.3 nM for 7 and with further 
minor modi昀椀cations at the acyl residue down to 1.1 nM (14). Known KM 
values for continuous assay substrates for SIRT2 are 120 nM [8], 520 nM 
[10] and 41 nM recently shown by Nakajima et al. [11]. Compared with 
those substrates the KM values for SIRT2 for substrates published in this 
study are more than 8 to 40 times lower. In contrast, the kcat value with 
0.36 s−1 (for SIRT2 and 7) do not decrease signi昀椀cantly despite the low 
KM values and is comparable to the published kcat value (0.24 s−1) for the 
aminobenzoylated 11-aminoundecanoyl substrate [8] yielded in a 85 
fold increased kcat/KM value compared to this substrate. 

Additionally, Sirt3, Sirt5 and Sirt6 are also able to recognize sub-
strate 7. Based on the low KM value the "super-substrate" 7 allows 
measurements of the Sirt2 activity in a microtiter plate format with 
enzyme concentrations as low as 100 pM and substrate concentration of 
10 nM. To the best of our knowledge this represents the most speci昀椀c 
Sirt2 substrates described so far enabling highly effective microtiter 
plate-based inhibitor screening projects because of the reagent-saving 
and continuous nature of the assay format. Additionally, this substrate 
7 represents a potential candidate for monitoring sirtuin 2 and HDAC11 
activity in more complex biological 昀氀uids like cell lysates or within cells. 
Therefore, metabolic stability have to be increased because cleavages of 
peptide bonds between the 昀氀uorophore and the modi昀椀ed lysine residue 
by proteases will yield a 昀氀uorescence signal, too. One possibility is the 
replacement of single amino acid residues by either D-amino acids or N- 
methyl amino acids which are known to prevent proteolytic action. In a 
systematic study we were able to show that sirtuins can tolerate such 
modi昀椀cations very well with the exception of the +1 position (data not 
shown). For cell-based experiments the metabolically stabilized sub-
strate could be fused to oligo-arginines for better cell-penetration. We 
know that sirtuins recognize peptide substrate fused via the N-terminus 
to oligo(deca)-D-arginine (data not shown) opening the way of such 
substrates to be applied in living cells. 

We could demonstrate that the underlying mechanism for substrate 7 
is quenching by PET. Titrating 7 with Sirt2 in order to force 7 in an 
enzyme bound state increases the 昀氀uorescence up to a value of 70% 
昀氀uorescence intensity of the corresponding peptide without PET 
Quencher (7a) or peptides derivatives having no PET quencher in their 
structure (4c). If the substrate 7 is bound to Sirt2 van der Waals contact 
between the thioamide bond and the 昀氀uorescein is not possible (Fig. 3A) 
preventing 昀氀uorescence quenching. Interestingly, this 昀氀uorescent sub-
strate/enzyme complex could be used in a 昀氀uorescent indicator 
displacement assay format for 昀氀uorescence-based screening of inhibitors 
as demonstrated for the selective Sirt2 inhibitor SirReal2 (Fig. 6B). 

In summary, we were able to demonstrate that 昀氀uorescence 
quenching by thioamides via a PET mechanism could be used for the 
development of highly ef昀椀cient sirtuin and HDAC11 substrates which 
can be used for highly effective activity measurements using microtiter 
plate-based equipment. Moreover, PET mechanism allowed the devel-
opment of an inhibitor screening based on either 昀氀uorescence polari-
zation or 昀氀uorescent indicator displacement. Moreover, the developed 
substrates represent a starting point for the generation of probes 
enabling monitoring of sirtuin or HDAC11 activity in vivo. 

4. Experimental section 

4.1. Chemicals and general methods 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, 

USA) if not described otherwise. N,N-dimethylformamide (DMF), 
piperidine, ethyl(hydroxyamino)cyanoacetate (OxymaPure), penta-
昀氀uorophenol, and Rink amide MBHA were purchased from Iris Biotech 
(Marktredwitz, Germany). 9-昀氀uorenylmethoxy-carbonyl- (Fmoc) pro-
tected amino acid derivatives and O-(Benzotriazol-1-yl)-N,N,N2,N2-tet-
ramethyluronium hexa昀氀uorophosphate (HBTU) were purchased from 
Merck (Darmstadt, Germany). Tri昀氀uoroacetic acid (TFA) was obtained 
from Roth (Karlsruhe, Germany). Fmoc-protected β-(7-methoxy- 
coumarin-4-yl)-alanine (Mcm) was purchased from Bachem (Bubendorf, 
Switzerland). Fmoc-Lys(Ns)–OH, S2iL5 and DK5.1 were prepared as 
described before [8,34]. CUDC-907, JNJ-26481585 (Quisinostat), Pan-
obinostat, 3-Typ, Trichostatin A and SirReal2 were purchased from 
Biomol (Hamburg, Germany). Fluorophores IANBD, 5-Iodoacetamido-
昀氀uorescein, BODIPY 507/545-iodoacetamide, BODIPY-FL iodoaceta-
mide, OregonGreen488 iodoacetamide (mixed isomers) were obtained 
from Thermo Fisher Scienti昀椀c (Waltham, Massachusetts, USA). 

For all HPLC analysis and puri昀椀cations a system of water supple-
mented with 0.1% TFA (solvent A) and acetonitrile (ACN) supplemented 
with 0.1% TFA (solvent B) was used. Analytical runs were performed on 
an Agilent 1100 system (Boeblingen, Germany) with a quaternary 
pump, a well-plate autosampler and a diode array detector. Separation 
was done with a linear gradient from 5% to 95% solvent B within 6 min 
and a 昀氀owrate of 0.6 ml/min on a 3.0 × 50 mm reversed phase column 
(Phenomenex Kinetex XB C-18, 2.6 μm). Puri昀椀cation of peptides was 
done on Shimadzu LC System with a Phenomenex Kinetex™ 5 μm XB- 
C18 (250 × 21.1 mm, 100 Å) column using gradients ranging from 
10% to 50% solvent B within 45 min to 25–80% solvent B. 

UPLC-MS analysis was performed using either Waters Acquity UPLC- 
MS system or Waters XEVOTQD UPLC-MS system (Milford, USA) with a 
Waters Acquity-UPLC-MS-BEH C18; 1.7 μM (2.1 × 50 mm; 30 Å) col-
umn. As a mobile phase 0.1% formic acid in H2O (solvent A) and 0.1% 
formic acid in ACN (solvent B) solutions were used. Typical gradient 
from 95:5 (v/v) of H2O:ACN to 5:95 (v/v) of H2O:ACN in 6 min was used 
for the most of the runs. Data analysis was performed using Waters 
MassLynx software. 

4.2. Peptide synthesis 

All Peptides were synthesized using an automated microwave pep-
tide synthesizer Liberty BlueTM (CEM Corporation, Matthews, NC, USA) 
and Fmoc-based solid phase peptide synthesis (SPPS). The amino acid 
coupling was performed twice and with DIC/OxymaPure for 2 min at 
90 çC. Fmoc deprotection was done with 20% piperidine solution in 
DMF for 1 min at 90 çC. N-terminal acetylation was performed with an 
acetic anhydride/DIPEA/DMF (1:2:7) mixture for 1 h at room 
temperature. 

4.2.1. Modi昀椀cation of ε-amino group of lysine 
Myristoyl modi昀椀cation was introduced via SPPS as Fmoc–Lys(Myr)– 

OH building block. Other modi昀椀cation of the ε-amino group of lysine 
were done on the resin after removal of 2-nitrobenzenesylfonyl (nosyl) 
group. Nosyl protecting group cleavage was done with a mixture of 1,8- 
diazabicyclo[5.4.0]undec-7-en (DBU)/thiophenol/DMF (1,5:1:7,5 v/v) 
(2 × 90 min). After washing with DMF, free lysine side chain was 
modi昀椀ed as described below. 1–12: Resin was treated with Fmoc-11- 
aminoundecanoic acid (Fmoc-Aun-OH, 3 eq), HBTU (3 eq) and DIPEA 
(6 eq) in DMF for 1 h. After Fmoc deprotection (20% piperidine in DMF 
for 2 × 10 min) and washing (5 × 5 min with DMF), peptides were 
incubated with 4 eq of ethyl dithioacetate and 4 eq DIPEA in DMF for 1 
h. 4a and 7a: nosyl protecting group was cleaved like described above. 
4c: After coupling of Fmoc-11-aminoundecanoic acid and Fmoc cleav-
age, peptide was incubated with an acetic anhydride/DIPEA/DMF 
(1:2:7) mixture for 1 h at room temperature. 4d and 16: After coupling 
of Fmoc-Aun-OH and Fmoc cleavage, resin was incubated with tri-
昀氀uorothioacetamide (5 eq) in DCM overnight. Then resin was incubated 
with a saturated solution of H2S in tetrahydrofuran (THF) for 1 h. These 
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two steps were repeated once. 13: After coupling of Fmoc-Aun-OH and 
Fmoc cleavage resin was incubated with 5 eq 2–nitrobenzenesylfonyl 
chloride and 10 eq 2,4,6-trimethylpyridine dissolved in N-methyl-2- 
pyrrolidone (NMP) for 15 min. After that, the resulted 2-nitrobenzene-
sulfonamide of Aun was methylated with triphenylphosphine (5 eq), 
methanol (MeOH, 10 eq) and diisopropyl azodicarboxylate (DIAD, 5 eq) 
in DMF for 2 × 30 min. The resin was incubated with 
2–mercaptoethanol (10 eq) and DBU (5 eq) in DMF for 2 × 5 min. After 
washing with DMF resin was allowed to react with a solution of ethyl-
dithioacetate (4 eq) and DIPEA (4 eq) overnight. 14: After Fmoc-Aun- 
OH coupling and Fmoc-cleavage resin was incubated with S-(thio-
benzoyl)thioglycolic acid (5 eq) and DIPEA (10 eq) overnight. 15: After 
Fmoc-Aun-OH coupling and Fmoc-cleavage resin was incubated with 5 
eq 2–nitrobenzenesylfonyl chloride and 10 eq 2,4,6-trimethylpyridine in 
NMP for 15 min. After that, the resulted nosylamide was methylated 
with triphenylphosphine (5 eq), MeOH (10 eq) and DIAD (5 eq) in DMF 
for 2 × 30 min. The resin was incubated with 2–mercaptoethanol (10 eq) 
and DBU (5 eq) in DMF for 2 × 5 min. After washing with DMF resin was 
incubated with S-(thiobenzoyl)thioglycolic acid (5 eq) and DIPEA (10 
eq) overnight. 17: After nosyl-group cleavage resin was treated with a 
solution of Fmoc-7-aminoheptanoic acid (4 eq), HBTU (4 eq) and DIPEA 
(8 eq) in DMF for 1 h, followed by Fmoc deprotection (20% piperidine in 
DMF, 2 × 10 min incubation) and washing 5 × 5 min with DCM. Then 
the resin was incubated with Fmoc-thio-β-alanyl-nitrobenztriazole (3 
eq) and DIPEA (1 eq) in DCM for 1 h at room temperature followed by an 
Fmoc cleavage (20% piperidine in DMF, 2 × 10 min incubation) and 
washing 5 × 5 min with DCM. Afterwards the resin was incubated with 
4 eq ethyl dithioacetate and 4 eq DIPEA for 1 h. 18–20: After nosyl- 
group cleavage resin was incubated with Fmoc-glycine (4 eq), HBTU 
(4 eq) and DIPEA (8 eq) in DMF for 1 h followed by Fmoc cleavage (20% 
piperidine in DMF, 2 × 10 min incubation) and washing (5 × 5 min) 
with DCM. Then the resin was treated with O-tert-butyl-S-methyl-1,1- 
dithiooxalate (2 eq) dissolved in DCM for 1 h. 

4.2.2. Global deprotection 
After 昀椀nishing synthesis on the resin, the resin was washed several 

times with DCM, then several times with MeOH and again with DCM. 
The resin was further incubated 2 times for 90 min in a H2O/TFA/trii-
sopropylsilane (TIPS) [95:2.5:2.5 (v/v/v)] and the volatiles were 
removed in vacuo. The residue was dissolved in a solution of ACN/H2O 
[50:50 (v/v)], 昀椀ltrated and puri昀椀ed with HPLC. Fractions containing the 
pure peptide (analyzed by UPLC-MS) were united, frozen, and lyophi-
lized. The purity of the lyophilized material was determined with UPLC- 
MS. 

4.2.3. Fluorophore coupling 
12–17, 20: The Fmoc-ß-(7-Methoxy-coumarin-4-yl)-Ala-OH was 

introduced in the peptide backbone while standard SPPS and were ready 
for further usage after the 昀椀rst puri昀椀cation with HPLC. 1–11, 18, 19: 
The lyophilized peptide was dissolved DMF and incubated with a solu-
tion of the appropriate 昀氀uorophore (0.67 eq) and DIPEA (6 eq) for 1 h at 
room temperature. After complete reaction (veri昀椀ed via UPLC-MS) so-
lution was directly injected in the HPLC system and fraction with pure 
peptide were combined (judged by UPLC-MS), frozen and, lyophilized. 
Purity and identity was determined with UPLC-MS. 

4.3. Cloning, expression and puri昀椀cation of recombinant enzymes 

HDAC11 was cloned, expressed and puri昀椀ed as described [9]. All 
sirtuin genes were synthesized by Biocat GmbH. Human Sirt5 (34–302) 
was cloned with protease-cleavable N-terminal StrepII-tag [93] into 
pET-21a(+) vector. Sirt2 (43–356), Sirt3 (114–380) and Sirt6 (1–355 
homolog 1) were cloned with protease-cleavable N-terminal StrepII-tag 
into pET-28a(+)-vector. All sirtuins were expressed in E. coli BL21 (DE3) 
in LB media supplemented with ampicillin or kanamycin, respectively. 
Overexpression was induced by the addition of IPTG in a 昀椀nal 

concentration of 0.5 mM at an OD600 of 0.6. Cells were harvested by 
centrifugation, resuspended in lysis buffer (100 mM Tris-HCl, 250 mM 
NaCl, 10 mM DTT, 1 mM EDTA, pH 8.0), and lysed by soni昀椀cation. Cell 
debris was pelleted by ultracentrifugation and resulting supernatant was 
loaded onto a StrepTrap column (GE Healthcare, Uppsala, Sweden). The 
loaded column was intensively washed before elution with 5 mM des-
thiobiotin in 100 mM Tris, 250 mM NaCl, pH 8.0. Sirtuin-containing 
fractions were concentrated and 昀椀nally separated using a Superdex 75 
5/150 gel 昀椀ltration column (GE Healthcare) equilibrated with 100 mM 
HEPES, 150 mM NaCl, 10 mM CaCl2, 1 mM TCEP pH 7.8. All buffers for 
chromatographic steps were 昀椀ltrated (0.22 µM) and degassed. Identity 
and homogeneity were 昀椀nally con昀椀rmed via SDS-Page and LC-MS 
analysis as depicted in supplementary 昀椀gures S58 and S59. 

4.4. Fluorescence and UV-measurements 

The UV measurements were done in a cuvette with an optical path 
length of 10 mm and a compound concentration 10 µM for peptides 1 to 
11, 18, 19 and 30 µM for 12 to 17 and 20 at 25 çC in a M500 spectro-
photometer (Carl Zeiss, Jena, Germany). The background absorbance of 
the appropriate buffer was subtracted from all spectra measured. The 
昀氀uorescence spectra were recorded at a Fluoromax4 (Horiba, Kyōto, 
Japan) with a compound concentration of 1 µM at 25 çC. The excitation 
wavelength, excitation slits and emission slits are summarized in 
Table 5. 

4.5. Determination of quenching ef昀椀ciency 

For determination of the quenching ef昀椀ciency (QE) the peptides and 
the corresponding products were used. The product peptides were pro-
duces enzymatically with 50 µM peptide, 500 µM NAD+ and 0.5 µM Sirt2 
at 37 çC for 5 h. Full cleavage of peptides was con昀椀rmed with HPLC. The 
acylated peptides were treated in the same way but without enzyme. QE 
was determined in a black 96 well plate at 25 çC in a total volume of 100 
µl at 0.5 µM, 1 µM, 1.5 µM and 2.5 µM 昀椀nal peptide concentration. QE 
was calculated with the following equation: 

QE(%) = 100
product fluorescence − substrate fluorescence

product fluorescence − backgroundfluorescence 

Background 昀氀uorescence is solution of Sirt2 and NAD+ in buffer 
without peptide. The QE presented in Table 1 is the mean of QE at these 4 
concentrations. QE for peptide 8, 9, 11, 17, 18, 19, 20 was determined 
using the 昀氀uorescence spectra (Fig. S60-S65) where the product 昀氀uo-
rescence is the 昀氀uorescence intensity at λmax of the peptide without acyl 
residue and the substrate 昀氀uorescence represents the 昀氀uorescence in-
tensity of the peptide (with acyl residue) at the same wavelength. 

4.6. HPLC-based deacylation assay 

Reactions were performed in a total volume of 70 µl in Sirt-assay 
buffer containing 20 mM Tris-HCl (pH 7.8), 140 mM NaCl, 10 mM KCl 
and 2 mg/ml BSA for Sirt2, Sirt3, Sirt5 and Sirt6 or in HDAC11-assay 
buffer containing 20 mM of phosphoric acid (pH 7.4, adjusted with 
NaOH) and 2 mg/ml BSA for HDAC11. The peptides with a 昀椀nal con-
centration of 50 µM and 500 µM NAD+ (only for sirtuins) were incubated 
for 5 min at 37 çC and the reaction was started with the addition of 

Table 5 
Settings for 昀氀uorescence measurements with Fluoromax 4.  

Compound λEx (nm) Exc slit (nm) Em slit (nm) 
1–7, 10, 18, 19 492 0.5 2.5 
12–17, 20 334 1 5 
8 507 0.5 5 
9 502 0.5 3.5 
11 502 1 10  
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enzyme ([HDAC11] = 50 nM, [Sirt2] = 100 nM, [Sirt3] = 100 nM, 
[Sirt5] = 500 nM and [Sirt6] = 500 nM 昀椀nal concentrations). After 1 h 
and after 3 h the reaction was quenched by addition of 1% TFA solution 
(昀椀nal concentration at least 0.2%). Analysis of product formation was 
done with analytical HPLC. The quenched reaction solution was injected 
in the HPLC system (injection volume 40 µl) and compounds were 
separated with a linear gradient 5–95% solvent B in 6 min. Analysis of 
product peak area and substrate peak area were done with Agilent 
software Chemstation at 220 nm for 1b, at 320 nm for 12–17 and 20, at 
450 nm for 1–7, 9, 10, 18 and 19 and at 505 nm for 8 and 11. Product 
formation was calculated as the ratio of product peak area to total peak 
area. 

