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ABSTRACT: Histone deacetylase (HDAC) enzymes are epige-
netic regulators that affect diverse protein function by removing
acyl groups from lysine side chains throughout the proteome. The
most recently discovered human isozyme, HDAC11, differs from
other HDACs in substrate preference and tissue expression profile.
Elucidation of the biological function of this enzyme has been
scarce and only a few chemical probes to help advance this insight
have been developed thus far. Here we discovered macrocyclic
inhibitors that exhibit selectivity for HDAC11 and penetrate the
cytoplasmic membrane in cultured cells as determined by the
chloroalkane penetration assay. Our work establishes the
combination of de novo macrocycle synthesis with incorporation
of N-alkylated hydroxamic acid moieties as a viable strategy for targeting HDAC11. Further, this study demonstrates the potential of
applying macrocyclic peptide-based library synthesis to directly furnish high-affinity, cell-permeating ligands. The discovered
inhibitors comprise tool compounds for the investigation of the biological function of HDAC11.
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■ INTRODUCTION
Histone deacetylase 11 (HDAC11) is the only Zn2+-dependent
HDAC enzyme that efficiently removes the long-chain acyl
modification ε-N-myristoyllysine (Kmyr) from the side chains
of lysine residues [>10,000-fold selectivity for Kmyr over ε-N-
acetyllysine (Kac)].1−3 The isozyme is the sole member in
class IV of the human HDAC family and consists mostly of a
catalytic domain with short N- and C-termini.4 HDAC11 is
highly conserved across species, but unlike most other HDACs,
it is not universally expressed across tissues and is found
primarily in brain, testis, and skeletal muscle. HDAC11 plays
an integral role in immune response,5 functioning as a
transcriptional repressor of the key anti-inflammatory cytokine
IL-10.6,7 Furthermore, HDAC11 knockout mice resist weight
gain on a high-fat diet and show better overall metabolic
health, suggesting that HDAC11 could be a viable target for
metabolic diseases.8 Recently, the inhibition of HDAC11 has
been shown to be a strategy for macrophage activation,
highlighting the therapeutic potential for treatment of
inflammation and for adaptive cell therapy.9

HDAC11 contains a catalytic Zn2+ ion in its substrate-
binding pocket that can be targeted by different zinc-binding
groups, which has formed the basis of a wide variety of HDAC
inhibitors.10−12 Naturally occurring macrocyclic peptides such
as apicidin A and trapoxins A and B also contain zinc-binding

groups and are generally potent inhibitors of class I
HDACs.13−18 Trapoxins and hydroxamic acid-containing
analogs of these cyclic peptides, such as apicidin AAsuha, have
also been shown to potently inhibit HDAC11, but to retain
selectivity for class I HDACs1 (Figure 1). To gain selectivity
for HDAC11, we envisioned that the introduction of an alkyl
group into the zinc-binding moiety would be preferentially
accommodated in the active site of HDAC11, which efficiently
catalyzes the hydrolysis of Kmyr. A similar strategy was
reported for the development of HDAC11-selective small
molecule inhibitors based on N-alkylated hydrazides (e.g.,
SIS17)19 and was more recently applied to modify the epoxy
ketone moiety of trapoxin A to improve selectivity for
HDAC11 (TD034)20 (Figure 1). The N-alkylation of
hydroxamic acids, however, has not been applied in attempts
to achieve selectivity for HDAC11; although, previously
reported work has shown a decrease in affinity for class I
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HDACs.21 These data led us to hypothesize that selectivity for
HDAC11 could be induced by N-alkylation to disfavor class I
HDAC targeting.
We initially synthesized two trapoxin B analogues (1 and 2)

with N-alkylation of varying length at the nitrogen atom of the
S-2-amino-8-(hydroxyamino)-suberic acid (Asuha) residue
(Figure 1). The limited gain in selectivity observed (selectivity
index HDAC11/HDAC1 < 10), combined with the limited
aqueous solubility and challenging syntheses of these macro-
cycles, raised our concern for this strategy. Thus, instead of
modifying privileged structures found in natural products, we
embarked on high-throughput synthesis of a library of
medium-sized cyclopeptide analogues, carrying an N-alkylated
hydroxamic acid moiety to bias the library toward the binding
pocket of HDAC11.

■ RESULTS AND DISCUSSION
Two different synthetic strategies were applied for the
preparation of initial compounds 1 and 2: N-decyl hydroxyl
amine was coupled to a cyclic tetrapeptide precursor to deliver
compound 1, while an N-tetradecyl-containing amino acid
building block was applied in the solid-phase peptide synthesis
(SPPS) of a linear precursor, which followed by cyclization in
solution furnished compound 2 (for full synthetic procedure,
see the Supplementary Schemes S1 and S2). Both macrocycles
were potent inhibitors of HDAC11 (Ki values of 4.7 nM and
2.1 nM, respectively) (Figure 1); however, compound 1 was an
even more potent inhibitor of HDAC1 and compound 2
showed only a modest ∼9-fold selectivity for HDAC11
(Supplementary Figure S1 and Table S1). It has been shown
that the trapoxin macrocycle contributes substantially to the
binding affinity against class I HDACs,18 which may hamper
the use of these macrocycles for selective HDAC11 inhibition,
at least in combination with hydroxamic acid−based warheads.
We therefore turned to de novo high-throughput macrocycle
library synthesis.
To allow for synthesis of libraries of several thousand

macrocycles, a new amino acid building block carrying the
modified zinc-binding group was warranted, because the tert-
butyl protecting group, previously used for “SPOT” array

Figure 1. Structures of selected HDAC inhibitors. (A) Examples of
previously identified inhibitors of HDAC11. (B) Natural product
derived inhibitors and generic structure of macrocyclic library
members prepared in this work. S.I. = selectivity index, defined as
Ki, HDAC1/Ki, HDAC11.

