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ABSTRACT: The tubulin deacetylases Sirt2 and HDAC6 have
been associated with the development of various diseases. Herein,
we discuss recent approaches that enable cellular target engage-
ment studies for these deacetylases and thus play a critical role in
the evaluation of small molecule inhibitors of Sirt2 or HDAC6 as
potential therapeutic agents.
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Both histone deacetylase 6 (HDAC6) and Sirtuin 2 (Sirt2)
are protein deacylases that cleave off acetyl as well as

other acyl groups from the ε-amino group of lysines in their
substrate proteins. While HDAC6 is a Zn2+-dependent lysine
deacylase and belongs to class IIb of HDACs, Sirt2 features an
NAD+-dependent catalytic mechanism and has been classified
as a class III HDAC, the so-called Sirtuin family. Despite the
fact that both deacylases have been assigned as histone
deacetylases (HDACs), they share acetylated α-tubulin (α-
tubulin K40ac) as a major substrate and are hence frequently
referred to as tubulin deacetylases.1,2 Dysregulation of both
Sirt2 and HDAC6 activity has been associated with the
pathogenesis of cancer, inflammation, and neurodegeneration,
thus making these two enzymes promising targets for
pharmaceutical intervention. This has prompted intense efforts
in the development of small molecule inhibitors of Sirt2 and
HDAC6, which are reviewed elsewhere.3,4 A critical step in
preclinical drug discovery is the assessment of the interactions
between a drug and its protein target in a physiologically
relevant cellular environment.5 This step, also referred to as
cellular target engagement, is highly important for successfully
delivering compounds with the desired biological and
ultimately clinical effects, as the on-target activity of small
molecules can be changed significantly when transitioning
from a biochemical to a cellular environment. A loss of activity
in a cellular environment can be attributed to various factors,
including low cell permeability, compound efflux, off-target

protein binding, or a change in target protein’s structure/
accessibility. Herein, we review different approaches that have
recently been applied to study cellular target engagement for
Sirt2 and HDAC6, thereby playing a critical role in the
evaluation of small molecule inhibitors for these two tubulin
deacetylases.
As already mentioned, Sirt2 and HDAC6 are tubulin

deacetylases. Therefore, α-tubulin acetylation has widely
been applied to confirm cellular inhibition of Sirt2- or
HDAC6-mediated deacetylation. The increase in tubulin
acetylation is most commonly detected with antibody-based
techniques (e.g., Western blot, ELISA, immunofluorescence
microscopy). An important benefit of using tubulin acetylation
as a readout for cellular Sirt2 or HDAC6 target engagement is
that this method does not require any context-specific
modification of the targeted proteins. However, α-tubulin
acetylation is influenced not only by Sirt2 and HDAC6 activity
but also by other factors such as α-tubulin N-acetyltransferase
(ATAT1) activity, oxidative stress or high glucose levels. Thus,
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effects of certain compounds on tubulin acetylation must not
necessarily be a consequence of cellular Sirt2 or HDAC6
inhibition. Furthermore, the overall effect of selective Sirt2
inhibition on tubulin acetylation is not highly pronounced and
often challenging to demonstrate via Western blot, due to its
low dynamic range of detection. This might be one reason,
why several recently published studies preferred immuno-
fluorescence microscopy over Western blotting to prove
cellular inhibition of Sirt2-mediated α-tubulin deacetylation.6,7

Additionally, antibody-based methods for the detection of α-
tubulin acetylation are time and labor intensive because of
their heterogeneous assay protocols, thereby limiting the
throughput of these methods. Due to the aforementioned
drawbacks of using α-tubulin acetylation as a readout for
cellular inhibition of Sirt2- or HDAC6-mediated deacetylation,
several alternative methods have been recently established to
demonstrate cellular target engagement for Sirt2 and HDAC6.
Cellular thermal shift assays (CETSA) enable the assessment

of cellular target engagement by quantifying the changes in the
thermal stability of a targeted protein upon ligand binding in
intact cells. Similar to the aforementioned methods based on
α-tubulin acetylation, CETSA is a label-free technique and is
usually combined with an immunosorbent assay (e.g., Western
blot) for detecting the amount of stabile protein remaining in
solution at a given temperature. In contrast to α-tubulin
acetylation, which can be influenced by various factors (see
above), ligand-induced shifts of thermal protein stability are a
direct and exclusive consequence of ligand-target-binding
interactions. Due to its broad applicability, the CETSA
technique has revolutionized cell-based target engagement
studies and has recently been successfully used for Sirt27 as
well as HDAC6.8 However, it should be noted that not all
ligand-protein interactions result in a significant change of
thermal protein stability, depending on the nature of binding
interaction. Thus, negative results from CETSA-based target
engagement studies should be verified by an orthogonal
method, to rule out false negatives. More recent approaches to
increase the throughput of CETSA, so-called high-throughput
CETSA (HT-CETSA), use methods other than Western blot
(e.g., β-galactosidase and NanoLuciferase reporters, AlphaLI-
SA) for protein detection, but as of now they have not been
applied for Sirt2- or HDAC6-based target engagement studies.
The approach of targeted protein degradation, induced by