4.7. Steady state measurements 

4.7.1. Plate reader 
The kinetic measurements were carried out in black 96-well plate 

with 昀氀at bottom. The reaction take place in a total volume of 100 µl at 
25 çC in HDAC11 assay buffer for HDAC11 and in Sirt-assay buffer for 
sirtuins (buffer composition as described above). For 384-well plate 
measurements a total volume of 20 µl and for 1536-well plates a total 
volume of 10 µl was used. Peptide substrates were dissolved in DMSO 
and the DMSO concentration was constant at 2% during the measure-
ments. The peptide was incubated with 500 µM NAD+ (only for sirtuins) 
in assay buffer for 5 min at 25 çC. The reaction was started with addition 
of enzyme. HDAC11 concentration was 10 nM for compounds 1 to 10 
and 20 nM for 12–16 and peptide concentration varies between 0.25 µM 
and 20 µM. Sirt3 concentration was 20 nM and the peptide concentra-
tion varies between 0.05 and 3 µM. The Sirt5 concentration was 0.5 µM 
and the peptide concentration varies between 0.4 and 20 µM. The Sirt2 
concentration was set to 0.25–2 nM depending on the peptide substrate 
and the peptide concentrations varies between 0.5 nM and 400 nM. The 
product formation was monitored via the 昀氀uorescence intensity, recor-
ded by an Envision 2104 Multilabel Plate Reader (PerkinElmer, Wal-
tham, MA). The 昀椀lter settings for 1 to 10 was λEx = 485 ± 14 nm and λEm 
= 535 ± 25 nm and for 12 to 16 λEx = 330 ± 75 nm and λEm = 405 ± 8 
nm. The 昀氀uorescence intensity was plotted vs. the time and the initial 
slope of these curves represents the reaction rate. The 昀氀uorescence in-
tensity was transformed to product concentration using calibration lines 
as difference between substrate and product 昀氀uorescence (Fig. S43-S47). 
The reaction rate was plotted against the substrate concentration and a 
nonlinear regression according to the Michaelis-Menten equation was 
used to determine KM and kcat values using GraphPad Prism 8 software 
(San Diego, CA). For determination of kinetic constants KM and kcat of 
the HDAC11 reaction with 1–8 and 10 Hanes-Woolf plot was used. 

4.7.2. HPLC 
The peptide (and 500 µM NAD+ for Sirt2) was preincubated in the 

appropriate assay buffer (see above) at different concentrations (0.5–40 
µM HDAC11 and 0.25–4 µM Sirt2) for 5 min at 25 çC in 1.5 ml reaction 
vessel. The reaction was started with the addition of enzyme (3 nM 昀椀nal 
concentration). After different time points (5–40 min) the reactions was 
quenched with 1% TFA (昀椀nal concentration at least 0.2%). The HPLC- 
method (injection, separation gradient, detection, and quanti昀椀cation) 
was like described above. Product concentration was plotted as a func-
tion of time and the initial slope of these curves represent the reaction 
rate. Determination of KM and kcat values was done like described above 
with the nonlinear regression according to the Michaelis-Menten 
equation. 

4.7.3. Fluorescence spectrometer 
The sensitivity of the Envision Multilabel Plate Reader in this setting 

was not high enough to determine the KM and kcat for Sirt2 and 12–16. 
The 昀氀uorescence spectrometer was the alternative. All measurements 
were done in a 昀氀uorescence cuvette with 10 mm × 10 mm side length, at 
25 çC in modi昀椀ed Sirt-assay buffer (20 mM Tris-HCl (pH 7.8), 140 mM 

NaCl, 10 mM KCl and 0.2 mg/ml BSA) at the Fluoromax4 (Horiba, 
Kyōto, Japan). The reaction solution with peptide (0.25–40 nM) and 
500 µM NAD+ was incubated at 25 çC in the cuvette for 5 min. The re-
action started with the addition of Sirt2 (2 nM for 12, 13, 16 and 1 nM 
for 14 and 15 昀椀nal concentration). The product formation was moni-
tored with increase of 昀氀uorescence intensity at λEx = 334 nm and λEm =
397 nm with an excitation/emission slit at 2/10 nm for 12, 13 and 16 
and with an excitation/emission slit at 2.5/20 nm for 14 and 15. The 
昀氀uorescence intensity was plotted against the time and the further 
determination of KM and kcat values were done as described in the “Plate 
Reader” section. 

4.8. Determination of inhibition constants (IC50 values) 

The IC50 values were determined in a black 96-well plate (Grainer 
Bio-One) in a total assay volume of 100 µl. For sirtuins the substrate was 
preincubated with altering concentrations of inhibitor and 0.5 mM 
NAD+ in Sirt-assay buffer (as described above) at 25 çC for 5 min. The 
reaction was started with the addition of enzyme (10% of the total 
volume). Sirt2 was used with 10 nM of 7 and 500 pM of Sirt2 for Sir-
Real2 and S2iL5 and 250 pM for compound 21. Sirt3 was used with 0.27 
µM 1 and 10 nM of Sirt3. Sirt5 was used with 0.5 µM Sirt5 and 2 µM of 7. 
For HDAC11 the enzyme (5 nM 昀椀nal concentration) was incubated with 
different concentrations of inhibitor in HDAC11-assay buffer (as 
described above) and the reaction was started with the addition of 
compound 4 as substrate (昀椀nal concentration 2 µM). The product for-
mation was monitored with the increase of the 昀氀uorescence intensity at 
λEx = 485 ± 14 nm and λEm = 535 ± 25 nm in a Perkin Elmer Envision 
plate reader. The initial rates of product formation were obtained from a 
linear regression of the plot 昀氀uorescence intensity as a function of time. 
The initial rates were normalized with the uninhibited reaction as 100% 
and the reaction without enzyme as 0%. The IC50 values were calculated 
with the following nonlinear equation for normalized reaction rates of a 
dose response curve in GraphPad Prism 8 software from a plot 
normalized activity as a function of logarithm of inhibitor 
concentration. 

Y =
100

1 + 10X−logIC50  

4.9. Determination of Z’ factor and S/N ratio 

The Z’ factor is a dimensionless statistical parameter to describe the 
quality of an HTS assay [94]. The Z’ factor was calculated using the 
reaction rates of the Sirt2 deacylation reaction of 7 in different well plate 
types. The peptide concentration was chosen to be 10 nM like in the IC50 
determination and 0.5 nM was the Sirt2 concentration. The 昀氀uorescence 
readout was done like described above (steady state measurements). The 
Z’ factor was calculated with the following equation. 

Z’ = 1−
3SD100% + 3SD0%

|mean100% − mean0%|

Mean100% was set as linear slope (reaction rate) of the reaction with 
500 pM Sirt2, 500 µM NAD+ and 10 nM 7 from a 昀氀uorescence intensity 
vs. time plot. Mean0% is the negative control of this reaction without 
enzyme. The standard deviation of the reaction with enzyme (SD100%) 
and for the negative control (SD0%) was calculated with n = 3 (samples 
in one plate) for 96-well plate and with n = 4 (samples in one plate) for 
384- and 1536-well plate. The Z’ factor presented in this work is the 
mean of 3 independent assay repeats (Fig. S63). 

The signal/noise ratio (S/N) was calculated with the values 
described above and the following equation [94]: 

S/N =
mean100% − mean0%

SD0%  
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4.10. Binding studies, 昀氀uorescence polarization and 昀氀uorescence 
indicator displacement assay 

A serial dilution of Sirt2 in Sirt-assay buffer was done with 昀椀nal 
concentrations from 0.25 nM to 2000 nm Sirt2. 7 was added with a 昀椀nal 
concentration of 10 nM and then transferred to a black 384-well plate 
(small volume) with a total volume of 20 µl. The mixture was incubated 
for 10 min at 25 çC. The 昀氀uorescence readout was done with Envision 
2104 Multilabel plate reader (PerkinElmer) with λEx = 485 ± 14 nm and 
λEm = 535 ± 25 nm. The 昀氀uorescence intensity was normalized with 7 
without Sirt2 as 0% and 2 µM Sirt2 with 7 was set to 100%. The 昀氀uo-
rescence polarization readout was done with λEx = 485 ± 14 nm, λEm =
535 ± 40 nm (S-pol) and λEm = 535 ± 40 nm (P-pol) with the Perki-
nElmer 2104 Envision Multilabel plate reader and calculation for po-
larization was done with the device software WallacEnvision Manager. 
Fluorescence indicator displacement assay was started with a serial 
dilution of the Sirt2 inhibitor SirReal2 in 5% DMSO in Sirt-assay-buffer 
from 200 µM to 6 nM (昀椀nal concentration). A mixture of 10 nM 7 and 
250 nM Sirt2 (昀椀nal concentration) was added to the inhibitor solution 
and transferred in a black 384-well plate and incubated for 10 min at 
25 çC. Fluorescence readout was done like described above. The 昀氀uo-
rescence was normalized with 7 without enzyme as 0% and 7 with Sirt2 
but without inhibitor as 100%. Relative 昀氀uorescence was plotted as 
function of lg [inhibitor] and the CD50 was determined with the 
following nonlinear equation. 

Y =
Bottom + Top − Bottom

1 + 10X−logCD50  

4.11. Computational studies 

Sirt2 (PDB ID 4Y6O, [95] and Sirt3 (PDB ID 5BWN, [96] protein 
structures in complex with myristoylated peptides were downloaded 
from the Protein Data Bank rcsb.org [97]. The protein structures were 
prepared by using the Structure Preparation module in MOE2012.01 
[98]. Hydrogen atoms were added, for titratable amino acids the pro-
tonation state was calculated using the Protonate 3D module in MOE. 
Protein structures were energy minimized using the AMBER99 force 
昀椀eld [99] using a tethering force constant of (3/2) kT / 2 (σ = 0.5 Å) for 
all atoms during the minimization. AM1-BCC charges were used for the 
studied ligands. All molecules except the zinc ion were removed from 
the structures. Protein-ligand docking was performed using program 
GOLD5.8.1 [100]. His187 (Sirt2) and His248 (Sirt3) were used to de昀椀ne 
the size of the grid box (20 Å radius). 100 docking poses were calculated 
for the docked peptide substrates. To reduce the conformational sam-
pling for the 昀氀exible peptide’s hydrogen bonds observed between the co- 
crystallized peptides and Sirt2/3 in the X-ray structures were considered 
as protein H-bond constraints in GOLD. All other options were left at 
their default values. One conserved water molecule interacting with the 
scissile amide bond was considered as part of the protein for the docking. 
This protocol was correctly reproducing the binding mode of the refer-
ence peptides (taken from the Sirt2-peptide complex PDB ID 4Y6O and 
Sirt3-peptide complex PDB ID 5BWN) with heavy atom RMSD values 
below 2.5 Å. 
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Chapter 27

Continuous Histone Deacylase Activity Assays

Matthes Zessin, Marat Meleshin, Wolfgang Sippl ,

and Mike Schutkowski

Abstract

Protein lysine acylation represents one of the most common post-translational modifications. Obviously,
highly reactive metabolic intermediates, like thioesters and mixed anhydrides between phosphoric acid and
organic acids, modify lysine residues spontaneously. Additionally, enzymes using acyl-CoAs as co-substrates
transfer the acyl residue specifically to defined sequences within proteins. The counteracting enzymes are
called histone deacetylases (HDACs), releasing the free lysine side chain. Such enzymatic activities are
involved in different cellular processes like tumor progression, immune response, regulation of metabolism,
and aging. Modulators of such enzymatic activities represent valuable tools in drug discovery. Therefore,
direct and continuous assays to monitor enzymatic activity of HDACs are needed. Here we describe
different assay formats allowing both monitoring of Zn2+-dependent HDACs via UV-Vis-spectroscopy
and NAD+-dependent HDACs (sirtuins) by fluorescence-based assay formats. Additionally, we describe
methods enabling efficient screening of HDAC-inhibitors via fluorescence displacement assays.

Key words Histone deacetylase, Sirtuin, Activity assay, Inhibitor measurement

1 Introduction

Acylation of lysine side chains in proteins represents one of the most
abundant post-translational modifications in all kingdoms of life.
Acyl residues can be introduced either enzymatically by the action
of acyltransferases or by the spontaneous reaction with acyl-CoA
thioesters [1] or acylphosphates. Acylations of lysine residues can
be reversed by the action of two different, evolutionary conserved
enzymes both named histone deacetylases or more precisely protein
lysine deacylases. On the one hand, there are the Zn2+-dependent
histone deacetylases (HDACs) (11 isoforms in the human prote-
ome) and on the other hand the sirtuins (SIRTs) (7 isoforms in the
human proteome). Sirtuins are dependent on NAD+ availability
because they act as acyltransferases moving the acyl residue from
the lysine side chain to the ADP-ribose part of NAD+ [2]. Robust
deacetylase activity is reported for SIRTs 1–3 and for HDACs 1–3,
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6, and 8. Additionally, nearly all SIRTs are able to remove fatty acid
residues [3], and recently it was shown that HDAC11 is a defatty
acylase as well [4–6].
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Several methods to monitor sirtuin and HDAC11 activity in a
continuous and direct format based on Förster resonance fluores-
cence transfer (FRET) were reported [7–10] and reviewed recently
[11]. Nevertheless, relatively large and artificial residues must be
incorporated into the long-chain acyl residue for the generation of
effective FRET. We wondered if we could use much smaller devia-
tion from the naturally occurring acyl residues by replacing the
amide bond by a thioamide bond. Thioamides have unique
UV-Vis [12] and CD-spectral properties [13], could be used to
switch conformations by UV-light [8, 13], and represent efficient
quenchers for different fluorophores mediated by a mechanism
called photoinduced electron transfer (PET) [14–18]. Additionally,
Fatkins et al. reported efficient cleavage of thioamide bonds by
HDAC8 in thioacetylated p53-derived substrate peptides [19],
which can be monitored by formation of a colored reaction product
formed by the released thioacetic acid and Ellmans reagent
[20]. Recently, we demonstrated that replacement of the scissile
bond in HDAC substrates (Fig. 2, R1) by a thioacetyl amide bond
(Fig. 1, R2) enabled continuous activity determination of HDAC8
and HDAC6 via UV-Vis spectroscopy (Fig. 2a) [15]. In a similar
manner, activity of class IIa HDACs 4, 5, 7, and 9 or HDAC11
could be monitored continuously using thiotrifluoroacetylated
(Fig. 1, R3) or thiomyristoylated (Fig. 1, R4) substrates, respec-
tively [15]. Moreover, we were able to extend this assay principle to

Fig. 1 Different acyl residues that can be used to measure HDAC and sirtuin

activity



the measurement of HDAC8 activity via a PET-based fluorescence-
quenching mechanism yielding some of the most efficient HDAC8
substrates with respect to kcat/KM values [15]. Unfortunately,
thioamide bonds represent very poor substrates for sirtuins because
of the generation of a so-called stalled intermediate slowing down
the reaction rate dramatically [21], and thiomyristoyl residues
(Fig. 1, R4) represent components of efficient inhibitors for
SIRT1–3 and SIRT6 [22–24]. To circumvent this problem, we
artificially introduced a thioamide bond into the myristoylated
lysine residue at different positions and identified (subsequent to
a systematical optimization) thioacetylated 11-amino-undecanoyl
residues (Fig. 1, R5) as well-recognized substrates by SIRTs and
HDAC11 (Fig. 2b) [11].
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Fig. 2 Assay principle for the UV assay (a) and the fluorescence assay (b). (a) The HDAC enzyme cleaves the

thioamide bond, and the product formation is detectable via the decreasing UV-signal at 280 nm. (b) Sirtuin

(or HDAC11) cleaves the quencher containing acyl residue of the lysine side chain and the fluorescence

intensity of fluorescein (in the peptide) increase



Peptide Sequence Enzyme KM (μM)
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Here, we describe two different continuous HDAC/SIRT
activity assay formats. First, use of thioamide bonds (Fig. 1, R2–
R4) as scissile bonds is presented as a unique and continuous assay
for monitoring of HDAC activity via UV-Vis spectroscopy. Second,
we introduce thioacetylated 11-amino-undecanoylated lysine resi-
dues (Fig. 1, R5) in peptide substrates as efficient probes to moni-
tor both sirtuin and HDAC11 enzymatic activity.

2 Materials

2.1 Enzymes 1. Recombinant HDACs (HDAC4, 5, 7, 8, 9, and 11) and sir-
tuins are commercially available. It might be an alternative to
express and purify the recombinant enzymes yourself (proto-
cols could be found for sirtuins in [11], HDAC4, HDAC5,
HDAC7, HDAC8, HDAC9 [15], and HDAC11 [4]), (see
Note 1).

2.2 Peptide

Substrates

1. Peptides can be synthesized via solid-phase peptide synthesis
in-house or could be purchased commercially from a supplier.
A detailed synthesis description could be found in reference
[15] for peptides A–C and in reference [11] for peptides D–E.
Based on the substrate properties, different peptides should be
used for different HDAC isoforms. Peptide A could be used for
HDAC8. For HDACs 4, 5, 7, 8, and 9, peptide B should be
used. For HDAC11 peptide C (UV assay) or peptide D (fluo-
rescence assay) should be used. Peptide E is recommended to
use for SIRT2, SIRT3, and SIRT5. The peptide structure is
shown in Table 1. The sequence of substrate peptides A to C is
variable. The signal for product formation is generated from
the acylated lysine residue.

Table 1

Peptides recommended to be used as substrates for the described activity assays (see Note 3)

Acyl group R

(Fig. 1)

[enzyme]

(nM)

A (Xaa)n-K(R)-(Xaa)m 2 HDAC8 – 20

B (Xaa)n-K(R)-(Xaa)m 3 HDAC IIa – 50
HDAC8 10

C (Xaa)n-K(R)-(Xaa)m 4 HDAC11 – 100

D Ac-EALC(Fl)KK(R)TGG-NH2 5 HDAC11 5.7 5

E Ac-EALPKK(R)TC(Fl)G-NH2 5 SIRT2 0.0053 0.5
SIRT3 0.56 10
SIRT5 2.0 500

C(Fl) means cysteine alkylated with 5-iodoacetamidofluorescein, Xaa means any amino acid
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2. Dissolve the peptides in dimethyl sulfoxide (DMSO) with a
concentration of 10 mM (or 50 mM for HDAC activity mea-
surements if necessary) (see Note 2).

2.3 Compounds

Modulating the

Deacylase Activities

1. Such compounds could be small molecules, natural products,
or peptide derivatives either commercially available or synthe-
sized in-house. Control inhibitors which are commercially
available are as follows: for HDACs class IIa, TMP-195; for
HDAC8 PCI-34051; for HDAC11 SIS17; and as a
pan-HDAC inhibitor, Panobinostat. For sirtuins nicotinamide
(NAM) could be used and SirReal2 as SIRT2-specific inhibitor.

2. Prepare a 10-mM stock solution of the compounds in DMSO.

2.4 Buffers and

Solutions

1. HDAC assay buffer for HDAC4, 5, 7, 8, and 9: 50 mM of
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane-1-sulfonic acid
(HEPES), 140 mM of NaCl, and 10 mM of KCl, pH 7.4
adjusted with NaOH, supplemented with 1 mM of Tris(2-car-
boxyethyl)phosphine (TCEP) and 0.2 mg/mL of bovine
serum albumin (BSA). It is recommended to add TCEP and
BSA fresh from a frozen stock to the buffer for each day.

