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The lysine deacylase (KDAC) enzymes are hydrolases that
catalyze the removal of acetyl functionalities from the e-
amino group of lysine residues in a variety of proteins
including the tail regions of histones in chromatin com-
plexes.[1] Recently, protein acetylation has been recognized as
an important general posttranslational modification (PTM),
thus considerably extending the possible targets of the KDAC
enzymes;[2] however, the N-terminal segments of core his-
tones (H2A, H2B, H3, and H4) are the most extensively
studied proteins among those that have been shown to
contain e-N-acetyllysine (Kac) modifications.[3] Histone acet-
ylation affects both chromatin packing and recruitment of
transcription factors and thus indirectly affects gene expres-
sion in the cell.[3, 4] Several potent histone deacetylase
inhibitors that lead to an increase in global histone acetylation
(primarily through inhibition of class-I KDACs) have entered
clinical trials for treatment of various types of cancer.[5] Two
compounds have been approved for treatment of cutaneous
T-cell lymphoma, that is, suberoylanilide hydroxamic acid
(SAHA, vorinostat)[6] and depsipeptide FK-228 (romidep-
sin)[7] formulated as the drugs Zolinza and Istodax, respec-
tively. Individual KDACs have also been linked to a variety of
noncancerous diseases including neurodegenerative disor-
ders,[8] chronic pain,[9] and cystic fibrosis,[10] as well as to
learning and memory;[11] therefore reliable tools (substrates
and inhibitors) for efficient and accurate profiling of KDAC
subtypes are highly desirable. Furthermore, e-N-crotonylly-
sine (Kcr) has been identified as a PTM of histone proteins,[12]

and both e-N-succinyllysine (Ksuc) and e-N-malonyllysine
(Kmal) have been observed in various proteins.[13]

Since the first discovery of a mammalian lysine deacety-
lase enzyme,[14] eleven zinc-dependent human KDACs have
been identified and are classified according to sequence
similarity; class I (HDAC1, 2, 3, and 8), class IIa (HDAC4, 5,
7, and 9), class IIb (HDAC6 and 10), and class IV

(HDAC11).[15] Members of class I, IIb, and IV are all believed
to be functional deacetylases, whereas the class-IIa isoforms
exhibit considerably lower intrinsic enzymatic activity and
have been shown to associate with HDAC3 in multiprotein
complexes that harbor deacetylase activity.[16] The physiolog-
ical role of the class-IIa isoforms has therefore been the
subject of debate.[17, 18] The fact that only limited information
has been reported to date on the pharmacology of
HDAC10[19] and HDAC11[20] might at least in part be due to
a lack of efficient substrates for these two isoforms.[18,21]

Catalytic efficiencies and inhibitor selectivity profiling
data obtained from in vitro experiments with recombinant
enzymes may not always reflect the behavior of these
enzymes in their native environments, which often involve
multiprotein complexes in vivo.[22] However, in vitro screen-
ing protocols using recombinant enzymes remain important
for discovery and evaluation of new inhibitors as well as for
mechanistic investigations.[23] With all eleven different zinc-
dependent KDAC isoforms now commercially available,
more selectivity profiling studies have started to appear in
the literature.[21,24, 25] To ensure the best possible foundation
for the performance of these types of studies and to comple-
ment the excellent recent profiling of a diverse selection of
inhibitors against HDACs 1–9,[18] we decided to evaluate the
activities of the complete panel of recombinant human
KDAC isoforms against a collection of fluorogenic substrates.
The selection of substrates encompasses the most commonly
used commercial chemotypes as well as candidates designed
to address the recently discovered lysine PTMs.[26] To our
knowledge, such a systematic investigation of substrates with
respect to lysine acylation has not been reported to date for
the full panel of zinc-dependent lysine deacetylase enzymes
(HDAC1–11), although several important studies on sub-
strate specificity of KDACs have been reported.[27]