means of so-called proteolysis-targeting chimeras (PROTACs),
has recently gained much traction due to a number of key
advantages compared to standard inhibition of protein
function by small molecules. Two major advantages of
PROTACs are their catalytic mode of action and a durable
inhibition of protein function as a consequence of irreversible
target protein degradation. Besides these pharmacological
benefits, which have implications for basic research and clinical
applications, PROTACs can also be used as molecular tools to
study cellular target engagement. By displacing the PROTAC

from its target protein binding site, an unlabeled small
molecule competitor can prevent PROTAC-induced protein
degradation, which can be assessed via Western blot
analysis.9,10 This experiment is commonly performed in the
course of PROTAC validation, but it can just as well be used as
a method for cellular target engagement. Similar to tubulin
acetylation- and CETSA-based approaches for cellular target
engagement, the PROTAC-based protocol does not require
specific protein modifications. Of course, the availability of
PROTACs that are able to induce a significant reduction of
target protein levels is required for such an approach. In the
case of Sirt29 and HDAC6,10,11 potent and selective degraders
have already been reported, thereby laying the key basis for
PROTAC-mediated target engagement studies for these two
deacylases. Of note, ligands showing noncompetitive binding
toward the employed PROTAC cannot be detected with the
approach described above. For ligands that show a reduction of
PROTAC-mediated protein degradation, an orthogonal target
engagement assay should be performed, as an inhibition of the
employed E3 ligase or the proteasome might lead to false
positive results.
The NanoBRET technique is proximity-based and relies on

bioluminescence resonance energy transfer (BRET) from a
donor (e.g., Nanoluciferase (Nluc)-labeled fusion protein) to
an acceptor (e.g., fluorescently labeled ligand). Thus, the
NanoBRET technology requires both a modified ligand and a
modified, non-native target protein (Table 1). If used in a
displacement setup, the binding of an unlabeled small molecule
ligand to the targeted binding site can be detected via the
displacement of the fluorescent tracer, thereby resulting in a
reduced BRET signal. As with all tracer-dependent assay
techniques, there is a potential risk of false negative results for
ligands that do not show competitive binding behavior toward
the tracer molecule. In contrast to the other methods applied
for studying cellular target engagement for Sirt2 or HDAC6
(see above), NanoBRET assays can be performed in a
microtiter plate format following a straightforward homoge-
neous assay protocol, which does not require any antibodies,
cell lysis/permeabilization or washing steps. Therefore, the
NanoBRET technology allows a quantitative real-time
detection of protein−ligand interactions in live cells. Moreover,
the assay readout can be performed with a plate reader in a
highly accurate and high-throughput manner. Whereas Nano-
BRET-based target engagement assays for Zn2+-dependent
HDACs, including HDAC6, have been available for several
years,12 the first method for a member of the NAD+-dependent
HDACs, Sirt2, has only very recently been reported.6

Application of the NanoBRET-based Sirt2 target engagement
assay enabled the development of small molecule inhibitors
with low nanomolar Sirt2 affinities in cells. Moreover, this
method was used to prove cellular target engagement for
several literature-known Sirt2 inhibitors and provided addi-

Table 1. Comparison of Available Cellular Target Engagement Methods for the Tubulin Deacetylases Sirt2 and HDAC6

method

α-tubulin acetylation CETSA PROTAC NanoBRET

principle activity-based thermal stability proximity-based proximity-based
secondary detection method Western blot, fluorescence microscopy Western blot Western blot not required
modified ligand (tracer) not required not required required required
modified protein not required not required not required required
assay protocol heterogeneous heterogeneous heterogeneous homogeneous
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tional evidence of the low on-target specificity of the broadly
used Sirt2 probe Sirtinol.6

Cellular target engagement studies are of fundamental
importance in order to confirm relevant drug targets and to
evaluate the cellular on-target activity of biologically active
compounds. For the tubulin deacetylases Sirt2 and HDAC6,
which are both relevant drug targets, substantial progress in
establishing methods to study cellular target engagement has
been made in recent years. Currently, researchers can choose
between a few techniques to assess cellular target engagement
for Sirt2 and HDAC6, including tubulin acetylation, CETSA,
as well as PROTAC- and NanoBRET-based approaches.
Systematic application of different orthogonal target engage-
ment methods will further aid the development of high-quality
probes and drug candidates with a well-validated mechanism of
action.
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