2. HDAC11-assay buffer: 20 mM of HEPES, pH 7.4 adjusted
with NaOH, supplemented with 70 μM of TCEP and 2 mg/
mL of BSA. It is recommended to add TCEP and BSA fresh
from a frozen stock to the buffer for each day (see Note 4).

3. SIRT assay buffer: 150 mM NaCl, 5 mM MgCl2, and 20 mM
Tris base adjusted with HCl to pH 7.8, supplemented with
2 mg/mL of BSA. It is recommended to add BSA fresh from a
frozen stock to the buffer for each day.

4. Only for sirtuin measurements: 20 mM of NAD+ dissolved in
SIRT assay buffer aliquoted and store at �20 �C for
further use.

2.5 Other Equipment 1. Vortex mixer.

2. 37 �C incubator.

3. Orbital-well plate shaker (maybe combined with the plate
reader).

4. Black 96-well fluorescence plate with flat bottom (384-well
plate).

5. 384-well plate, black fluorescence plate with flat bottom (with
reduced volume).

6. 96-well plate, transparent with V-bottom.

7. Multichannel pipette with 8 or 12 channels.

8. Plate reader with monochromator or filter settings for 480-nm
exaction and 520-nm emission.
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9. UV-photo spectrometer or a plate reader with the possibility to
measure absorbance in the range of 280 nm.

10. UV cuvette with 1-mm or 10-mm pathway (100-μL volume).

11. Analysis software like GraphPad Prism 8.

Here we describe a method to measure HDAC activity, determin-
ing a v/[S] plot and creating a calibration line to calculate product
concentration using HDAC4 as an example. The same activity assay
could be done with HDACs 5, 7, 8, 9, and 11 using the appropriate
substrates (Table 1). The enzyme concentration given in Table 1
are suggestions to start with the measurements. Depending on
enzyme concentration and specific activity of the preparation, it is
likely that it have to be adjusted. Furthermore, an inhibition mea-
surement with a fluorescence assay (Subheading 3.2) is described
for HDAC11. The same assay can be used for sirtuins. The UV-Vis
spectroscopic assay could be used for inhibitor measurements, too.

3 Methods

3.1 Assaying HDAC

Activity

1. The activity measurement should be done in a 100-μL cuvette
with a pathlength of 1 cm (see Notes 4 and 5) at room
temperature.

3.1.1 HDAC Activity

Measurement for HDAC4

and Peptide B as Substrate

2. Label 1.5-mL tubes according to the number of activity mea-
surements you plan to do. Measurements should be done at
least in duplicates. Additionally, make one negative control
without enzyme to be sure that the slope of the reaction
mixture without enzyme is near to zero or to correct the
activity with the slope of the negative control. There are three
samples per peptide to be tested. Repeat the complete experi-
ment at least once to get two independent experiments.

3. The reaction volume is 120 μL, and the reaction mixture con-
sists of the appropriate peptide (50 μM) and HDAC4 (50nM)
in HDAC assay buffer. The reaction started with the addition
of enzyme.

4. Add 0.6 μL of appropriate peptide (peptide B) to 113.4 μL of
HDAC assay buffer, and incubate this mixture for 5 min at
room temperature (25�C).

5. Prepare 1 μM of HDAC4 dissolved in HDAC-assay buffer
(20� HDAC4). The total volume depends on the number of
samples to be measured. Store the enzyme solution always on
ice (see Note 6).

6. Start the enzymatic reaction by adding 6 μL of 20�HDAC4 to
the peptide B, mix it by pipetting up and down, and transfer the
mixture to the cuvette.
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Fig. 3 (a) Example of progression curves of HDAC4-mediated deacylation reaction of peptide B at three

different concentrations recorded at an absorbance of 275 nm in UV cuvette with 10-mm pathway at 25 �C. (b)

Example for a calibration line of peptide B (the peptide sequence was Abz-SRGGK(R3)FFRR-NH2) subsequent

to treatment with (blue) and without (black) HDAC4

7. Perform the absorbance readout at 280 nm for 3 min. In this
time, you can prepare the next substrate solutions. You will
measure a decreasing UV signal. Plot the absorbance against
the time, and create a linear fit for the linear part of the plot.
The absolute value of the slope is proportional to the activity of
the enzyme. An example of a progression curve with a linear fit
could be found in Fig. 3.

8. Repeat the measurement with the second replicate.

9. The third measurement is the negative control. Add 6 μL of
buffer to the mixture, mix it, and transfer it to the cuvette.
Measure the absorbance at the same wavelength and for the
same time as your measurement with enzyme. Plot the absor-
bance against the time, and create a linear fit in the same range
as done with the enzyme-containing sample. If the slope is not
zero, subtract the slope of the negative control from the slope
of your sample.

To determine a v/[S]-plot of HDAC4 and a peptide substrate, the
activity (velocity) of the reaction must be determined at different
substrate concentrations. The KM value of class IIa HDACs to
thiotrifluoroacetylated peptides is in the higher micromolar range
[15]. To stay in a measurable absorbance range (absorbance <2),
the v/[S]-plot determination should be done in cuvette with a
pathlength of 1 mm. To save time, the whole experiment could
be performed in a well plate with UV-transparent bottom.

3.1.2 Determining a v/

[S]-Plot for HDAC4 and

Peptide B as Substrate

1. Prepare a substrate dilution series of 1.053� peptide B in
HDAC assay buffer for six to eight different concentrations in
triplicates in a volume of 114 μL. Substrate concentration
could be ranged between 25 μM and 1000 μM. Be sure that
the DMSO concentration is constant in all samples and is not
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higher than 5%. Mix the samples and incubate them at room
temperature (25 �C).

2. Prepare 1 μM of HDAC4 in HDAC assay buffer (20�, see
Note 7).

3. Add 6 μL of 20� HDAC4 to the first substrate concentration,
and mix it by pipetting up and down. Transfer the reaction
mixture to the cuvette, and start the continuous UV readout at
275 nm for 3 min (see Note 8). An example progression curve
is given in Fig. 3a.

4. Repeat step 3 for all substrate concentrations in duplicates.

5. The third sample is for measuring the negative control. Add
6 μL of HDAC assay buffer to the substrate mixture, mix it,
and start the UV measurement as in step 3. Do this for all
substrate concentrations.

6. Plot the absorbance against the time and perform a linear fit.
Subtract the slope of the negative control from the slope of the
reaction. The corrected slope is your velocity in delta absor-
bance unit per time unit. To calculate the velocity in μM/s, see
Subheading 3.1.3.

7. Plot the velocity against the substrate concentration and per-
form a nonlinear fit according to the Michaelis-Menten
equation.

3.1.3 Peptide Calibration

Line (Example: HDAC4 and

Peptide B)

1. Thaw the substrate solution (peptide B) at room temperature
(see Note 9).

2. In order to convert the absorbance signal to the product con-
centration two calibration lines are necessary, one calibration
line for the substrate (acylated peptide) and one calibration line
for the product (deacylated peptide + thiotrifluoro acetic acid).
Both will be prepared out of the same master mix, and one
sample is treated with enzyme (deacylated sample) and one
without enzyme (acylated sample).

3. Prepare 495 μL of a master mix with 444.4 μM (1.11�)
peptide B in HDAC assay buffer.

4. Split your master mix into two new tubes by adding 225 μL in
every tube. Mark one with acetylated sample and one with
deacetylated sample.

5. Prepare 30 μL of 2 μM of HDAC4 in HDAC assay buffer.

6. Add 25 μL of the 2 μM of HDAC4 to the deacetylated sample.
The final HDAC4 concentration should be 0.2 μM. Add 25 μL
of HDAC assay buffer to the acylated peptide sample. Final
concentration of peptide should be 400 μM in both samples.

7. Incubate these samples (acylated and deacylated peptide sam-
ple) for at least 3 h at 37 �C with gentle shaking (600 rpm) to
reach complete product formation. Full substrate conversion
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should be confirmed by HPLC (see Note 10). If there is no
thermostat shaker available, incubation at room temperature
overnight could be an alternative. Vortex the solution for
several seconds.

8. Prepare several dilutions of your acylated peptide sample and
your deacylated peptide sample in 1.5-mL tubes that covers the
absorbance range up to 1 in a total volume of 120 μL i
duplicates. Possible peptide concentrations for the serial dilu-
tion are 0 μM, 25 μM, 50 μM, 75 μM, and 100 μM in a cuvette
with a pathlength of 1 cm.

9. Transfer the mixtures to the cuvette, and measure the absor-
bance at 275 nm (see Note 11) for all concentrations.

10. A standard curve could be created by plotting the absorbance
readout of both acylated sample and deacylated sample, against
the peptide concentration. Perform a linear fit, and subtract the
slope of the acylated sample from the slope of the deacylated
sample. This is your factor to calculate the product concentra-
tion from the measured absorbance values. An example calibra-
tion curve is given in Fig. 3b. The linear calibration line can be
also used for measurements in a cuvette with a different path-
length if the factor of the pathlength is considered.

IC50 value is determined for two compounds against HDAC11.
The samples should be assayed in triplicate on the plate. In total you
need half of the wells of a 96-well plate. Reaction mixture of each
well consists of 20 μL of inhibitor solution (with 5% DMSO final
concentration), 70 μL of enzyme solution (5 nM of final concen-
tration), and 10 μL of substrate solution (final concentration
2 μM). A control inhibitor for HDAC11 could be SIS17 or
HDAC pan inhibitor Panobinostat.

3.2 Determining IC50
Value (Example:

HDAC11)

1. Thaw the appropriate peptide substrate solution (peptide D)
and the two compounds of interest at room temperature, and
store the HDAC11 enzyme on ice.

2. Prepare 200 μL of a 25% DMSO solution in HDAC11 assay
buffer by adding 40 μL of DMSO to 160 μL of HDAC11 assay
buffer.

3. Perform a serial dilution of two compounds of interest in 0.5-
or 1.5-mL tubes to obtain 5� compound of interest solution
for seven different concentrations in a HDAC11 assay buffer/
DMSO solution. For example, the final concentrations of your
compound are 0.02, 0.06,. . ., and 20 μM the concentration of
your compound should be now 0.1, 0.3,. . ., and 100 μM.
Make sure that your DMSO concentration in this dilution
series is constant for every concentration. For example, if the
final DMSO concentration of the assay assigned to be 5%, the
DMSO concentration in the 5� compound of interest dilution
should be 25%.
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Fig. 4 Schematic pipetting order (left) and pipetting scheme for a 96-well plate for determining a IC50-value for

two compounds of interest

4. Add 20 μL of the 25% DMSO solution to the black 96-well
fluorescence plate to row A from position 1 to 6 (see Fig. 4).
Wells A1 to A3 are the 100% sample (positive control) and wells
A4 to A6 represent the 0% sample (negative control, see Note
12). Add than 20 μL of your compound of interest solution in
triplicates to the same plate. Columns 1 to 3 are for compound
of interest 1 and columns 4 to 6 are for compound of interest
2 (see Note 13). For example, add 20 μL of compound 1 and
the lowest compound concentration (0.02 μM final concentra-
tion) to wells B1, B2, and B3. An example of a pipetting
scheme is shown in Fig. 4.

5. Prepare 3500 μL of 7.14-nM HDAC11 in HDAC11 assay
buffer (1.43�) in 5-mL or 15-mL tube, and mix it by pipetting
up and down. If you are determining an IC50 value for sirtuins,
this is the point where you add 500 μM NAD+ to the enzyme
solution (see Note 14).

6. Add 70 μL of HDAC11 assay buffer to wells A4 to A6 (nega-
tive control without enzyme), and add 70 μL of 1.43�
HDAC11 to each other well (A1 to A3 and B1 to H6).

7. Incubate the microtiter plate for 5 min at room temperature
while shaking the plate. In parallel, prepare 620 μL of 20-μM
peptide D in HDAC11 assay buffer (10�) by adding 1.24 μL
of peptide D stock to 618.8 μL of HDAC11 assay buffer. Add
100 μL to 6 wells of a transparent 96-well plate with V-bottom.

8. Start the reaction by adding 10 μL of 10� peptide D with a
multichannel pipette from the transparent 96-well plate to the
black fluorescence well plate. Start with addition to positive and
negative control and then from the lowest to highest inhibitor
concentrations.
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9. Shake the plate for 1 min, and perform the fluorescence read-
out at the plate reader with filter settings according to fluor-
esceine fluorescence, for example, with λExcitation¼ 480 nm and
λEmission ¼ 520 nm. Perform a readout every 30 s for 20 min
(see Notes 15 and 16).

10. Plot the fluorescence signal against the time and create a linear
fit in for the initial (linear) slope of the plot. This is the activity
which you can use to calculate the IC50 value. For normaliza-
tion the sample without inhibitor and with enzyme is set to
100% activity, and the sample without enzyme is set to 0%
activity.

3.3 Fluorescence

Displacement Assay

for SIRT2

1. Thaw the stock solution of your compound of interest at room
temperature.

2. Prepare a series of 12 different 0.5-mL tubes (or 1.5 mL) in a
rack, and give them a logical labeling for a dilution series. Ten
tubes belong to the dilution series, one tube is the 0% bound
control and one tube the 100% bound control. Zero percent
bound means that no binding of the compound of interest
occurs (the fluorescence probe binds 100%). In contrast,
100% bound means that the compound of interest binds
completely to SIRT2 (the fluorescence probe is completely
displaced and do not bind). The assay principle is shown in
Fig. 5.

3. Prepare 800 μL of a 10% DMSO solution in SIRT assay buffer
by adding 80 μL of DMSO to 720 μL of SIRTassay buffer. Add
50 μL of this solution to each of the 12 tubes.

Fig. 5 Principle of the fluorescence indicator displacement assay. The

fluorescence probe binds to SIRT2. When adding the compound of interest, the

fluorescence probe is displaced by the compound of interest and the signal of

the fluorescence polarization increase and the fluorescence intensity decrease



422 Matthes Zessin et al.

4. Prepare 60 μL of a fourfold compound of interest solution for
the highest concentration. For example, the highest compound
concentration should be 200 μM, the fourfold solution should
be 800 μM with a DMSO concentration of 10%.

5. Add 50 μL of the fourfold inhibitor solution to the tube
destinated for the highest inhibitor concentration, and mix it
by pipetting up and down. Take again 50 μL from this tube,
add it to the tube destinated for second highest concentration,
and mix it by pipetting up and down. Repeat this until you
reach the tube designated for the lowest concentration. Take
50 μL from this tube and discard it. There are now ten tubes
with twofold inhibitor concentration with a volume of 50 μL
and two tubes with 50 μL of a 10% DMSO concentration (see
Note 17).

6. While preparing the dilution series, thaw the SIRT2 solution
on ice and peptide E at room temperature. Peptide E is the
fluorescence probe.

7. Prepare 700-μL master mix containing 200 nM of SIRT2 and
20 nM of peptide E (see Note 18) in SIRT assay buffer. Add
50 μL of the master mix to each tube except the 100% sample.
Prepare 20 nM of peptide E in SIRT assay buffer, and add
50 μL of the 20 nM of peptide E to the 100% bound control
(without SIRT2, binding of the fluorescence probe cannot
occur, mimics the full displacement of the fluorescence
probe). Mix all solutions by pipetting up and down.

8. Incubate the tubes for 10min at room temperature to allow the
reaction mixture to reach equilibrium.

9. Transfer 20 μL to 4 wells (internal replicates) of a 384-well
plate with reduced volume. Ensure that you have no bubbles in
your wells. Mix the plate for 1 min at high speed (2000 rpm,
orbit 2 mm) to ensure that the solution is distributed uniformly
to the wells.

10. Read the fluorescence polarization with the plate reader of each
well by using settings for fluorescein fluorescence polarization
(see Note 19).

11. Data could be normalized using the 0% bound control as 0%
(with SIRT2, with fluorescence probe, without compound of
interest) and the 100% bound control as 100% (with fluores-
cence probe, without compound of interest, without SIRT2).
CD50 could be determined by plotting the (normalized) fluo-
rescence polarization against the logarithm of concentration
and using a nonlinear fit according to a sigmoidal curve.
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4 Notes

1. Purified enzymes should be aliquoted and stored at �80 �C.
Repeated thaw/freeze cycles decreases the enzyme activity and
should be avoided. Enzymes stocks from the �80 �C freezer
should be aliquoted again after first thawing and could be
stored at 20 �C for further usage.

2. Thioamide-containing compounds are prone to oxidize. Make
sure that the substrate solution is thawed directly before use. If
you see a higher fluorescence intensity than expected or a lower
enzyme activity even if you use a freshly thawed enzyme ali-
quot, then it is likely that the thioamide quencher is degraded
by oxidation or transformation into a normal amide bond. For
peptides without a fluorophore, the degradation process is
slower. Freeze and thaw cycles also support degradation of
the substrates as well as irradiation with UV light. It could be
also prevented by using freshly thawed substrate aliquots. It is
easy to check the degradation process of the substrate peptides
using HPLC and UV-Vis detection or HPLC-MS. The degra-
dation product is more hydrophilic, shows a mass difference of
16 g/mol (sulfur-oxygen exchange), and has no longer the
indicative absorbance of the thioamide bond at 260 nm.

3. The enzyme concentrations given in Table 1 are only sugges-
tions to start an assay. Enzyme concentrations to measure pep-
tides A to C are recommended for measurements in a UV
cuvette. If it is planned to perform the assay in a 96-well
plate, the final enzyme concentration in the assay should be
decreased (e.g., by a factor of 5) to have a prolonged
readout time.

4. HDACs, especially HDAC11, are strongly dependent on the
buffer components. If there are appearing enzyme activity
problems, it may help to screen different buffer components
like buffer salt and concentration (Tris, phosphate, HEPES),
salt additives, and concentration (NaCl, KCl, MgCl2,. . .),
reducing additives in different concentrations (TCEP, DTT)
and blocking reagents (BSA, PVP, PEG). It’s also useful to
check the influence of BSA from different suppliers (Fig. 6).
Toro et al. showed that different chelators like EDTA, citrate,
and BSA can bind free Zn2+ ions in the assay buffer, resulting in
increased enzyme activity of HDAC8 [25].

5. It is possible to use 96-well or 384-well plates with a UV
transparent bottom to analyze many samples in parallel. In
such cases, a plate reader with the possibility to measure UV
absorbance in a range of 280 nm (peptide B) or 265 nm
(peptide A and C) is necessary. Also, determination of the
v/[S] plot could be done using a well plate.
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Fig. 6 Testing different buffer components for HDAC11. (a–f) Substrate was peptide D with a concentration of

2 μM, and HDAC11 concentration was 5 nM. The reaction progress was monitored via fluorescence intensity

readout at λex ¼ 480 nm and λem ¼ 520 nm. (g) Reaction was done with 50 nM of HDAC11 and 50 μM of

trifluoro acetylated peptide as substrate. Enzyme and substrate were incubated for 30 min, and sample was

analyzed using analytical HPLC with, and product formation was analyzed using absorbance wavelength at

320 nm

6. Enzymes do not always have the same activity even if they come
from the same preparation. Starting an activity measurement,
you should test the activity of an enzyme with a standard
substrate using a known concentration. Define one of the
peptides as a standard substrate. Before each measurement
series and after finishing your measurements, determine the
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enzymatic activity using the standard substrate. If you have
significantly changed enzymatic activities, the enzymatic activ-
ity has to be corrected.