Recently, fluorogenic substrates containing e-N-trifluoro-
acetyllysine (Ktfa) have been shown to enable efficient
profiling of class-IIa KDAC isoforms that are otherwise
inactive towards common acetylated substrates. In the first
report describing this discovery, the Boc-Ktfa-AMC (1b ; for
structure see Figure 1a) substrate was used,[17] and an
optimized trifluoroacetylated substrate based on amino
acids 10–12 of core histone H4 (3b) was later reported in an
impressive profiling of a large series of histone deacetylase
inhibitors (including several drug candidates currently in
clinical trials) against HDACs 1–9.[18] We therefore prepared
1b and 3 b as well as their acetylated counterparts 1a and 3a,
and since 2a is also a known fluorogenic deacetylase substrate
we included substrates 2a and 2b in our panel (Figure 1a).
Furthermore, two commercially available substrates (4a and
4b), which are based on amino acids 379–382 of pro-apoptotic
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protein p53, were included in our collection along with 5,
which contains amino acids 6–9 of core histone H3.[28] To
address the recent work describing Kcr[12] and Ksuc[13a,b]

functionalization as novel protein modifications,[26] we finally
included substrates 6 and 7 (Figure 1a), the syntheses of
which we have described recently.[29]

To obtain a comparative data
set, the initial screening was per-
formed with a fixed concentration
(10 mm) of each substrate and equal
amounts of enzyme per reaction
regardless of expectations with
respect to the inherent deacetylase
activity. Importantly, this initial
comparison does not take into
account the possible differences in
enzyme and/or substrate concentra-
tions required to reach an optimal
range of linearity for each enzyme.
Thus, the data obtained from our
systematic screening enables a com-
parison of activities under these
specific conditions exclusively,
whereas a comparison of kinetically
determined catalytic efficiencies
(kcat � Km

�1) is provided below for
selected enzyme–substrate combi-
nations.

Not surprisingly based on liter-
ature precedents,[18] HDAC1–3 and
HDAC6 were generally active
against acetylated substrates, while
HDAC4, 5, 7, 8, and 9 exhibited
activity with trifluoroacetylated
substrate 3 b (Figure 1b,c and Fig-
ure S1 in the Supporting Informa-
tion). Substrate 3b was hydrolyzed
more efficiently than 1 b, as
reported for class-IIa KDACs,
whereas substrate 2b (Ac-Ktfa-
AMC) gave rise to enzyme activ-
ities that were similar or better than
those observed with tripeptide 3b
for HDAC4, 7, and 9 (Figure 1c).
This behavior renders 2b a simple
and efficient alternative to tripep-
tide 3b for assays employing these
KDACs.

In our initial screening, both
HDAC10 and 11 were able to
deacetylate substrate 4a at the rel-
atively low enzyme concentration
applied, and HDAC11 also showed
deacetylase activity against sub-
strate 3a in the same range as
HDAC1, 2, and 6. The activity of
HDAC11 against 3b, which was
recently reported,[25] proved to be
significantly lower (Figure 1b), thus

pointing to the use of substrate 3a or 4a for studies involving
HDAC11 and substrate 4a for studies of HDAC10. Enzyme
loading experiments showed a final enzyme concentration of
5–10 nm (� 100 ng/reaction) should be sufficient for end-point
assays with substrate 4a (Figure S3 in the Supporting

Figure 1. Substrate structures and selected deacylation data. a) Structures of the analyzed collection
of substrates. b) Selected deacylation data (*HDAC3 was obtained as a complex with nuclear
receptor corepressor 1 (NCoR1)). c) Selected deacylation data of the class-IIa KDACs. In the assay,
the enzyme trypsin cleaves the AMC group of substrates with a deacetylated lysine residue, thereby
resulting in a fluorescent signal. Consult the Supporting Information for full profiling data. The data
were obtained as end-point readings after incubation for one hour with each substrate at 37 8C, and
represent at least two individual experiments performed in duplicate. The amount of recombinant
enzyme added to each reaction was 50 ng as determined from stock solution concentrations and
purities given by the respective vendors. The relative fluorescence unit (RFU) values were normalized
to control wells without KDAC present. Notice that although we find the KDAC abbreviation to be
more meaningful for this class of enzymes, we use the common names of individual isozymes (i.e.,
HDAC1, HDAC2 etc.). AMC = 7-amino-4-methylcoumarin, Boc= tert-butyloxycarbonyl.
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Information). This concentration is similar to the amount
used previously for HDAC1.[30]

HDAC3–NCoR1 was able to process acetamides as well
as trifluoroacetamides efficiently, and was the only recombi-
nant enzyme showing a measurable effect against the
crotonylated substrate 6, which will be discussed below in
further detail. Finally, none of the KDAC isoforms were able
to desuccinylate substrate 7 under our conditions (Figure S1
in the Supporting Information).[29]