7. If the enzymatic activity was very high or low, then adjust the
enzyme concentration accordingly for the determination of the
v/[S]-plot.

8. Sometimes it is necessary to modify the reaction time. If the
reaction time should be increased, the enzyme concentration
have to be decreased. Please note that the enzyme concentra-
tion have to be constant for the complete experiment series.

9. To prepare a completely converted reaction solution for the
fluorescence assay for peptides D and E, you could start with a
50-μM peptide solution, 500-nM NAD+, and with 500-nM
SIRT2, and incubate for 3 h at 37 �C. HDAC11 is not able to
form a fully converted product solution because it is inhibited
by the product if it is an analogue of a long-chain fatty acid like
myristic acid. For peptide A HDAC8 should be used to create a
calibration line.

10. To check, if the product formation of the HDAC4-mediated
peptide cleavage for the standard curve was complete, an ana-
lytical HPLC analysis or HPLC-MS analysis is necessary. If the
product formation was not complete, you can extend the reac-
tion time, increase the enzyme concentration, decrease the
peptide concentration, or check the overall enzyme activity
on a standard substrate and use a new enzyme aliquot. If
there is no access to an HPLC system, you can check full
substrate conversion with the UV-signal. If you start the
enzyme reaction and you do not see any further decrease in
the UV signal, the reaction should be done completely.

11. Taking the whole spectrum from 220 to 320 nm for each
concentration allows you to determine calibration lines for
each single wavelength in this range.

12. Depending on the used microtiter plate type, plate reader,
distance between lamp and well plate, and filter settings, your
fluorescence signal can raise or decrease without enzyme. To
get the best results, it is recommended to always use a negative
control. There is sometimes some lamp, detector, or mixing
artifacts which could be eliminated by subtraction of the signal
of the negative control from your sample measurement.

13. Avoid formation of air bubbles in the black fluorescence plates.
Reverse pipetting is highly recommended. If there are bubbles,
it is possible to pierce them with a small pipette tip (e.g.,
0.5–10-μL tip).
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14. If necessary, it’s possible to change the pipetting pattern for
HDACs starting, e.g., with addition of enzyme. Prepare a 10�
HDAC11 solution, and start the reaction by adding the
enzyme. This could be helpful if you want to check slow
binding kinetics or if you have activity problems. For sirtuins
you can start the reaction by adding NAD+, peptide substrate
or enzyme.

15. The fluorescence intensity of the substrate is quenched by
~45%, and the measurement will start at a relative high-
background fluorescence. Be sure that the settings of your
plate reader are optimal for the given concentration range.
You can use peptide D or E at different concentrations to
optimize the plate reader settings, e.g., detector gain, measure-
ment mode, distance between lamp and well plate, power of
excitation light, etc. If you plot the fluorescence intensity
against the peptide concentration and you receive a linear
relationship, then you are in a good range. Otherwise, the
plate reader settings should be optimized.

16. The readout time is dependent on the activity of your enzyme
preparation. If you do not have an increase of the fluorescence
intensity over the detection period of 20 min and the plate
reader settings are already optimized, the enzyme concentra-
tion should be increased, or the readout time can be prolonged
(e.g., to readout every 60 s or 120 s for 1 h). If the reaction is
too fast and already done after a few minutes, the enzyme
concentration could be decreased.

17. If there is more than one compound to be tested, it is maybe
easier to perform the dilution series in a 96-well plate. One row
of the plate (A1 to A12) is for the dilution series of one
compound of interest (with 100% and 0% control). To do so
add 50 μL of the 10% DMSO solution to all wells of the plate
you will need. Fifty μL of the fourfold compound of interest
concentration will be added to the first column of the plate for
all compounds of interest. The dilutions series is done in paral-
lel with a multichannel pipette.

18. To prepare this master mix, it is better to make one or two
intermediate dilution steps. If you plan to test one or more
compounds, you can prepare 10 μM of stock in DMSO from
the 10-mM stock solution and store it at 20 �C.

19. If you do not have the possibility to do the readout with
fluorescence polarization, you could also use the fluorescence
intensity readout. If you use fluorescence intensity readout, it is
necessary to check if the compound of interest itself influences
the fluorescence intensity of the peptide substrate.
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Abstract: Lysine deacetylases, like histone deacetylases (HDACs) and sirtuins (SIRTs), are involved in

many regulatory processes such as control of metabolic pathways, DNA repair, and stress responses.

Besides robust deacetylase activity, sirtuin isoforms SIRT2 and SIRT3 also show demyristoylase

activity. Interestingly, most of the inhibitors described so far for SIRT2 are not active if myristoylated

substrates are used. Activity assays with myristoylated substrates are either complex because of

coupling to enzymatic reactions or time-consuming because of discontinuous assay formats. Here

we describe sirtuin substrates enabling direct recording of fluorescence changes in a continuous

format. Fluorescence of the fatty acylated substrate is different when compared to the deacylated

peptide product. Additionally, the dynamic range of the assay could be improved by the addition

of bovine serum albumin, which binds the fatty acylated substrate and quenches its fluorescence.

The main advantage of the developed activity assay is the native myristoyl residue at the lysine

side chain avoiding artifacts resulting from the modified fatty acyl residues used so far for direct

fluorescence-based assays. Due to the extraordinary kinetic constants of the new substrates (KM

values in the low nM range, specificity constants between 175,000 and 697,000 M−1s−1) it was possible

to reliably determine the IC50 and Ki values for different inhibitors in the presence of only 50 pM of

SIRT2 using different microtiter plate formats.

Keywords: histone deacetylases; sirtuins; fluorescence quenching; sirtuin inhibitors; myristoylated

substrates; continuous activity assay; bovine serum albumin effect

1. Introduction

Acylation of lysine side chains in proteins is a widespread posttranslational modi-
fication that is modulated by the enzymatic activity of acetyltransferases and enzymes
known as histone deac(et)ylases (HDACs). HDACs are divided into 4 classes based on
their sequence homology. Class I (HDAC1, 2, 3, and 8), class IIa (HDAC4, 5, 7 and 9),
class IIb (HDAC6 and 10), and class IV (HDAC11) are grouped within the Zn2+ dependent
hydrolases. Class III enzymes (called sirtuins; human SIRT1–SIRT7) require NAD+ as
a co-substrate to transfer an acyl moiety from the lysine side chain to the ADP-ribosyl
fragment of the co-substrate generating 2-O-acetyl-ADP-ribose and nicotinamide as the
second and third reaction product, respectively [1].

HDACs are involved in a number of patho(physiological) processes including can-
cer progression, obesity, and immune function. Consequently, several HDAC inhibitors
(HDACi) have already been approved by the Food and Drug Administration for the
treatment of cancer (including vorinostat, romidepsin, belinostat, and panobinostat) and
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a number of clinical trials with sirtuin inhibitors (either natural products or synthetic
small molecules) are ongoing. Robust and continuous sirtuin/HDAC activity assays
compatible with high-throughput screening (HTS) are, however, required for further
drug development.

Several enzymatic assays have been developed to monitor the lysine deacylase activity
of HDACs/SIRTs as reviewed in [2,3]. Most of these activity assays are discontinuous
(HPLC-based or mass spectrometry-based assays), or suffer from complexity due to coupled
enzymatic [4–11] or chemical reactions [12] (reviewed in [13,14]).

Activity assays for lysine deacylase are often linked to a separation step enabling
quantification of the peptide substrate and a reaction product. The following separation
methods were used: capillary electrophoresis [15], microchip electrophoresis [16], microflu-
idic mobility [17,18], polyacrylamide gel electrophoresis [19], high- performance liquid
chromatography [20–23], thin layer chromatography [24], charcoal binding [25], binding to
boronic acid resins [26], and extraction with organic solvents [27]. However, these activ-
ity assays are discontinuous and time consuming. Mass spectrometry could be used for
quantification of substrates and products subsequent to separation in the gas phase [28–31].
Alternatively, biological reagents and chemical reactions could be used for detection of
acetylated substrates, such as acetyllysine-recognizing antibodies [32–37], or reaction prod-
ucts, such as the released primary amino function of the lysine side chain. Described are
acylations with biotin-containing compounds or fluorescent dyes [38], alkylations with
fluorescamine [39], or intra-molecular reactions, such as transesterification with a coumarin
dye [40–42] or release of bioluminescent luciferin subsequent to an intra-molecular cleavage
of an ester bond [43] or intramolecular aldimine formation [44,45].

To develop a more robust activity assay that is suitable for the different lysine deacylase
isoforms, it is important to consider the influence of the acyl residue on substrate specificity.
For example, nearly all sirtuins have demyristoylation activity [46], and it has been shown
that HDAC11 also has a high demyristoylase activity [47–49]. We recently demonstrated
that the myristoylated lysine residue (Figure 1, R1) in TNFα-derived substrate peptides can
be replaced by a 2-aminobenzoylated-11-amino-undecanoylated lysine residue (Figure 1,
R4), generating a substrate derivative that enables continuous activity measurement of
both sirtuins and HDAC11 [50,51].

Figure 1. Structure of acyl residues used for different deacylase activity assays.

It has also been shown that an increase in the size of the fluorophore, which allows
fluorescence measurements at longer wavelengths, leads to decreased substrate specificity
and decreased kinetic properties for sirtuins [50] and HDAC11 [51]. Because sirtuins can
accept relatively large fluorophores within the peptide sequence, we addressed this issue
by designing substrates where the fluorophore and quencher positions are switched [3].
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Replacing the 2-aminobenzoyl residue by a 2-amino-5-nitro-benzoyl quencher resulted
in SIRT2 substrates with very similar specificity constants [50]. In the search for smaller
quenchers, we exploited the ability thioamides to quench fluorescence by photoinduced
electron transfer (PET) [52]. We showed that replacement of the amide scissile bond in
fluorescently labeled HDAC substrates by a thioamide bond enabled continuous activity
determination of HDAC8 and HDAC11 [53]. Unfortunately, thioamide bonds were poor
targets for sirtuins because of the generation of a so-called stalled intermediate [54], and
thiomyristoyl residues (Figure 1, R2) are components of efficient inhibitors of SIRT1-3
and SIRT6 [55–57]. To overcome this problem, we introduced a thioamide bond into the
myristoylated lysine residue (Figure 1, R3) and were able to generate substrates for sirtuins
and HDAC11 that showed superior catalytic constants in a continuous and direct activity
assay [3].

Additionally, Kawaguchi et al. showed that SIRT1-3 and SIRT6 are able to recognize
the sterically more demanding DABCYL moiety in the acyl chain (Figure 1, R5), enabling
monitoring of sirtuin activity in living cells [58]. New fluorescence probes for sirtuin activ-
ity measurements were generated by replacing the DABCYL quencher with disperse red
dye (Figure 1, R6) [59]. Unfortunately, all of the continuous activity assays described suffer
from the need for modified acyl moieties on the lysine side chain which can cause assay
artifacts [60]. Therefore, to overcome this limitation, we searched for alternative methods to
change the fluorescence intensity of a peptide substrate when compared to the correspond-
ing deacylated product. Here, we describe the use of myristoylated peptides, representing
the naturally occurring acyl modification, in combination with environmentally sensitive
fluorophores for continuous and sensitive detection of sirtuin activity. Furthermore, we
show that the use of bovine serum albumin (BSA) as a fluorescence quencher for the
substrate dramatically enhances the dynamic range of the defatty acylase activity assay.

2. Results

To test whether the sirtuin/HDAC-mediated release of the hydrophobic myristoyl
residue from a peptide substrate could be sensed by fluorophores, we synthesized a TNFα-
derived peptide [3,50] that comprised a myristoylated lysine residue in combination with
a coumaryl based amino acid at the position −2 (Figure 2, Mcm1) or +2 (Figure 2, Mcm2,

Table S1). In a systematic fluorophore scan, these two positions were found to be less sen-
sitive to substitution with sterically demanding moieties [3]. Additionally, we synthesized
the corresponding fluorescently labeled peptide product of the SIRT/HDAC11-mediated
deacylation of Mcm2 (Mcm3, Figure 2 and Figure S1–S3). First, using an HPLC-based
activity assay, we analyzed how efficiently Mcm1 and Mcm2 were deacylated by different
SIRTs and HDAC11 (Figure 2B). Both compounds showed good substrate properties for all
the tested sirtuins (including SIRT5) and for HDAC11. Second, we recorded absorbance
and fluorescence spectra for Mcm1-3 (Figure 2C,D), and differences in the latter enabled us
to monitor the time-dependent demyristoylation of Mcm1 by SIRT2 (Figure 2E), which was
proportional to the enzyme concentration (Figure 2F). Non-linear analysis of the depen-
dence of the demyristoylation rate on the substrate concentration allowed us to calculate
KM and kcat values (Figure 2G). The KM value of 17 nM was relatively low, but was in
accordance with the low KM value determined for the structurally related, TNFα-based
substrate with the thioacetylated 11-amino undecanoic acyl residue (Figure 1, R3) [3].

The suboptimal spectral properties of Mcm1 and Mcm2 prompted us to evaluate
substrates where Mcm residues are replaced with fluorescein covalently bound to the side
chain of cysteine (Figure 3B). A similar structural element has already been described in
combination with acetylated peptides derived from histone H4 to generate fluorescent
reporters for monitoring histone acetyltransferase activities [61]. Additionally, we have
recently shown that SIRT2 accepts fluorescein-labeled cysteine residue substrates [3]. We
synthesized substrates F1, F2, F4, and F5 that differed in the position of the fluorophore
(−2 or +2 position) and the nature of the fatty-acyl residue (either myristoyl (F1 and F4)
or palmitoyl (F2 and F5)) (Figure 3B and Figure S4–S10). Additionally, we synthesized the
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expected fluorescently labeled peptide reaction products F3 (fluorophore in −2 position)
and F6 (fluorophore in +2 position) (Figure 3B).

Figure 2. Direct and continuous activity assay for demyristoylation using the environmentally
sensitive fluorophore Mcm (7-Methoxycoumarin-4-yl-alanyl). (A) Structures of compounds Mcm1

to Mcm3 and control peptides C1 to C3. Y(NO2) corresponded to meta-nitrotyrosine. (B) Peptide
substrates at an initial concentration of 50 µM were treated with either 50 nM HDAC11, or with
SIRT2 (0.1 µM), SIRT3 (0.1 µM), SIRT5 (0.5 µM), or SIRT6 (0.5 µM) in the presence of 500 µM NAD+

at 37 ◦C for 60 min. Product formation was monitored via HPLC at 320 nm or 360 nm for C3. Values
were obtained from three independent replicates. (C) Absorbance spectra for Mcm1 to Mcm3 at
30 µM concentration. (D) Normalized fluorescence spectra of Mcm1 to Mcm3 at 3 µM concentration.
(E) Progress curves of Mcm1 deacylation (1 µM) by SIRT2 (1nM-30nM) at 25 ◦C (λEx = 330 ± 75 nm
and λEm = 405 ± 8 nm) monitored in a 96-well plate format. (F) The reaction rate shows a linear
correlation with the SIRT2 concentration. (G) Michaelis-Menten kinetic analysis of Mcm1 deacylation
by SIRT2 obtained from three independent replicates.

As a control substrate, we synthesized a myristoylated, TNFα-derived peptide without
a fluorophore but with a meta-nitrotyrosine residue in the +1 position, allowing more
convenient detection in HPLC-based activity assays (C3 in Figure 3B) [50]. All peptides
were then evaluated as putative substrates for sirtuins 2, 3, 5, and 6, and HDAC11 and the
results are shown in Figure 3C. Peptides F4 and F5, both containing the fluorophore in the
+2 position, turned out to be very good SIRT2 substrates. Additionally, F4 proved to be a
surprisingly good substrate for SIRT5, which is known to be specific for negatively charged
acyl residues such as malonyl [62], succinyl [23], and glutaryl [63] residues. Nevertheless,
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the enzyme concentration for SIRT5 used was five-fold higher when compared to SIRT2
or SIRT3.

Figure 3. BSA-based activity assay. (A) The principle of the BSA-based assay. A fluorescently
labeled and myristoylated peptide binds to BSA and the fluorescence is quenched. SIRT2 separates
the myristoyl residue from the fluorescently labeled peptide product, which is not able to bind to
BSA so tightly. (B) The structures of the peptides used for these experiments. Fl, or fluorescein
corresponds to 5-acetamidofluorescein coupled to a cysteine residue. (C) Product formation of
different peptide substrates at a concentration of 50 µM with subsequent treatment for 1h at 37 ◦C
with 50 nM HDAC11, or with SIRT2 (0.1 µM), SIRT3 (0.1 µM), SIRT5 (0.5 µM) or SIRT6 (0.5 µM) in
the presence of 500 µM NAD+. Product formation was monitored via HPLC at 320 nm (or 360 nm for
C3). Values were obtained from three independent replicates. (D) Fluorescence spectra of F4 with
increasing concentrations of BSA resulting in a decrease in the fluorescence intensity of the substrate.
The excitation wavelength was 490 nm. (E) Similar experiment to that in D, with the product F6

showing only a slight decrease in fluorescence. The excitation wavelength was 490 nm. (F) Plotting
the relative fluorescence intensities from F4 and F6 directly from (D,E) at λEm = 517 nm against the
concentration of BSA yielded a KD value of 1.2 µM for the F4/BSA complex. The KD value was
obtained from one experiment (n = 1). (G) Determination of the dissociation constants of F4 and F6

complexes with BSA measured via fluorescence polarization. The KD value was obtained from three
independent replicates.

In order to develop a continuous fluorescence-based activity assay for SIRTs/HDAC11
using substrates F1, F2, F4, and F5, we compared their fluorescence spectra with the spec-
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tra of their respective deacylation products F3 and F6 in a protein-free assay buffer, and
surprisingly we did not observe any significant differences. However, marked differences
in the fluorescence spectra of substrate/product pairs in a buffer containing bovine-serum
albumin (BSA), a typical component of our HDAC assay buffers, were noted. This observa-
tion suggested interactions between the substrates and BSA that were likely mediated by
binding sites for fatty acids on the BSA surface [64].

Figure 3A shows the reaction principle behind the idea to use BSA as a discriminator
between the fluorescently labeled substrate and the peptide product of the deacylase-
mediated reaction. Here, a fluorescently labeled and myristoylated peptide binds tightly to
BSA [64], and its fluorescence is quenched. Following deacylation by SIRTs, the reaction
product is “released” from BSA, leading to a marked increase in fluorescence. Therefore, we
first determined the dissociation constant of the F4/BSA complex using either fluorescence
spectroscopy (Figure 3F) or fluorescence polarization measurements (Figure 3G). The KD
values were 1.2 µM and 1.6 µM, respectively. At the same time, the calculated dissociation
constant for the peptide reaction product F6 was more than 100-fold higher in both cases.

This remarkable discrimination could be visualized by recording fluorescence spectra
of F4 and F6 in the presence of different BSA concentrations (Figures 3D and 3E, respec-
tively) and demonstrates a strong fluorescence quenching for F4 bound to BSA. Because of
its high KD value, fluorescence quenching of F6 caused by binding to BSA was negligible
within the concentration range used. Thus, deacylase-mediated removal of the fatty-acyl
residue from the lysine side chain resulted in a fluorophore-labeled peptide product that
no longer bound to BSA, yielding a robust increase in fluorescence over time (Figure 4A).

Deacylation of the substrate F4 could also be monitored by measuring differences in
the absorbance spectra (Figure 4B) either at 510 nm (signal decrease) or at 489 nm (signal
increase) (Figure 4C). Figure 4D shows the progress curves for F4 deacylation by SIRT2
in the assay buffer in the absence or presence of 30 µM of BSA using a 96-well microtiter
plate (MTP) format, which was corrected using a control assay using the same buffer but
without SIRT2. Almost no change in fluorescence intensity was observed without BSA in
the reaction solution. In contrast, a strong increase in fluorescence over time in the presence
of BSA could be detected. We analyzed samples of the reaction solutions with HPLC
using both UV-Vis and fluorescence readouts and compared them with the results from the
MTP-based format. Our data show that the fluorescence intensity in the presence of BSA in
the MTP-based experiment correlated well with the product formation calculated from the
HPLC-based experiments (Figure 4E). In contrast, there was no correlation between the
MTP-fluorescence and HPLC readouts in the absence of BSA. This discrepancy could be
explained by the effect of BSA shown in Figure 3A. SIRT2 was able to cleave the substrate
in the absence of BSA, as shown by HPLC measurements, but despite the virtually identical
fluorescence intensities of the substrate/product pair, no increase in fluorescence signal
could be detected over time in the MTP format.

These positive results prompted us to follow the SIRT2-mediated cleavage of F4 over
a range of enzyme concentrations between 100 pM and 20 nM (Figure 4F,G) using the
fluorescence readout (Figure 4F,G). The signal intensity showed a linear correlation with
the SIRT2 concentration within the range of 100 pM to 10 nM. To our knowledge, this
represents one of the most sensitive SIRT2 activity assays described so far.

In the assay solution, SIRT2 and BSA compete for binding to the fluorescently labeled
substrate. Therefore, we next analyzed the binding of the substrate F4 to SIRT2 in the
absence of NAD+ but in the presence of different BSA concentrations using fluorescence
polarization measurements (Figure 4H–K). The aim of this experiment was to elucidate any
impact of BSA concentration on the KD value of the SIRT2/F4 interaction. The calculated
KD value for binding of F4 to the active site of SIRT2 was between 7 nM and 18 nM for
BSA concentrations varying from zero to 300 µM. Thus, binding to BSA did not influence
the formation of the Michaelis complex between SIRT2 and F4. Encouraged by these
results, we determined the kinetic constants of the novel substrates for SIRT2 and SIRT3
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(Table 1). SIRT5, SIRT6, and HDAC11 were not functional in this assay format because of
the suboptimal affinities to the substrates F1, F2, F4, and F5.

Figure 4. Continuous activity assay for SIRT2 using F4 as a substrate. (A) Fluorescence spectra of
1µM F4 subsequent to treatment with 30 nM SIRT2 in the presence of 500 µM NAD+ and 30 µM
BSA. The green line shows the first, and the red line the last, spectrum recorded (total recording time
30 min). (B) Absorbance spectra of 10 µM of F4 after the addition of 100 nM of SIRT2 in the presence
of 500 µM of NAD+. The green line shows the first, and the red line the last, spectrum recorded
(total recording time 30 min). (C) Progress curves at two different wavelengths extracted from (B).
(D) Progress curves of SIRT2-mediated cleavage of F4 measured in a 96-well plate format as changes
in fluorescence intensities. After 1800 s, the measurement was interrupted, and the reaction mixture
from individual wells was analyzed by HPLC. The fluorescence detection was continued afterwards.
(E) Determination of the product formation of the reaction solution of (D) using HPLC with an
absorbance detection at 450 nm and the fluorescence intensity readout of a 96-well MTP reader.
Product formation in the MTP experiment was calculated using the total change in the fluorescence
intensity as 100%. (F) Cleavage of 0.25 µM of F4 mediated by different concentrations of SIRT2 in
the presence of 500 µM of NAD+ at room temperature. Detection was performed via changes in
fluorescence intensity with λEx = 485 ± 14 nm and λEm = 535 ± 25 nm. All fluorescence values
were corrected with a negative control without enzymes. The rate of this reaction was plotted
as a function of the SIRT2 concentration in (G), and shows a linear relationship up to a SIRT2
concentration of 10 nM. (H–K) Binding curves of F4 (10 nM) to SIRT2 in the absence of NAD+ at
different concentrations of BSA, monitored via fluorescence polarization and with three independent
replicates. FB signifies the fraction bound to SIRT2.
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Table 1. Kinetic constants for SIRT2, SIRT3, and SIRT5 for selected substrates (Figures 2 and 3). SD
denotes the standard deviation of three independent replicates, and n.d. denotes not determined.

Enzyme Substrate KM ± SD (nM) kcat ± SD × 103 (s−1) kcat/KM (M−1s−1)

SIRT2

F1 16 ± 3 8.4 ± 1.9 536,000
F2 39 ± 5 6.7 ± 1.0 175,000
F4 33 ± 5 23 ± 3 697,000
F5 43 ± 5 15 ± 2 335,400

Mcm1 17 ± 2 6.8 ± 1.5 400,000

SIRT3

F1 >20 µM >17 n.d.
F2 >20 µM >6 n.d.
F4 530 ± 70 23 ± 6 44,000
F5 990 ± 70 27 ± 6 27,000

Two major conclusions can be drawn from these data. First, palmitoyl residues at the
lysine side chain were accepted by SIRT2 and SIRT3, but with slightly increased KM values,
resulting in an approximately 2-3-fold decreased in specificity constants. Acceptance
of a palmitoylated lysine residue by SIRT2 has been reported, but was not compared
to myristoylated lysines [65]. Second, SIRT3 seemed to be sensitive to the position of
the fluorophore in the substrate sequence. While SIRT2 did not distinguish between
the −2 and +2 positions, SIRT3 accepted the bulky fluorophore in the +2 position only
(Table 1). Determination of the kinetic constants for F4 and SIRT2 using different MTP
formats (Figure 5A) revealed a good correlation with excellent Z′-factors and signal to
noise (S/N) ratios between 25 (1536-well MTPs) and higher than 90 (96-well and 384-well
MTPs) (Figure 5).

Figure 5. v/[S] plots of SIRT2 with F4 under different conditions. (A) The kinetic parameters for
SIRT2 and F4 in a 96-well MTP format compared to 384- and 1536-well MTP formats. The resulting
kinetic parameters and the Z′-factors together with the respective S/N ratios for a 90% processed
reaction mixture with SIRT2 and F4 at a 1 µM concentration are summarized in the table under the
figure. Data points used for the Z′-factor calculation can be found in Figure S11. The values in the
table represent the mean of three independent replicates. (B) v/[S] plot of SIRT2 (1 nM) with different
concentrations of F4, 500 µM of NAD+, and different concentrations of cmp12 [66]. A nonlinear
regression analysis was done according to the Michaelis-Menten equation. Lineweaver-Burk and
Hanes-Woolf plots for these data can be found in Figure S14. (C) Plot of the KM values from panel B
as a function of the inhibitor concentration. The intercept with the abscissa represents the negative
Ki value.
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Several known SIRT2 inhibitors (e.g., AGK2 and SirReal2 [67]) are very potent when
acetylated substrates are used, but are much less effective with myristoylated substrates [68].
It should therefore be feasible to use the assay developed here to identify inhibitors of
sirtuin-mediated defatty acylation in a continuous and direct format using naturally occur-
ring acyl chains in the substrates.

Recently, novel derivatives of SirReal have been described (i.e., cmp12; the structure is
shown in Figure S13) which potently inhibit SIRT2-mediated demyristoylation reactions
in vitro and in cells [66]. We determined the respective Ki value for cmp12 using the
substrate F4 and SIRT2. Figure 5B shows the v/[S]-plots for different concentrations of
the inhibitor, indicating competitive inhibition of SIRT2 when the myristoylated peptide
substrate was used. This finding is in line with the proposed binding mode of the inhibitor.
Additionally, the calculated Ki value of 13 nM (Figure 5C) for cmp12 was lower than any
other Ki value reported for small molecule SIRT2 inhibitors [66]. In order to validate the
substrate F4, we compared IC50 values of known SIRT2 inhibitors (including AGK2 [69],
KK-22 [70], S2iL5 [71], and SMyr [55]) using different substrates described in continu-
ous and discontinuous activity assays and with both acetylated and myristoylated lysine
residues (Table 2). The substrate S1 represents a peptide derivative with an aminobenzoy-
lated 11-aminoundecanoylated lysine side chain (Figure 1, R4, and Figure S11) described
in [50]. The substrate S2 represents a fluorescently labeled peptide with a thioacetylated
11-aminoundecanoylated lysine side chain (Figure 1, R3, and Figure S11) as a PET quencher
described in [3]. In order to correct for the nanomolar KM values of the substrates F4 and
S1 [3], we performed these measurements either at 1 µM or at concentrations close to the
KM value of the respective substrate. Substrates C1 and C2 (Figure 2A) with acetylated
and myristoylated lysines, respectively, were included because such fluorescently labeled
derivatives are often used in a discontinuous assay format with trypsin as a developer
protease. As seen in Table 2, inhibition potency for compounds thought to bind in the vicin-
ity of the lysine channel (i.e., KK-22, SMyr, S2iL5, and cmp12) increased with decreasing
concentration of myristoylated substrates F4 or S2. In contrast, NAM inhibition showed
the opposite effect, specifically for substrates F4 and S2 (Table 2).

Table 2. IC50 values for SIRT2 using different substrates and SIRT2 inhibitors. The structures of all
substrates are shown in Figure S12, and the structures of the inhibitors used are shown in Figure
S13. Mcm1_T denotes a buffer containing 0.1% Tween20 (w/v) instead of BSA. SD values denote the
standard deviations of at least two independent replicates.

cmp IC50 Value ± SD in µM or Inhibition in % at a Given Concentration

[S]
K

(µM)
[E]

(nM)
NAM S2iL5 cmp12 SMyr KK-22 SirReal2 AGK2

F4 (1 µM) 0.033 10 100 ± 5 0.34 ± 0.02 0.32 ± 0.04 0.015 ± 0.001 16 ± 1.2 0%
@20 µM

0%
@20 µM

F4 (40 nM) 0.033 1 211 ± 7 0.034 ± 0.004 0.015 ± 0.002 0.00078 ±
0.00005 1.5 ± 1 25 ± 2%

@20 µM
42 ± 4%
@20 µM

S2 (1 µM) 0.0053 10 340 ± 7 1.3 ± 0.3 0.93 ± 0.2 0.028 ± 0.005 30 ± 2 18 ± 2%
@20 µM

0%
@20 µM

S2 (10 nM) 0.0053 0.5 600 ±
70 0.028 ± 0.015 0.019 ± 0.006 0.00058 ±

0.00013 2.1 ± 0.1 1.1 ± 0.1 32 ± 2%
@20 µM

Mcm1 (1 µM) 0.017 10 43 ± 6 2.4 ± 0.5 1.7 ± 0.2 0.093 ± 0.002 7 ± 3%
@20 µM

0%
@20 µM

0%
@20 µM

Mcm1_T (1 µM) 0.017 10 45 ± 3 1.9 ± 0.1 14 ± 3 0.058 ± 0.025 0%
@20 µM

0%
@20 µM

0 %
@20 µM

S1 (1 µM) 0.15 10 120 ±
10 0.56 ± 0.02 0.41 ± 0.04 0.0099 ± 0.003 12 ± 0.5 5.5 ± 0.8 33 ± 5 %

@20 µM

C1 (20 µM) - 100 12 ± 1 0.21 ± 0.01 0.048 ± 0.005 0.056 ± 0.011 0.41 ± 0.03 0.089 ±
0.009 12 ± 1

C2 (1 µM) - 100 42 ± 6 0.42 ± 0.02 0.24 ± 0.03 0.33 ± 0.01 24 ± 1% 22 ± 3%
@20 µM

6 ± 6%
@ 6 µM

Interestingly, we detected some weak inhibition for SirReal2 using substrates S1 (IC50
of 5.5 µM) and S2 (IC50 = 1µM), which both contained a hydrophobic acyl residue which
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was structurally related to the myristoylated lysine (Figure S12). Clearly, substrates S1

and S2 were more sensitive to inhibition, similar to acetylated substrates. When SirReal2

was analyzed with histone H3-derived substrates bearing a myristoylated lysine side
chain at position 9 using an HPLC-based activity assay, no inhibition could be detected
(IC50 ≥ 100 µM) [68]. We analyzed SirReal2 inhibition using a 100 nM substrate concen-
tration, which was most probably higher than the expected KM value. Using either F4 or
Mcm1 at concentrations above their respective KM constants failed to reveal any inhibition
of SIRT2 by SirReal2 (Table 2, data lines 1, 5, and 6). When we lowered the substrate con-
centration of F4 to close to the KM value, the estimated IC50 value for SirReal2 was close to
20 µM (Table 2, data line 2). These data demonstrate that, in contrast to the substrates S1

and S2, our novel substrates F4 and Mcm1 behaved comparably with the themyristoylated
peptides used in HPLC-based discontinuous assays, and could be used to determine the
inhibition potency of compounds for SIRT2-catalyzed demyristoylation reactions.

3. Discussion

It was demonstrated that enzymes could be used to monitor changes in the substrates
or products of sirtuin/HDAC reactions. One of the first continuous sirtuin assays was de-
veloped using a combination of nicotinamidase and glutamate dehydrogenase for indirect
spectrophotometric determination of sirtuin-mediated release of nicotinamide [11]. In a
similar way, a cascade of enzymatic reactions was used to quantify the remaining sirtuin
cosubstrate NAD+ [17]. These two assay principles were shown to be independent of the
chemical nature of the acyl residue, thereby allowing activity measurements with the native
acyl chain, such as myristoylated substrates. Nevertheless, the combination of several
enzymatic reactions with the sirtuin/HDAC reaction resulted in a complex assay setup
with a limited linear range which made the assay more susceptible to artifacts by additional
modulation of the enzymatic activity of the helper enzymes. This effect was demonstrated
for the Sirt5 inhibitor GW5074, which affected the enzymatic activity of the helper enzyme
glutamate dehydrogenase [72]. Alternatively, the deacylated peptide product of the sir-
tuin reaction could be quantified by coupling to the action of a protease specific for free
lysine [22,73–75]. A fluorophore in the +1 position of the sirtuin substrate is necessary for
such reagents to generate bright fluorescence subsequent to protease-mediated cleavage
of the lysyl-fluorophore amide bond [5–10]. Proteolytic instability of different HDACs
and sirtuins forced a discontinuous assay format, but for some sirtuin isoforms, this assay
could be performed in a continuous manner [76,77]. Nevertheless, the protease-coupled
assay format allowed sirtuin activity measurements using native acyl residues at the ly-
sine. For most of the published sirtuin assays, the substrate properties are suboptimal
with regard to both KM and kcat values, resulting in specificity constants in the range of
10 M−1s−1–10,000 M−1s−1. These constraints result in high substrate and sirtuin concen-
trations. Assay protocols using enzyme concentrations in the range of 500 nM (sirtuin 2) to
2 µM for sirtuin 6 reduce the validity of the Michaelis-Menten equation and prevent the
determination of IC50 values for inhibitors binding with affinities below 250 nM.

In contrast to most HDACs, sirtuins are able to accept longer acyl chains at the lysine side
chain [46]. Based on the observation that sirtuins are able to recognize fatty acyl chains [46],
several direct and fluorescence-based activity assays have been developed [50,58,59]. One of
these assays was adapted to monitor HDAC11 activity [51]. A small fluorophore (or a small
quencher) was fused to the acyl moiety linked to the lysine side chain (Figure 1, R3 and R4,
substrate S1). The resulting substrates had good properties for Sirt2 and HDAC11, with
kcat/KM values up to 175,000 M−1s−1 and 11,000 M−1s−1, respectively [50]. Additionally,
we replaced the scissile bond with a thioamide bond and were able to show that such
a modification was tolerated by HDAC isoforms such as HDAC8 and HDAC11, yield-
ing internally fluorescence-quenched HDAC8 substrates with specificity constants up to
450,000 M−1s−1. Because a similar thioamide substitution resulted in very slow substrates
for sirtuins [54], we wondered if a thioamide bond within the fatty acyl residue (Figure 1,
R3) would result in a small quencher. In combination with a respective fluorophore in the
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peptide chain, the thioacylated 11-aminoundecanoylated lysine derivatives (Figure 1, R3)
showed extremely low KM values, down to 1 nM for sirtuin 2 [3]. The known KM values
for continuous assay substrates for sirtuin 2 are 120 nM [50], 520 nM [58], and 41 nM [59].
The data presented in Table 2 show that substrates with modified fatty acyl residues such
as S1 and S2 do not match the properties of the native myristoyl residue. Determination of
the IC50 values of SirReal2 for the sirtuin 2-catalyzed reaction showed obvious inhibition
when hydrophobic substrates S1 and S2 were used, but no inhibition when F4 or Mcm1
were utilized. Therefore, our novel substrates only reflect the influence of compounds on
the demyristoylation activity of sirtuin 2 and other isoforms.

Based on the low KM value of F4, SIRT2 activity could be reliably detected in microtiter-
plate formats with enzyme concentrations as low as 100 pM and a substrate concentration
of 40 nM. To the best of our knowledge, this represents one of the most sensitive SIRT2
substrates described so far, enabling highly effective inhibitor screening projects because
of the reagent-saving activity assay format. Additionally, substrates F1 and F2 could be
used for selective monitoring of sirtuin 2 activity in more complex biological fluids such as
cell lysates or within cells, because in contrast to F3 and F4, they could not be cleaved by
SIRT3 (Table 1). Nevertheless, metabolic stability must be increased. Cleavages of peptide
bonds between the fluorophore and the fatty acylated lysine by proteases yielded a false
positive signal. Replacement of amino acid residues by either D-amino acids or N-methyl
amino acids are known to prevent proteolytic cleavage. In a systematic study, we were able
to demonstrate broad acceptance of such modifications in sirtuin substrates. For cell-based
experiments, the metabolically stabilized substrate could be fused to oligo-arginines for
better cell penetration. We know that sirtuins recognize peptide substrates fused via the
N-terminus to oligo(deca)-D-arginine, opening the way for such substrates to be applied in
living cells. Two different methods have been described for sirtuin activity measurements
in living cells. Sirtuin activity could either be monitored by spontaneous chromophore
maturation after deacetylation of lysine 85 in enhanced green fluorescent protein [78], or
by replacing the lysine 529 in the active site by an acetylated lysine in firefly luciferase
results in an enzymatically inactive enzyme variant. Sirtuin-mediated deacetylation could
be monitored in a continuous assay format by restored luciferase activity [79].