As mentioned, a comparison of the catalytic efficiencies of
the different enzyme isoforms on various substrates requires
determination of kinetic parameters (i.e., Michaelis–Menten
constant Km, maximal velocity Vmax, and catalytic rate kcat).
We thus performed Michaelis–Menten analyses with selected
enzymes against substrates 3a and 3b since these were the
substrates applied by Bradner et al.[18] Because of the poor
conversion of 3a by HDAC7 and 8, we used 4a as Kac
substrate for these two isozymes (Table 1).

HDAC3 and HDAC8, which are both believed to be
functional deacetylase enzymes in vivo,[3, 4] were able to
process Ktfa substrate 3b. HDAC3–NCoR1 proved to be

just two to three times more efficient against Kac substrate 3a
than against Ktfa counterpart 3b, albeit at a significantly
higher Km value for 3b. These findings show that the
trifluoroacetamide substrate 3b has a lower affinity for the
binding pocket of HDAC3 (higher Km) while it is turned over
more rapidly (higher kcat) than the corresponding acetamide
3a. Although HDAC8 was significantly more substrate-
specific in its deacetylase activity, as it exclusively deacety-
lated substrate 4a of the Kac substrates in our panel, a similar
trend concerning the difference in turnover of acetamide (4 a)
and trifluoroacetamide (3 b) substrates was observed when
comparing the kinetic parameters of HDAC8 (Table 1). For
this isoform, however, the difference in turnover was signifi-
cantly greater (ca. 1000-fold), which resulted in a 190-fold

increase in the catalytic efficiency favoring the detrifluoro-
acetylase activity. It is perhaps a bit counter-intuitive that the
chemically more labile trifluoroacetamides were processed to
a lower extent than the corresponding acetamides by some
KDAC isoforms. Now kinetic data provide evidence that the
increased steric bulk of the trifluoromethyl group may play an
important role by affecting substrate affinity.[31] Kinetic
investigations were not possible for HDAC1 and 2, since
these enzymes did not show any detrifluoroacetylase activity
in our assays; further experiments are therefore required to
determine whether this may also be explained by steric
reasons.

In light of the poor deacetylase activity generally reported
for HDAC4, it was not surprising to find that its catalytic
efficiency (kcat � Km

�1) was more than 7000 times greater with
Ktfa substrate 3b than with 3a. Interestingly however, the Km

values for HDAC4 with the two different substrates were in
the same range. The other class-IIa enzyme tested (HDAC7)
also exhibited a low catalytic efficiency with substrate 4a, and
similar Km values for Ktfa and Kac substrates (Table 1). These
findings are all in agreement with our initial screening results.
Moreover, the low micromolar Km values (relatively high
affinity) combined with very low kcat values (low turnover)
obtained for the acetamide substrates support the recently
proposed hypothesis that HDAC4 and 7 may fulfill a role as
Kac recognition domains rather than (or in addition to) being
substrate-specific functional hydrolases.[18] Our results there-
fore complement the evidence from reported Ktfa–Kac
competition experiments .[19]

Interestingly, HDAC3–NCoR1 showed a measurable
effect against Kcr substrate 6 at the applied enzyme concen-
tration; thus this decrotonylase activity was also investigated
in further detail (Figure 2). The catalytic efficiency shows that
HDAC3–NCoR1 is able to process Kcr in vitro, albeit at
a significantly lower rate than processing Kac (substrate 3a,
Table 1). On the other hand, the catalytic efficiency of
decrotonylation by HDAC3–NCoR1 was in the same range
as the efficiency of deacetylation by HDAC8 and HDAC11.
For those reasons we find it likely that the decrotonylase
activity of HDAC3–NCoR1 may be physiologically relevant.
In the publication reporting on the initial discovery of Kcr as
a PTM, an evaluation of the in vitro decrotonylase activity of
the eleven KDACs was addressed briefly by using Boc-Kcr-

Table 1: Kinetic parameters for selected enzyme–substrate combina-
tions.[a]

Enzyme Substrate Km [mm] kcat [s�1] kcat Km
�1 [s�1

m
�1]