In summary, we were able to demonstrate that environmentally sensitive fluorophores
could be helpful for the development of efficient sirtuin substrates, which were useful for
continuous activity measurements with microtiter plate-based equipment. The superior
kinetic constants of substrate F4 enabled the determination of inhibition constants with
substrate concentrations in the low nanomolar range, and SIRT2 concentrations down to
100 pM. Moreover, the developed substrates such as F1 and F2 represent a starting point
for the generation of probes enabling monitoring of SIRT2 activity in vivo.

4. Materials and Methods

4.1. Enzymes and Chemicals

Sirtuins and HDAC11 were expressed and purified as described previously [3,47]. All
chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
indicated. N,N-dimethylformamid (DMF), piperidine, ethyl(hydroxyamino)cyanoacetate
(OxymaPure), pentafluorophenol, and rink amide MBHA were purchased from Iris Biotech
(Markredwitz, Germany). The 9-fluorenylmethoxy-carbonyl- (Fmoc)-protected amino
acid derivatives and O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophos-
phate (HBTU) were purchased from Merck (Darmstadt, Germany). Trifluoroacetic acid
(TFA) was obtained from Roth (Karlsruhe, Germany). Fmoc-protected β-(7-methoxy-
coumarin-4-yl)-alanine (Mcm) was purchased from Bachem (Bubendorf, Switzerland).
KK22, cmp12, S2iL5, Fmoc-Lys(Ns)-OH, and SMyr were synthesized as described previ-
ously [50,66,70]. SirReal2 was purchased from Biomol (Hamburg, Germany). AGK2 was
purchased from Selleckchem (Houston, TX, USA).

For all HPLC purifications and analyses, a system of water (solvent A) and acetoni-
trile (solvent B), both supplemented with 0.1% (v/v) trifluoroacetic acid (TFA), was used.
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Purification of compounds was done using a Shimadzu LC System (Kyoto, Japan) with
a Phenomenex (Torrance, CA, USA) KinetexTM 5 µm XB-C18 column (250 × 21.1 mm,
100 Å) at a flow rate of 15 mL/min. Different gradients were used depending on the
compound, with a runtime of 45 min. Analytical HPLC runs were performed using an
Agilent 1100 HPLC system (Santa Clara, CA, USA) with a well plate autosampler and a
diode-array detector.

UPLC-MS analysis was carried out using either a Waters Acquity UPLC-MS system
or a Waters XEVOTQD UPLC-MS system (Milford, MA, USA) with a Waters Acquity-
UPLC-MS-BEH C18 column of 1.7 µM (2.1 × 50 mm; 30 Å). A system of water (solvent A)
and acetonitrile (solvent B) supplemented with 0.1% (v/v) formic acid was used for LC
analysis, with a typical gradient from 5 to 95% of solvent B within 6 min, and a flowrate of
0.6 mL/min. Data analysis was done using the Waters software MassLynx 4.1.

4.2. Synthesis

The peptides were synthesized using an automated microwave peptide synthesizer,
Liberty BlueTM from CEM Corporation (Matthews, NC, USA). A Fmoc-based solid-phase
peptide synthesis (SPPS) strategy with rink amide MBHA resin was used. The amino
acid coupling was performed twice for every amino acid at 90 ◦C for 2 min with Oxyma-
Pure/DIC in DMF. Fmoc-deprotection was done with 20% (v/v) piperidine for 1 min
at 90 ◦C, and the final N-terminal deprotection was done with a 1:2:7 mixture of acetic
anhydride/DIPEA/DMF (v/v) for 1 h at room temperature.

4.3. Mcm1–Mcm3

The Mcm fluorophore was introduced as a Fmoc-ß-(7-methoxy-coumarin-4-yl)-Ala-
OH building block via SPPS, and the myristoyl modification of the ε-amino group of the
lysine was introduced as a Fmoc-Lys(Myr)-OH building block.

4.4. F1–F6

The peptides were synthesized via SPPS, and the resin modification a 2-nitrobenz-
enesulfonyl (nosyl) protected lysine (Fmoc-Lys(Ns)-OH) was introduced during syn-
thesis. The nosyl-protecting group was cleaved using a 1,8-diazabicyclo[5.4.0]undec-7-
en/thiophenol/DMF solution (1.5/1/7.5 v/v) for 90 min, and the procedure was repeated
a second time. F3 and F6 were cleaved after washing. After washing with DMF, coupling
of the myristoyl residue (F1 and F4) was done with 4 equivalents of Myristoyl chloride
for 1h, and coupling of the palmitoyl residue (F2 and F5) was done with 4 equivalents of
palmitoyl chloride. After washing with DCM (4 × 5 min), methanol (2 × 5 min) and DCM
(4 × 5 min) peptides were cleaved of the resin with a TFA/TIPS/H2O (95/2.5/2.5 v/v)
solution twice for 1 h. TFA was removed in vacuo, and the residual solution was dissolved
in water/acetonitrile solution (1/1 v/v) and purified via HPLC. Pure peptide-containing
fractions were combined and lyophilized. A total of 5 mg of 5-iodoacetamido fluorescein
was coupled with 1.2 equivalents of pure peptide and 6 equivalents of DIPEA in DMF
for 1 h. The solution was injected directly into the HPLC system, and peptide-containing
fractions were collected, frozen and lyophilized.

4.5. Recording of Fluorescence and Absorbance Spectra

All spectra were recorded in a SIRT assay buffer consisting of 20 mM of Tris-HCl,
pH 7.8, 150 mM of NaCl, and 5 mg/mL of MgCl2. The absorbance spectra were recorded
at room temperature in a cuvette with a pathlength of 10 mm using an Agilent CARY
3500 UV-Vis spectrometer. A compound concentration of 30 µM for Mcm-containing
compounds or 10 µM for fluorescein-containing compounds was used. The fluorescence
spectra were recorded in a fluorescence cuvette with a pathlength of 10 mm × 5 mm with
a Horiba Fluoromax 4 (Kyōto, Japan). The compound concentration was 3 µM for Mcm-
containing peptides and 1 µM for fluorescein-containing peptides. Excitation wavelengths
were chosen according to the absorbance maximum of the individual compounds.
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4.6. Quenching Efficiency Determination

Quenching efficiency was determined from the fluorescence emission spectra with the
following equation at a wavelength of 515 nm. Fiacyl is the fluorescence intensity of the
fluorescence peptide with a myristoyl residue, and Fifree is the fluorescence intensity of the
deacylated counterpart.

QE = 100 ∗
(

1 −
Fiacyl

Fifree

)

4.7. HPLC Based Deacylation Analysis

The HPLC analysis was done in a total volume of 70 µL of SIRT assay buffer (compo-
sition above) supplemented with 2 mg/mL BSA for sirtuins, or in HDAC11 assay buffer
(20 mM HEPES, 70 µM TCEP, and 2 mg/mL BSA, pH 7.4 adjusted with NaOH) for HDAC11.
The reaction mixture with 50 µM of peptide and 500 µM of NAD+ (only for sirtuins) was
incubated for 5 min at 37 ◦C, and the reaction was started with the addition of an enzyme
([SIRT2] and [SIRT3] = 100 nM, [SIRT5] and [SIRT6] = 500 nM, and [HDAC11] = 50 nM final
concentration). After 0.5 h and 1 h, the reaction was quenched by adding 20 µL of a stop
solution (5% acetonitrile (v/v) and 1% TFA (v/v) in water), and the solution was injected
directly into the HPLC-system. Separation of the substrate and product was done with a
linear gradient from 5% to 95% of solvent B within 6 min and at a flow rate of 0.6 mL/min.
Detection was done at a wavelength of 320 nm for Mcm1, Mcm2, and C1 and C2, at 360 nm
for C3, and at 450 nm for F1, F2, F4, and F5. Product formation was calculated as the ratio
of product peak area to total peak area.

4.8. Steady-State Kinetics

The steady-state measurements were done using the sirtuin-mediated fluorescence
change through product formation. The reaction took place in a black 96-well fluorescence
plate in a total volume of 100 µL. The peptide was incubated at different concentrations
(depending on the substrate properties) with 500 µM of NAD+ (final concentration) in
SIRT assay buffer (composition above) supplemented with 2 mg/mL of BSA (0.1 % (w/v)
Tween20 for Mcm1) for at least 5 min at 25 ◦C. The reaction was started by the addition of
an enzyme (1 nM SIRT2 or 10 nM SIRT3 for F4 and F5; 20 nM SIRT3 for F1; and 50 nM for
F2), and the fluorescence change was monitored continuously with a PerkinElmer Envision
2104 multilabel plate reader (Waltham, MA, USA). The excitation wavelength was set to
λEx = 485 ± 14 nm, and the emission wavelength was set to λEm = 535 ± 25 nm for F1 to F6,

and to λEx = 320 ± 14 nm and λEm = 405 ± 8 nm for Mcm1. The fluorescence intensities
were plotted as a function of time, and the slope of the linear part of this curve represented
the reaction rate (steady state velocity). The product concentration was calculated using
calibration lines, the reaction rate was plotted against the substrate concentration, and a
fit according to the Michaelis-Menten equation was done to determine the KM and the
kcat values.

4.9. Determination of IC50 Values

The inhibition experiments were done using different assays depending on the sub-
strate. For peptides F4, Mcm1, S1, and S2, the enzyme activity was determined in a
continuous manner. For C1 and C2, a trypsin-coupled discontinuous endpoint assay was
used. For all assays, a dilution series of the inhibitor was done in DMSO.

The continuous assays were performed in a black 384-well fluorescence plate in a total
volume of 40 µL of SIRT assay buffer (composition above) supplemented with 2 mg/mL of
BSA for F4, Mcm1, S2, and S1, or 0.1% Tween20 for Mcm1. A total of 2 µL of the inhibitor
dilutions were incubated with 14 µL of the peptide substrate (final concentration 1 µM
for F4, Mcm1, S1, and S2, 40 nM for F4, or 10 nM for S2) and 14 µL of SIRT2 solution
(final concentration 10 nM for F4, Mcm1, S1, and S2, 1 nM for F4, or 0.5 nM for S2) for
5 min at room temperature. In addition to the inhibitor-containing samples, a sample
without inhibitors was measured as a positive control, and a sample without enzymes was
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measured as a negative control. The DMSO concentration was set to 5 % (v/v). The reaction
was started with the addition of 10 µL of NAD+ (final concentration 500 µM), the product
formation was monitored by the change of the fluorescence intensity, and the reaction rate
(see above) represented the activity. Fluorescence readouts for S2 were performed at the
same wavelengths as F4, and readouts for S1 were performed at the same wavelengths as
Mcm1. The activity was normalized using the positive control as 100% and the negative
control as 0%. The normalized activity (v/v0) was plotted as a function of the logarithm of
the inhibitor concentration [I], and a nonlinear fit was performed according to the following
equation to determine the IC50 value.

v
v0

=
100

1 + 10[I]−logIC50

The discontinuous fluorescence assay was performed in a black 384-well fluorescence
plate in a total volume of 21 µL (for the sirtuin reaction) with C1 (for the deacetylation
reaction) and C2 (for the demyristoylation reaction) used as peptide substrates. A total of
1.05 µL inhibitor solution was incubated with 9.95 µL SIRT2 solution (final concentration of
100 nM) for 5 min at room temperature, and the reaction was started with the addition of
substrate solutions with final concentrations of [C1] = 20 µM or [C2] = 1 µM and 500 µM
NAD+. Additionally, a positive control without inhibitor and a negative control without
enzyme were performed in the same plate. After 2 h incubation at 37 ◦C for C1 and 1 h
for C2, the reaction was stopped, and the fluorescence signal was developed upon the
addition of 21 µL of developer solution containing trypsin (0.5 mg/mL final concentration)
and nicotinamide (1 mM final concentration) and additional incubation for 1 h. The
fluorescence readout was performed with the 2104 Envision Multilabel plate reader with
λEx = 380 ± 10 nm and λEm = 475 ± 8 nm. The fluorescence signal of the positive control
was set to 100%, the fluorescence signal of the negative control was set to 0%, and the other
values were normalized using these two values. The normalized fluorescence intensities
represent the activity. The IC50 calculation was done as described above.

4.10. Determination of the Ki Values

Determination of the Ki values was done in the same way as the IC50 determination,
but with different substrate concentrations and in a black 96-well plate. The total volume
was 100 µL per well. The inhibitor was incubated with peptide substrate S2 or F4 and
0.5 nM or 1 nM SIRT2 for 5 min at room temperature, and the reaction was started with
the addition of NAD+. The progress of the reaction was monitored via the fluorescence
intensity, as described above. The reciprocal reaction rate was plotted as a function of
the reciprocal substrate concentration for each inhibitor concentration to determine the
inhibition type. For the competitive inhibitor cmp12, the slope of these plots at different
inhibitor concentrations was plotted against the inhibitor concentration, and the linearity
of these plots determined the inhibition type. The intercept with the abscissa represents the
negative Ki value.

4.11. Binding Experiments

All binding experiments were performed in a black 384-well plate with a reduced
volume (total volume of 20 µL). The experiment was done in SIRT assay buffer, containing
20 mM of Tris-HCl, pH 7.8, 150 mM of NaCl, and 5 mM of MgCl2. The unlabeled binding
partner was diluted in serial dilution, starting with 752 µM of BSA and 1.6 µM of SIRT2
in a total volume of 50 µL. The fluorescently labeled peptide was added with a volume
of 50 µL to the diluted binding partner with a final concentration of 50 nM of BSA and
10 nM of SIRT2. The solution was transferred to the 384-well plate, and the fluorescence
intensity readout was performed with an Envision 2104 Multilabel plate reader with
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λEx = 485 ± 14 nm and λEm = 535 ± 40 nm (one S-polarized and one P-polarized). The
anisotropy (A) was calculated with the following equation:

Aobs =
FiS − FiP

FiS + 2 · FiP

where FiS is the measured fluorescence intensity with the parallel filter and FiP is the
measured fluorescence intensity with the perpendicular filter. The bound fraction [FB] was
calculated from the resulting anisotropy (Aobs) using the following equation:

[FB] =
Aobs − Af

(Ab − Aobs) · Q + Aobs − Af

where Af represents the anisotropy of free F4 without a binding partner, Ab the anisotropy of
F4 in the complex with the binding partner at saturation, and Q is the ratio of fluorescence
intensities of bound F4 versus free F4, which means that Q is < 1 when fluorescence
is quenched upon binding. The total fluorescence intensities (Fi) were calculated with
Fi = Fi(P-channel) + 2∗Fi(S-channel). [FB] was plotted as a function of the binding partner
concentration, and the KD value was determined with a nonlinear curve fit of the quadratic
binding equation:

[FB] =
(KD + LT + RT)−

√

(KD + LT + RT)
2 − 4RTLT

LT

where RT is the total concentration of the unlabeled binding partner, LT is the total concen-
tration of the labeled peptide F4, and KD is the dissociation constant. For a better overview,
the binding curves are shown in a semi-logarithmic plot where the data were fitted to the
following equation. This equation was also used to determine the KD value of the sirtuin
binding curves.

[FB] = Ymin +
Ymax − Ymin

1 + 10(log KD−R)·n

4.12. Determination of Z′ Value and S/N Ratio

The Z′ factor was determined using a full 96-well plate (or 96 wells in a 384-well
plate and 96 wells in a 1536-well plate), and half the plate contained a reaction mixture
with 1 µM of F4, 500 µM of NAD+, and 10 nM of SIRT2 representing 100%, and the
other wells contained the same reaction mixture without SIRT2 and represented the 0%
value. Fluorescence readouts were performed with the settings described above after
approximately 90% product formation (1 h). The Z′ factor was determined with the
following equation, where SD indicates the standard deviation of the 100% values and the
0% values.

Z′ =
3SD100% + 3SD0%

|mean100% − mean0%|

The signal to noise ratio (S/N) was determined using the values described above in
the following equation:

S/N =
mean100% − mean0%

SD0%
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and Mike Schutkowski*

Cite This: ACS Chem. Biol. 2022, 17, 1364−1375 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Zinc-dependent histone deacetylases (HDACs) and
sirtuins (SIRT) represent two different classes of enzymes which
are responsible for deacylation of modified lysine side chains. The
repertoire of acyl residues on lysine side chains identified in vivo is
rapidly growing, and very recently lysine lactoylation was described
to be involved in metabolic reprogramming. Additionally, lysine
pyruvoylation represents a marker for aging and liver cirrhosis.
Here, we report a systematic analysis of acyl-specificity of human
zinc-dependent HDAC and sirtuin isoforms. We identified
HDAC3 as a robust delactoylase with several-thousand-fold higher
activity as compared to SIRT2, which was claimed to be the major
in vivo delactoylase. Additionally, we systematically searched for
enzymes, capable of removing pyruvoyl residues from lysine side chains. Using model peptides, we uncovered high depyruvoylase
activity for HDAC6 and HDAC8. Interestingly, such substrates have extremely low KM values for both HDAC isoforms, pointing to
possible in vivo functions.

A cylation of lysine side chains in proteins is a widespread
post-translational modification regulated by the action of

histone acetyltransferases (HATs) or by the respective
metabolic situation. Figure 1 shows examples of various
acylations that are introduced by the action of HATs, such as
acetyltransferase p300, which can use a plethora of cofactors.
For p300 (besides acetylation), the transfer of propionyl,1

butyryl,1 succinyl,2 glutaryl,3 crotonyl,4 lactoyl,5 2-hydroxyiso-
butyryl,6 and β-hydroxybutyryl7 residues to lysine side chains
has been reported.
Figure 2 summarizes modifications of lysine side chains

resulting from spontaneous reactions of metabolites, like
chemical acylation by acyl-CoAs in mitochondria8 or
ketoamidation mediated by 4-oxo-2-nonenal, a degradation
product of arachidonic acid.9

Recently, spontaneous lysine lactoylation by lactoylgluta-
thion was reported.10 Lactoylglutathion is formed by the
reaction of glutathion with methylglyoxal via the glyoxalase
pathway. Lactoylation of lysine residues seems to be involved
in metabolic reprogramming5 and could be induced by neural
excitation and social stress.11 Pyruvoylation, a modification
very similar to lactoylation, was reported as an amide advanced
glycation endproduct12 enriched in aging mice liver tissue and
liver cirrhosis.13 Chemical diversity of acyl residues generated
by the reaction of lysines with α-dicarbonyls and acylphos-
phates was reviewed recently.14

Generally, reversal of lysine acetylations is mediated by
evolutionarily conserved enzymes introduced as histone
deacetylases (HDACs). On the basis of sequence homology,
HDACs can be divided into four classes. Members of class I
(HDAC1, -2, -3, and -8), class IIa (HDAC4, -5, -7, and -9),
class IIb (HDAC6 and -10), and class IV (HDAC11) are Zn2+-
dependent hydrolases, while class III proteins (called sirtuins;
SIRT1−7) use NAD+ as a cosubstrate.15

Robust deacetylase activity is reported for sirtuins 1−3 and
for HDACs1−3, -6, and -8. Additionally, nearly all sirtuins
have demyristoylation activity,16 and recently it was shown that
HDAC11 is a demyristoylase as well.17−19 SIRT5 is a robust
demalonylase, desuccinylase, and deglutarylase.3,20,21 SIRT4
seems to be specialized to reverse hydroxymethylglutaryla-
tions.22 SIRT2 accepts a relatively broad panel of acyl residues
including benzoyl moieties23 and is the only enzyme removing
4-oxo-nonanoylations.24 Recently, delactoylase activity was
reported for SIRT2 but with very low catalytic efficiency (kcat/
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KM value 1 M−1 s−1).25 In contrast, it is known that HDAC1−3

are able to remove acyl residues sterically more demanding

than acetyl, such as crotonyl26,27 and β-hydroxybutyryl.28

During the preparation of this manuscript, Moreno-Yruela et

al. published robust delactoylase activity for HDAC1−3 using

peptidic substrates. Additionally, this activity was confirmed for

HDAC1 and HDAC3 in HeLa cells.29 Here, we tested a panel

of HDACs with peptide derivatives having the 3-carbon acyl
residues propionyl, lactoyl, and pyruvoyl at the lysine side

chain nitrogen (Table 1). We report a robust delactoylase

activity for HDAC2 and HDAC3 and were able to show that

HDAC6 and HDAC8 represent effective depyruvoylases with

dramatically improved KM-values as compared to propionyl
residues.

■ RESULTS

We synthesized substrate peptides (Table 1) derived from a
sequence we identified in a peptide microarray-based screening
for HDAC6.30 This sequence is well recognized by all HDACs
and sirtuins. Fmoc-based solid-phase peptide chemistry was
used in combination with the nosyl-protecting group enabling
selective on-resin modification of the respective lysine side
chain. All compounds have purity >95% as determined by
HPLC at 220 nm and showed the expected molecular masses

Figure 1. Lysine acylations generated enzymatically.

Figure 2. Lysine acylations and alkylations generated by chemical reaction with acyl-CoAs, acyl-phosphates, or α-carbonyls.
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(Figures S1−S8). We tested the stability by treatment with an
assay buffer for 3 h. All peptide derivatives are stable at 30 °C.
We screened the activity of HDAC2−9 and HDAC11, and

SIRT2, -3, -5, and -6 against compound 3 and compared it to
the acetylated (1) and propionylated (2) counterpart using an
HPLC-based end point assay. As apparent from Figure 3,
HDAC2 and HDAC3 accept 2 slightly better than 1. In
contrast, HDAC6 and HDAC8 showed reduced activity
against 2 as compared to 1. Class IIa HDACs and HDAC11
are not able to hydrolyze derivatives 1−3, and class IIb
HDAC6 cannot handle lactoylated peptide derivate 3, at least
in vitro. HDAC2 and HDAC3 and to some extent HDAC8 can
remove the lactoyl residue from 3. This HDAC8 activity is
somehow surprising because Moreno-Yruela et al. found no
HDAC8-mediated turnover of lactoylated peptide deriva-
tives.29 We repeated the HDAC8 experiments in the presence
of RGFP966 and Mocetinostat, which are known inhibitors of
HDAC1, HDAC2, and HDAC3, but not for HDAC8. If
contaminating HDACs in the HDAC8 preparation would be
the source of the detected delactoylase activity, much less

activity could be expected. Nevertheless, we were able to detect
delactoylase activity for HDAC8 in the presence of these
inhibitors, pointing to a direct HDAC8-mediated cleavage of
lactoyl amide bonds (Figure S27).
We used an HPLC-based assay to determine the velocity of

deacylation at different substrate concentrations.15,21,31−33

Therefore, we stopped the enzymatic reaction at four different
time points and separated the substrate and peptidic product
using RP-HPLC. Plotting the amount of product formed
against the reaction time yielded linear relationships (Figure
S9), and respective slopes enable calculation of reaction
velocities. Determination of kinetic constants (Table 2)
revealed that HDAC2, HDAC3, and HDAC8 have approx-
imately 10-fold reduced specificity constants for the lactoylated
substrate 3 as compared to the propionylated version. This
difference is caused by an increased KM value for HDAC2 and
HDAC3 but by a clearly lower kcat value for HDAC8, pointing
to subtle differences in the enzymatic mechanisms of class I
HDACs. It seems likely that the presence of the hydroxyl
group (when compared to 2) directly influences the proposed

Table 1. Compounds (1−6) and Control Substrates (C1−C5) Used in This Worka

aAbz = 2-aminobenzoyl; Ac = acetyl; AMC = 7-amino-4-methylcoumarin; Bz = benzoyl; Y(NO2) = 3-nitrotyrosyl, NH2 = C-terminal amide.
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Figure 3. Deacylation profile of peptide derivatives 1 to 6 by HDAC1−9, HDAC11, and sirtuins 2, 3, 5, and 6. Data are presented in % of product
formation subsequent to treatment of 50 μM compound for 1 and 3 h at 37 °C (25 °C HDAC8) with 0.1 μM HDAC or with 0.5 μM sirtuin in the
presence of 500 μM NAD+. The product formation was monitored via separation of the product and substrate using analytical HPLC. The
compound detection was done at 320 nm (360 nm for C4). Product concentration was calculated as the ratio of product peak area to total peak
area.
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rate-limiting step of HDAC8 catalysis, which is assumed to be
the formation of the transition state.34

SIRT2, -3, and -5 can act as delactoylases but with reduced
kinetic constants as compared to corresponding acetylated
substrates, while SIRT6 cannot accept lactoylated peptide
derivative 3 as a substrate (Figure 3, Table 2). As expected,
sirtuins are generally poor delactoylases because the branching
in the α-position causes steric hindrance during the formation
of the bicyclic intermediate.35 Compound 3 represents a
mixture of two possible diastereomers distinguished by the L-
lactoyl and D-lactoyl moiety. The 100% cleavage of 3
(subsequent to a prolonged incubation time with higher
enzyme concentrations) demonstrates that both, HDACs and
sirtuins, accept both acyl isomers.
The other natural occurring 3-carbon acyl residue pyruvoyl

in compound 4 is well accepted by HDAC2, HDAC3,
HDAC6, and HDAC8 (Figure 3). HDAC6 and HDAC8
clearly prefer 4 to its propionylated counterpart 2. Looking
more closely to the kinetic data, obviously 4 is a highly efficient
substrate for HDAC8 yielding a kcat/KM value of 164.000 M−1

s−1 (Table 2). The superior specificity constant is mainly
caused by the low KM value, which is approximately 70-fold
lower compared to the acetylated substrate 1 and approx-
imately 30-fold lower than for the propionylated substrate 2

(Table 2 and Figure 4B). The Michaelis constant of HDAC6
for 4 is 110-fold lower compared to the propionylated peptide
2 and, surprisingly, 7-fold lower than for the acetylated
compound 1. In contrast the kcat value of HDAC6 for 4
decreased about 140 times compared to 1. HDAC2 and -3 are
able to accept 4 but with catalytical constants similar to the
propionylated substrate 2 (Table 2 and Figure 4A). HDAC11
is not able to depyruvoylate compound 4.
We synthesized peptides derived from the biological

substrate histone H3. We generated the N-terminal H3
sequence 1−13 with the lysine residue number 9 in the
acetylated (compound 1a), lactoylated (compound 3a), and
pyruvoylated (compound 4a) forms (Table 1). To improve the
detection in the HPLC-based activity measurements, we added
two tryptophan residues, as described Jiang et al.31 We treated
these substrates with HDAC2, HDAC3, and HDAC8 and
determined kinetic constants kcat and KM using HPLC-based
activity assay.21,31 Histone H3-derived substrates 1a, 3a, and
4a follow the trend we observed for the substrates 1, 3, and 4.
Lactoylated 3a is well accepted by HDAC2 and HDAC3, and
pyruvoylated 4a is a good HDAC8 substrate with a kcat/KM

value of 510 000 M−1 s−1 (Figure 4C and Table 2). Again,
similar to compound 4, the KM value is very low for HDAC8
(Table 2).

Table 2. Kinetic Constants kcat and KM and Resulting Specificity Constant for Different HDAC Isoforms and Compounds 1 to
4 Including 1a, 3a, and 4aa

enzyme compound acyl residue KM (μM) kcat (s
−1) kcat/KM (M−1 s−1) fold change in kcat/KM

a

HDAC2 1 acetyl 1100 ± 400 1.1 ± 0.3 1000 1

1a acetyl 1100 ± 300 2.0 ± 0.6 1800 1

2 propionyl 75 ± 12 0.51 ± 0.05 6800 6.8

3 lactoyl 370 ± 80 0.24 ± 0.05 640 0.64

3a lactoyl 610 ± 80 0.31 ± 0.02 510 0.28

4 pyruvoyl 960 ± 210 1.6 ± 0.2 1700 1.7

4a pyruvoyl 1000 ± 200 1.6 ± 0.2 1600 0.89

HDAC3 1 acetyl 58 ± 16 0.83 ± 0.04 14 000 1

1a acetyl 56 ± 14 1.6 ± 0.2 29 000 1

2 propionyl 14 ± 2 0.77 ± 0.19 55 000 3.9

3 lactoyl 45 ± 18 0.35 ± 0.05 7800 0.56

3a lactoyl 110 ± 18 0.57 ± 0.11 5200 0.18

4 pyruvoyl 26 ± 5 1.8 ± 0.2 69 000 4.9

4a pyruvoyl 43 ± 19 1.3 ± 0.5 30 000 1.0

6 glyoxalyl 27 ± 7 0.023 ± 0.004 850 0.061

HDAC6 1 acetyl 12.2b 2.28b 187 490b 1

2 propionyl 190 ± 30 0.063 ± 0.01 330 0.0018

4 pyruvoyl 1.7 ± 1.1 0.016 ± 0.006 9400 0.050

HDAC8 1 acetyl 440 ± 150 2.4 ± 0.5 5400 1

1a acetyl 620 ± 60 0.86 ± 0.18 1400 1

2 propionyl 180 ± 30 0.25 ± 0.02 1400 0.26

3 lactoyl 46 ± 5 0.005 ± 0.001 110 0.020

4 pyruvoyl 6.1 ± 1.9 1.0 ± 0.1 164 000 30

4a pyruvoyl 4.5 ± 0.7 1.1 ± 0.1 240 000 44

4a pyruvoyl 9.2 ± 1.7 4.7 ± 1.1 510 000 364

6 glyoxalyl 33 ± 9 0.051 ± 0.009 1550 0.29

SIRT2 1 acetyl 25 ± 2 0.36 ± 0.06 14 000 1

2 propionyl 12 ± 1 0.12 ± 0.02 10 000 0.71

3 lactoyl 950 ± 150 0.035 ± 0.002 38 0.0027

SIRT3 1 acetyl 6.8 ± 1.1 0.15 ± 0.01 22 000 1

2 propionyl 4.9 ± 0.3 0.028 ± 0.002 5700 0.26

3 lactoyl 1580 ± 370 0.030 ± 0.005 19 0.00086
aSpecificity constants relative to the respective acetylated substrate are given as ratio in the last column of the table. Kinetic constants were
determined using an alternative, fluorescence-based activity assay (Figure 5). bResults taken from ref 30.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Articles

https://doi.org/10.1021/acschembio.1c00863
ACS Chem. Biol. 2022, 17, 1364−1375

1368



Removal of the methyl group from the pyruvoyl moiety
results in naturally occurring glyoxylated lysine (compound 6),
which is recognized by HDAC2, HDAC3, HDAC6, and
HDAC8 but with reduced efficacy as compared to 4 and the
acetylated counterpart 1 (Figure 3 and Table 2). HDAC8 is
known to accept larger acyl residues, like D-phenylalanyl
residues in inhibitor structures, because of the architecture of
the foot pocket.36 Inspired by this fact, we synthesized and
analyzed phenylglyoxalyl derivative 5 to get additional
interactions with the active site. However, neither HDAC8
nor any of the other HDACs and sirtuins can accept 5 as a
substrate.
As a quality control for our enzymes, we analyzed dose

dependent inhibition of deacylation reactions of compounds
1−4 for HDAC2 (Table S1 and Figure S23), HDAC3 (Table
2 and Figure S24), HDAC6 (Table S3 and Figure S24), and
HDAC8 (Table S4 and Figure S25) using selective inhibitors
HI7.3 (compound 21a in ref 37), RFGP966,38 Tubastatin A,39

and PCI-34051,40 respectively. The determined IC50 values are
in a similar range for the different substrates excluding the
possibility that contaminating HDACs are responsible for the
newly discovered deacylation activity.
If a peptide derivative is not a substrate for an HDAC, there

are two possible reasons; either it could not enter the active
site or it acts as a competitive inhibitor. Recently, lactic amide
derivatives were described as Zn2+ chelators for HDAC.41

Therefore, we analyzed possible inhibition of class IIa HDACs

by 1−4 and 6 (Figures S19−S22). We performed dose−
response experiments and found no influence on the catalytic
activity up to a 1 mM concentration of compounds 2, 3, and 4.
In contrast, weak binding could be detected for the acetylated
compound 1 and the glyoxylated compound 6. Obviously, class
IIa HDACs could not accommodate acyl moieties with more
than two carbon atoms in the active site.
The superior HDAC8 substrate properties of 4 and 4a

encouraged us to determine kinetic constants with an
alternative activity assay. Careful inspection of the UV−vis
and fluorescence spectra of 4 and C5 uncovered differences
(Figure 5) useful for the continuous monitoring of
depyruvoylase activity. The n−π* transition of 2-oxo-amides
is in the range of 310−350 nm,42 perfectly overlapping with
the excitation of aminobenzoic amide (Abz) fluorescence.
Therefore, we were able to monitor HDAC8-mediated
depyruvoylation via increasing fluorescence in a continuous
format with many more data points per progress curve as
compared to the HPLC-based assay. As can seen in Figure 5C
and Table 2, the resulting kinetic constants are very similar,
underlying the accuracy of the HPLC-based assay.
In order to understand the recognition of 3 and 4 by

different HDACs, we docked these derivatives into the
individual HDAC isoforms, and the top-ranked docking
poses were compared with the crystal structure of HDAC8
complexed with the acetylated tetrapeptide RHKacKac-4-

Figure 4. v/[S] plots and the resulting kinetic compounds for different HDAC isoforms and substrates. (A) Steady state kinetics of HDAC8 (A)
and HDAC3 (B) with compounds 1−4. Reactions were performed at 37 °C for HDAC3 and at 25 °C for HDAC8. HDAC3 concentrations were
10 nM for 1, 2, and 3 and 4 nM for 4. HDAC8 concentrations of 25 nM for 1, 20 nM for 2, 100 nM for 3, and 4 nM for 4. Data were obtained from
analytical HPLC measurements. (C) Overview of the kinetic parameters of HDAC2, HDAC3, and HDAC8.
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methylcoumarin (see Figures S29−S32 for controls and
results).
For all docked substrates, the amide carbonyl group

coordinates with the Zn2+ ion of the HDACs (distances
between 1.65 and 2.03 Å). Binding pockets of HDAC6/8 and
HDAC2/3 differ significantly in the so-called foot pocket. In

the case of HDAC6/8, the foot pocket size is restricted by the
bulky residue Pro608 (HDAC6, Figure S30) or Trp141
(HDAC8, Figure 6), whereas in HDAC 2/3 the foot pocket is
widened due to a different course of the backbone and the
more flexible methionine (Met35 in HDAC2, Figure S32, and
Met24 in HDAC3, Figure S31) at this position. This leads to

Figure 5. Absorbance and fluorescence measurements of compound 4 with HDAC8. (A) Absorbance spectra of compound 4 and compound C5.
The spectra were recorded at 25 °C with a compound concentration of 30 μM and a UV cuvette with a path length of 10 mm. The spectra were
corrected against a buffer background. (B) Fluorescence emission spectra of 4 and C5. The fluorescence was monitored at 25 °C, with a compound
concentration of 5 μM and with an excitation wavelength of 320 nm. The excitation slit was set to 1 nm and the emission slit to 5 nm. (C) v/[S]
plot of HDAC8 and compound 4 using the increase of fluorescence intensity caused by HDAC8-mediated depyruvoylation of compound 4. The
HDAC8 concentration was 5 nM with varying concentrations of 4. The fluorescence intensity was monitored using a 96-well plate reader
(Envision, PerkinElmer) with λEx = 320 ± 75 nm and λEm = 430 ± 8 nm. Values shown are the means of three independent replicates. Product
concentration was calculated using the calibration lines of D. (D) Calibration line of 4 (substrate) and C5 (product) monitored at 25 °C with a 96-
well plate reader with the same settings as above with varying peptide concentrations.

Figure 6. Docking poses of K-pyruvoyl (left site, colored green) and K-lactoyl (right site, R isomer colored magenta, S isomer colored cyan)
peptide in HDAC8 (PDB ID 3EWF).43 Only 4-methylcoumarine and acylated lysine are shown for clarity. The molecular surface of the substrate
pocket is colored according to the hydrophobicity (green) and hydrophilicity (magenta). Distances between the acyl group and HDAC8 are given
in Ångstroms. The conserved water molecule bound to His180 and the catalytic zinc ion are shown as red and cyan spheres, respectively.
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different docking solutions for the substrates with residues that
can form hydrogen bonds, i.e., pyruvoyl and lactoyl residues. In
the case of the good HDAC6/8 substrate 4, a hydrogen bond
to a conserved cysteine in the foot pocket (Cys621 in HDAC6,
Cys153 in HDAC8) is observed, whereas in the case of
HDAC2/3, the pyruvoyl carbonyl group is rotated 180° and
does not show an interaction with the conserved cysteine
(Cys145 in HDAC2, Cys156 in HDAC3). This cysteine
residue is conserved in HDACs and involved in the
stabilization of the substrate transition state.34 Due to the
spatial restriction of the foot pocket, the carbonyl group of the
pyruvoyl residue is directed into the position for an optimal
hydrogen bond to Cys153 (Figure 6). In the case of HDAC2/
3, this interaction is not evident due to the altered geometry of
the foot pocket. In the case of the lactoyl derivative 3, both
isomers show the same hydrogen bond to the conserved
cysteine in HDAC6/8 and additionally a hydrogen bond to a
neighboring glycine (Gly619 in HDAC6, Gly154 in HDAC8).
In HDAC2/3, the hydroxyl function of the lactoyl residue
points in the same direction as that of the pyruvoyl residue
(Figures S31 and S32). Thus, the modified geometry of the
foot pocket (HDAC6/8 compared to HDAC2/3) and the
preferential hydrogen bonds calculated for pyruvoyl moieties
could explain the good substrate properties of compound 4 for
HDAC6/8.