Class I
HDAC3[b] 3a 10�3(6)[c] 7.1� 10�2 7.1 � 103

3b 140�33 0.35 2.6 � 103

HDAC8 3b 440�120(190)[c] 16.5 3.8 � 104

4a 90�60 1.7� 10�2 2.0 � 102

Class IIa
HDAC4 3b 10�5(10.3)[c] 0.77 8.2 � 104

3a 20�12 2.2� 10�4 11
HDAC7 3b (19.8)[c] –[c] –[c]

4a 15�4 3.4� 10�4 23
Class IV
HDAC11 3a 11�3 2.0� 10�3 1.9 � 102

[a] Values are based on at least two individual experiments performed in
duplicate in standard HDAC assay buffer at ambient temperature. For
calculation of the kcat values from measured Vmax values, we relied on the
enzyme stock solution concentrations and purities given by the vendors.
See Figure S2 in the Supporting Information for Michaelis–Menten plots.
[b] In complex with NCoR1. [c] Values in parentheses are from the
literature, kcat values were not given in the cited publication.[18]

Figure 2. a) Michaelis–Menten plot for the decrotonylase activity of
HDAC3–NCoR1 measured against substrate 6. The derived kinetic
constants are Km = (19�15) mM, kcat = (0.003�0.001) s�1, and
kcat � Km

�1 = 160 m
�1 s�1. b) Titration of the amount of HDAC3–NCoR1

that is necessary to decrotonylate substrate 6 in an end-point assay
(one hour incubation time).
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AMC as the substrate.[12] Though weak effects were observed
for HDAC1–3, the authors drew the conclusion that KDACs
were not likely to be decrotonylases, but our kinetic evalua-
tion of HDAC3–NCoR1 decrotonylation now suggests that
the issue requires further attention.

We furthermore observed that HeLa cell nuclear extract,
which contains a variety of proteins including KDACs, gave
rise to decrotonylation of 6 (Figure S1 in the Supporting
Information). Thus, inhibition of the decrotonylase activities
of recombinant HDAC3–NCoR1 as well as HeLa cell nuclear
extract were tested using the approved drug vorinostat
(SAHA) and the natural product apicidin, a cyclic tetrapep-
tide (Figure 3). The two inhibitors were chosen, because they
have different selectivity profiles, that is, vorinostat has been

shown to inhibit KDACs of class I, IIb, and IV, while apicidin
is selective for class I.[18] These dose-response experiments
clearly showed that vorinostat and apicidin inhibit the
decrotonylase activity of HDAC3–NCoR1; this inhibition
followed trends analogous to inhibition of the deacetylation
activity of HDAC3–NCoR1.[18] The successful inhibition of
the decrotonylase activity of HeLa nuclear extract by the two
different histone deacetylase inhibitors indicates that KDAC
enzymes may at least in part be accountable for decrotony-
lation. Hydrolases or multiprotein complexes with specific
decrotonylase activity, however, may well exist, although they
have not yet been discovered. Thus, further experiments
aimed at the discovery of putative decrotonylases as well as
the possible role of HDAC3–NCoR1 as a decrotonylase
in vivo are warranted.[32]

In conclusion, the present investigation, rooted in a sys-
tematic screening of the activities of the eleven human zinc-
dependent KDAC enzymes against a series of fluorogenic
substrates, has led to several discoveries as outlined above.
Most importantly, we found that HDAC3–NCoR1 exhibited
decrotonylase activity with a catalytic efficiency that is
comparable to the deacetylase activity of other KDAC
isoforms. Moreover, inhibition of the decrotonylase activity

by well-known histone deacetylase inhibitors was demon-
strated. Elucidation of the possible implications of this
discovery in cellular environments will be an important
future objective.
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Profiling of Substrates for Zinc-
dependent Lysine Deacylase Enzymes:
HDAC3 Exhibits Decrotonylase Activity
In Vitro

Systematic screening of the activities of
the eleven human zinc-dependent lysine
deacylases against a series of fluorogenic
substrates (see scheme) as well as kinetic
evaluation revealed substrates for
screenings of histone deacetylases

HDAC10 and HDAC11 at reasonably low
enzyme concentrations. Furthermore,
HDAC3 in complex with nuclear receptor
corepressor 1 (HDAC3–NCoR1) was
shown to harbor decrotonylase activity
in vitro.
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