■ DISCUSSION

In the cytoplasm, the source of D-lactoyl lysine residues is the
nonenzymatic acyl transfer from D-lactoylglutathion which is
formed by the reaction of the glycolytic byproduct
methylglyoxal and glutathione.10 In contrast, it was demon-
strated that acetyltransferase p300 is able to generate L-
lactoylated histone residues in the nucleus using L-lactoyl-
CoA.5 While the generation of reactive lactoyl derivatives and
lactoylated lysine residues is relatively well understood, the
enzymes responsible for the removal of these modifications
were not known. First, SIRT2 was reported to be the in vivo
delactoylase with a specificity constant for the two lactoylated
lysine isomers of approximately 1 M−1 s−1,25 but this constant
seems to be too low to be relevant in vivo. The specificity
constant of HDAC3 for lactoylated substrate 3 determined in
this work is more than 7500-fold higher than the reported one
and more than 200-fold higher as compared to the specificity
constant of SIRT2 and 3 determined here. On the basis of
these findings, it could be assumed that HDAC3 is the more
relevant in vivo delactoylase. These data correspond well with
the findings of Moreno-Yruela et al., who showed that
HDAC1−3 are delactoylases with model peptides and
reinforced their results with in cellulo delactoylase activities
of HDAC1−3. They found only weak to no delactoylase
activity for SIRT1 to SIRT3.29 Additionally, HDAC2 also has a
much higher (640-fold) catalytic efficiency for 3 as compared
to the reported values for SIRT2. Our delactoylase results were
generated with short peptide derivatives and could not easily
be transferred to similar modifications in a full-length protein
context. But model peptides have served well in the past to find
substrate peptides for HDACs/sirtuins. For instance, the
unique selectivity of Sirtuin 5 for negatively charged acyl
residues (like malonyl, succinyl, and glutaryl residues) was
detected using peptide substrates.3,20,21 Later, it could be
confirmed that desuccinylase and deglutarylase activity is the
major in vivo activity of sirtuin 5. Additionally, defatty acylase
activity of sirtuin 6 again was discovered first using peptide

substrates in combination with HPLC-based activity assays.31

In addition, the unique defatty acylase activity of HDAC11 was
uncovered using peptide substrates,17,18 and in later studies, in
vivo defatty acylase substrates for HDAC11 could be
identified.19,44 This shows that novel acyl residues, which are
removed with several-hundred-fold higher efficacy in vitro as
compared to acetylated lysine substrates, represent with high
probability novel in vivo substrates. Moreover, in a recent
publication, lactoylated histone H2Bs were incorporated into
nucleosomes, and both the nucleosomes and isolated
lactoylated histone H2Bs were treated with a variety of
multiprotein complexes containing HDAC1. It was demon-
strated that protein complexes CoREST and MIER were able
to remove the lactoyl residue from H2Bs and that complexes
MiDAC and RERE have delactoylase activities in the
nucleosome context.45

Considering the proposed enzymatic mechanism, it can be
expected that sirtuins should not be able to handle pyruvoyl
modifications efficiently and that HDACs, especially class IIa
HDACs, should accept such a modification because of the
higher reactivity of the amide carbonyl carbon.46 Class IIa
HDACs are known to be poor deacetylases but are able to
hydrolyze very efficiently more activated trifluoromethylacety-
lated substrates.47 Common for all members of class IIa
HDACs is the substitution of a conserved tyrosine residue in
the active site by a histidine.47 The histidine residue is not able
to stabilize the tetrahedral intermediate like the tyrosine
residue, and so class IIa HDACs need more reactive lysine
modifications like the trifluoroacetylamides to perform the
deacylation reaction. Pyruvoylated lysine residues, as in
compound 4, are activated in a similar manner because of
the electron-withdrawing effect of the α-carbonyl function.
Therefore, we expected that 4 represents the naturally
occurring equivalent to the artificial trifluoroacetylated
substrate. To our surprise, no member of the class IIa
HDACs but HDAC8 and HDAC6 are able to remove the
pyruvoyl residue from the derivatives 4 and 4a. The very low
KM values for HDAC8 point to a probable function in vivo as
an eraser for the spontaneously occurring protein pyruvoyla-
tion.12,14 Peptide derivatives 4 and 4a represent the best
substrates described for HDAC8 so far. Such differences in
affinities to the active site of enzymes (i.e., KM values for 1a
and 4a) could dramatically influence the substrate specificity in
vivo. Recently, it could be demonstrated for N-myristoyl-
transferases that these enzyme act exclusively as fatty acyl
transferases in vivo.48 This is surprising because, in vitro, the
same enzymes are able to transfer acetyl residues from acetyl-
CoA to the N-terminus of a protein with very similar specificity
constants. The authors could demonstrate that the extremely
different affinities of the cosubstrates to the active site of the
enzyme are the only reason for the exclusive specificity within
cells.48 We analyzed HDAC8-mediated depyruvoylation of 4 in
the presence of an acetylated HDAC8 substrate via HPLC at
several time points (Figure S28). As expected from the very
different KM values, we found at the beginning of the
enzymatic reaction exclusive depyruvoylation and no deacety-
lation. Even after more than 90% turnover of 4, there was no
product of deacetylation reaction visible.
It remains to be discovered if lactoylated and/or

pyruvoylated lysine residues could be recognized by so-called
reader domains in a specific manner. Binding of proteins to
acylated lysines (in addition to acetylated lysines) is described
for succinylated lysines,49 propionylated lysines,49 butyrylated

ACS Chemical Biology pubs.acs.org/acschemicalbiology Articles

https://doi.org/10.1021/acschembio.1c00863
ACS Chem. Biol. 2022, 17, 1364−1375

1371



lysines,49,50 and crotonylated lysines.51−53 In summary, we
uncovered delactoylase and depyruvoylase activity for different
HDAC isoforms. The superior kinetic constants determined
for compounds 3, 3a, 4, and 4a point to the potential
biological significance of these lysine acylations.

■ EXPERIMENTAL SECTION

Chemicals and General Methods. Most of the Fmoc-protected
amino acids and O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluro-
nium hexafluorophosphate (HBTU) were purchased from GL
Biochem Ltd. (Shanghai, China). Acetonitrile (ACN) was purchased
from VWR. N,N-Dimethylformamide (DMF), ethyl (hydroxyimino)-
cyanoacetate (OxymaPure), and Rink amide MBHA resin were
purchased from Iris Biotech (Marktredwitz, Germany). N,N-
Diisopropylethylamine (DIPEA), trifluoroacetic acid (TFA), and
dichloromethane (DCM) were purchased from Carl Roth (Karlsruhe,
Germany).
UPLC-MS analysis was performed using the Waters ACQUITY

UPLC-MS system (Milford, MA) with a Waters ACQUITY-UPLC-
MS-BEH C18 1.7 μm (2.1 × 50 mm; 30 Å) column. As a mobile
phase, 0.1% formic acid in H2O (solvent A) and 0.1% formic acid in
ACN (solvent B) solutions were used. A typical gradient from 95:5
(v/v) of H2O/ACN to 5:95 (v/v) of H2O/ACN in 6 min was used
for most of the experiments. Data analysis was performed using
Waters MassLynx software. Purification of peptides was done on the
Shimadzu LC System with a Phenomenex Kinetex 5 μm XB-C18 (250
× 21.1 mm, 100 Å) column using different gradients of 0.1% TFA in
H2O (solvent A) and 0.1% TFA in ACN (solvent B) solutions.
Solid-Phase Peptide Synthesis. The substrates 1, 1a, 2, 3a, 4a,

and C2 were synthesized from the fully protected polymer-bound
peptides (Boc)Abz-SRGGK(Ns)FFRR)-NH-(Rink amide resin) and
Boc-ARTKQTARK(Ns)STGGWW-(Rink amide resin), using the
strategy published before.17 Acetyl, glyoxalyl, lactoyl, pyruvoyl, and
phenylglyoxalyl peptides 1a, 3a, 4a, and 3−6 were prepared from the
same resin-bound peptide according to the methods below. Substrates
C1, C3, and C4 were prepared as described elsewhere.54,55,21

Acetyl Peptide 1a. For the acetylation, the resin was treated with
acetic anhydride and DIPEA in DMF (0.2:0.4:10, v/v/v) for 20 min.
After washing of the resin, global deprotection (TFA/H2O 9:1, for 2
× 1 h) was used to remove protecting groups and to cleave the crude
peptide from the solid support. TFA was removed invacuo, and the
crude peptide was dissolved in ACN/H2O mixture and purified using
preparative HPLC.
Lactoyl Peptides 3 and 3a. A total of 45 mg of the crude

pyruvoyl-peptide 4 was dissolved in H2O, and 1 mg of NaBH4 was
added. After 30 min,the solution was acidified with acetic acid and
directly used for preparative HPLC.
Pyruvoyl Peptides 4 and 4a. 2,2-Diethoxypropionic acid56 was

activated with HBTU (3 equiv) and DIPEA (6 equiv) in DMF, and
this solution was incubated with the resin-bound peptide for 1 h.
Next, the peptide was cleaved from the resin using the same protocol
described before (peptide 1a).
Phenylglyoxalyl Peptide 5. The same procedure as above was

used to couple phenylglyoxylic acid (Sigma-Aldrich) to the polymer-
bound peptide using HBTU/DIPEA followed by deprotection and
HPLC purification.
Glyoxalyl Peptide 6. Diethoxyacetic acid (prepared from ethyl

diethoxyacetate (Aldrich) and NaOH) was coupled to the resin-
bound peptide and cleaved from the resin as described above.
Volatiles were removed in vacuo, and the crude peptide was dissolved
in the minimal volume of concentrated hydrochloric acid. After 1 h,
acid was removed in the stream of N2, and the residue was purified
with preparative HPLC.
Enzymes. Recombinant HDAC4, HDAC5, HDAC6, HDAC7,

HDAC8, HDAC9,57 and HDAC1117 were cloned, expressed, and
purified as described previously. Recombinant HDAC2 (BML-SE500,
activity = 2585 U/μg) and HDAC3/NCOR1 (BML-SE515, activity =
1590 U/μg) were purchased from ENZO Life Science GmbH
(Lörrach, Germany). One unit is defined as 1 pmol/min at 37 °C

using 100 μM of the FLOUR DE LYS-SIRT1 deacetylase substrate.
Sirtuins 2, 3, 5, and 6 were cloned, expressed, and purified as
described.58

HPLC-Based Deacylation Assay. Reactions were performed in a
total volume of 70 μL in HDAC assay buffer containing 50 mM
HEPES (pH 7.4), 140 mM NaCl, 10 mM KCl, 1 mM TCEP, and 0.2
mg mL−1 BSA for HDAC1, -2, -3, -4, -5, -6, -7, -8, -9, and -11 or in
SIRT assay buffer containing 20 mM Tris-HCl (pH 7.8), 150 mM
NaCl, 5 mMMgCl2, and 0.2 mg mL−1 BSA for SIRT2, SIRT3, SIRT5,
and SIRT6. The peptides with a final concentration of 50 μM and 500
μM NAD+ (only for sirtuins) were preincubated for 5 min at 37 °C
(25 °C for HDAC8), and the reaction was started by the addition of
enzymes ([HDAC1−9] = 0.1 μM, [HDAC11] = 0.1 μM, and
[sirtuins] = 0.5 μM final concentrations for 1−6 and [HDAC1] = 0,1
μM, [HDAC2−3, HDAC6] = 10 nM, [HDAC4,5,7] = 5 nM,
[HDAC8] = 2 nM, [HDAC9] = 20 nM, [HDAC11] = 50 nM,
[SIRT2,3,5] = 0.1 μM, and [SIRT6] = 0.5 μM for controls C1−C4).
At time points 1 and 3 h, the reaction was quenched by addition of
1% TFA (final concentration at least 0.2%). The HDAC/sirtuin
mediated reaction was monitored via analytical HPLC.

All analytical HPLC analyses were performed with a system of
water supplemented with 0.1% TFA (solvent A) and acetonitrile
(ACN) supplemented with 0.1% TFA (solvent B) on an Agilent 1100
system (Boeblingen, Germany) with a quaternary pump, a well-plate
autosampler, and a diode array detector or a fluorescence detector.
The reaction solution was injected in the HPLC system (40 μL), and
separation was done with a linear gradient from 10% to 60% (for
compounds C1, C2, C3, and 5), 5% to 95% (for compound C4), and
16% to 32% (for compound 1−4 and 6) solvent B within 6 min and a
flow rate of 0.6 mL/min on a 3.0 × 50 mm reversed phase column
(Phenomenex, Kinetex XB C-18, 2.6 μm). Analysis of the substrate
and product peak area was done with Chemstation software (Agilent,
Boeblingen, Germany) at 320 nm or with fluorescence detection of
amino benzoic acid with λEx = 320 ± 4 nm and λEm = 420 ± 4 nm.
Product formation was calculated as a ratio of product peak area to
total peak area. Peptides 4 and 6 were corrected against a negative
control without enzymes.

Determination of Kinetic Constants kcat and KM. The peptides
were preincubated in HDAC assay buffer (see above, for HDACs) or
in SIRT assay buffer (see above, for sirtuins) at eight different
concentrations (0.25 μM up to 2 mM depending on the substrate and
the enzyme) in a 1.5 or 0.5 mL reaction vessel at 37 °C (25 °C
HDAC8), for 5 min. Depending on the substrate concentration, the
reaction volume was 30 μL up to 400 μL. For sirtuin reactions, 500
μM NAD+ for 1 and 2 or 2000 μM NAD+ for 3 (final concentration)
was added to the reaction mixture. The reaction was started by the
addition of a 10× enzyme solution (4 nM up to 0.5 μM final
concentration depending on the peptide and the enzyme). After four
different time points (5, 10, 15, and 20 min or 10, 20, 30, and 40
min), a sample was taken from the reaction solution and was added to
a 96-well plate, where a stop solution (5% acetonitrile, 1% TFA in
water, final TFA concentration at least 0.2%) was provided to quench
the reaction. The quenched reaction solution was injected into the
HPLC system (Agilent 1100 series, Boblingen, Germany), and
separation was done with a linear water/acetonitrile (both
supplemented with 0.1% TFA) gradient (t = 0 min, 16% acetonitrile;
t = 6 min, 32% acetonitrile) with a flow rate of 0.6 mL/min. For
samples less concentrated than 5 μM, the injection volume was 100
μL; for all other samples, it was 40 μL. For peptide 1a, 3a, and 4a,
separation was done with a linear water/acetonitrile (both
supplemented with 0.1% TFA) gradient (t = 0 min, 14% acetonitrile;
t = 6 min, 28% acetonitrile) with a flow rate of 0.8 mL/min at 40 °C.
Product and substrate detection was done with a fluorescence
detector with λEx = 320 nm and λEm = 420 nm. For compounds 1a, 3a,
and 4a, chromatograms were recorded at 282 nm (tryptophane
absorbance). Product and substrate peak area were integrated using
ChemStation software (Agilent, Boblingen, Germany). Product
formation was calculated as the ratio of substrate peak area to total
peak area (substrate + product peak area). The product concentration
was plotted as a function of time. A linear regression analysis was
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done following the linear trend of the plot. The slopes obtained of
these plots (reaction rate v) at the appropriate substrate concentration
were used to create a v/[S] plot. A nonlinear regression analysis,
according to the Michaelis−Menten equation, was used to determine
kcat and KM values. The substrate fluorescence intensity of compound
4 was different as compared to the fluorescence intensity of the
reaction product C5. A calibration line was recorded for compound 4,
and the appropriate product and substrate concentrations were
corrected using this calibration line.
Fluorescence and Absorbance Measurements for 4 and C5.

The absorbance spectra of compound 4 and C5 were recorded in a
UV cuvette with a path length of 10 mm and a compound
concentration of 30 μM in HDAC assay buffer (as described above).
The spectra were recorded using a CARY 3500 UV−vis
spectrophotometer (Agilent, Boblingen, Germany). The fluorescence
spectra were recorded in a fluorescence cuvette with path lengths of 5
mm × 10 mm and a compound concentration of 5 μM at 25 °C. A
Fluoromax 4 fluorescence spectrometer (Horiba, Kyoto, Japan) was
used with an exaction wavelength of 320 nm.
Determination of Kinetic Constants of HDAC8 and

Compound 4 Using Fluorescence Intensity Readout. The
kinetic measurements were carried out in a black 96-well fluorescence
plate at 25 °C in HDAC assay buffer (as described above). The
reaction volume per well was 100 μL. The substrate was diluted to
eight different concentrations (ranging from 0.5 to 35 μM) and
incubated for 5 min at 25 °C. Each concentration was measured in
triplicate on the plate. The reaction was started with the addition of
10 μL of 10-fold HDAC8 solution (final HDAC8 concentration 5
nM), and a negative control for each concentration (also in
triplicates) was started using 10 μL of HDAC assay buffer. The
product formation was monitored via fluorescence intensity readout
and was done on a Envision 2104 Multilabel plate reader
(PerkinElmer, Waltham, USA) with λEx = 320 ± 75 nm and λEm =
430 ± 8 nm. The fluorescence intensity was recorded every 30 s for 1
h. The fluorescence intensity was corrected using the negative control,
and the corrected values were plotted as a function of time. A linear
regression analysis was done following the initial slope (reaction rate
v0) of the data points. The fluorescence intensities were transformed
to product concentration using a calibration line (as the difference of
substrate and product fluorescence). The reaction rate was plotted as
a function of substrate concentration, and a nonlinear regression
analysis according to the Michaelis−Menten equation was done to
determine kcat and KM values using GraphPad Prism 8 software (San
Diego, CA).
Computational Methods. The available X-ray structure of

human HDAC8 complexed with a tetrapeptide (PDB ID 3EWF),
human HDAC6 (PDB ID 5EDU), human HDAC3 (PDB ID 4A69),
and human HDAC2 (PDB ID 6G3O) were downloaded from the
Protein Data Bank (PDB; www.rcsb.org). Protein preparation was
done using the protein preparation wizard implemented in
Schrödinger, version 2019.1, by adding hydrogen atoms, assigning
protonation states, and minimizing the protein. Substrate peptide
structures were generated in MOE.59 A conserved water molecule
bound to His180 in HDAC8 (His651 in HDAC6, H172 in HDAC3,
His183 in HDAC2) was included for the docking studies. The ligands
were subsequently prepared for docking using the LigPrep tool as
implemented in Schrödinger’s software (version 2019.1) and energy
minimized using the OPLS3e force field. In total, 100 conformers of
all ligands were subsequently generated with ConfGen. Docking of
the generated conformers into the prepared protein structures was
performed using the program Glide (Schrödinger-release 2019.1) in
the Standard Precision mode. Docking was also carried out using the
program GOLD3.8.1. The Zn2+ ion was used to define the size of the
grid box (20 Å radius). Protein hydrogen bonds to Asp104
(HDAC2), Asp93 (HDAC3), Asp101 (HDAC8), and the corre-
sponding Ser668 in HDAC6 were used as docking constraints. These
residues make hydrogen bonds to the backbone of the peptide
substrates in the corresponding crystal structures and are known to
stabilize the substrate binding. A total of 100 docking poses were
calculated for each molecule. All other docking options were left at

their default values. Top-ranked docking solutions were analyzed
using the program MOE. Since both docking programs yielded highly
similar top-ranked docking poses (Figure S29) only results from
GLIDE are shown in Figures 6 and S30−S32.
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