Scheme 1. Synthesis of Building Block 10a

aReagents and conditions: (a) MEM-Cl, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), DMF, r.t., 16 h; (b) MeNHNH2, CH2Cl2, r.t., 16 h; (c)
Boc2O, iPr2NEt, 16 h; (d) 1-hexyl iodide, NaH, THF, 0 °C → r.t., 16 h; (e) TFA−CH2Cl2 (1:4), 1h; (f) acryloyl chloride, iPr2NEt, CH2Cl2, 0 °C
→ r.t., 16 h; (g) Grubbs II catalyst (0.08 equiv), CH2Cl2, reflux, 5 h; (h) H2, Pd/C (10% w/w) MeOH, r.t., 3 h; (i) Fmoc-OSu, iPr2NEt, 1,4-
dioxane, r.t., 16 h.
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synthesis on cellulose membranes,22 was incompatible with the
high-throughput SPPS method. The tert-butyl group was
replaced by a more acid labile methoxy ethoxymethyl (MEM)
group that could be removed by the standard SPPS cleavage
cocktails [containing 95% trifluoroacetic acid (TFA)]. Because
of our experience with the limited solubility of the N-
tetradecyl-modified trapoxin B analogue, we reasoned that a
shorter alkyl chain would lead to better overall physicochem-
ical properties of the macrocycles in the library, while still
providing some bias toward inhibiting HDAC11 over other
HDACs. Thus, we designed an N-hexyl, O-MEM-modified
Asuha building block (10), which was synthesized in five steps,
with a Grubbs cross-metathesis between the MEM-protected
acryloyl hydroxamic acid building block (7) and 9-
fluorenylethyloxycarbonyl (Fmoc) protected pentenyl glycine
(8) as the key step (Scheme 1). Subsequent reduction of the
formed olefin and reintroduction of the Fmoc group, which
was partially cleaved during hydrogenation, furnished the
desired amino acid (10) on gram-scale in 16% overall yield.
With building block 10 in hand, we synthesized a library of

small, structurally diverse macrocycles, containing the N-
alkylated Asuha residue as an HDAC-binding anchor, in a
high-throughput and purification free manner (Scheme 2). The
intermediate 768 linear dithiol-containing peptides were
synthesized by SPPS in 384-well plates by employing a series
of seven aminothiols as the initial building blocks linked via
disulfide bonds to the solid support.23,24 The disulfides are
stable to TFA treatment, which is used to remove side chain
protecting groups upon synthesis of the resin-bound library
members. The resulting 768 peptides were released from the
solid support by reductive cleavage using 1,4-butanedithiol
(BDT)25 to give linear bis-thiol compounds, containing two or
three amino acids with β-mercaptopropionic acid (Mpa) at the
N-terminus (Scheme 2). The library members were synthe-
sized in good overall purity; although, with varying amounts of
MEM-protected peptides observed (M+88) due to incomplete
deprotection of the hydroxamate when performing the

syntheses in plate format (Supplementary Figure S5 and S6).
This observation was not in line with our previous tests on the
stability of the MEM group in 95% TFA (Supplementary
Figure S2) but was deemed acceptable for screening purposes,
because of the inert character of the protected peptides with
respect to binding to the Zn2+ ion in the active site of the
HDACs. The linear peptides were then cyclized by a series of
bis-electrophiles in 1536-well plates (Scheme 2) using
automated liquid handling and acoustic droplet ejection
technology (see Supplementary Figure S3 for workflow).26,27

High structural diversity was achieved by introducing multiple
diversifying elements: seven different aminothiols (ATs) with
varying levels of flexibility were introduced at the C-terminus,
58 diverse amino acids were selected, and cyclization was
performed with six different linkers in the final compounds
(Scheme 2 and Supplementary Table S4 and S5). This
automated synthesis afforded a library of 4608 macrocycles for
high-throughput screening in vitro.
While there are several types of assays available for screening

of potential inhibitors of HDAC11,28 the methods based on
HPLC analysis2,3 are not readily applicable for high-
throughput screening. We therefore adapted a fluorogenic
HDAC11 assay that was previously developed in our
laboratory,1,29 which we optimized for fully automated 1536-
well plate screening. The library was screened against
HDAC11 at 2 μM concentration of the crude inhibitors and
12 hits, which inhibited the enzyme to <60% the residual
activity, were selected for further investigation (Figure 2A and
Supplementary Table S6).
Structure−activity relationship (SAR) analysis revealed a

preference for hydrophobic residues, such as allylglycine
(AllylG), α-L-aminobutyric acid (Abu), β-homoalanine (β-
hAla), methionine (Met), and various analogues of phenyl-
alanine (Phe), while few polar residues were accommodated in
the hits. Thus, these data suggest that inhibitors, which display
hydrophobic functionalities toward the proximity of the
binding pocket preferentially target HDAC11. Most residues

Scheme 2. Synthesis of Macrocycle Library for Targeting HDAC11.a

aReagents and conditions: (a) (i) Fmoc-AA−OH, HATU, N-methylmorpholine, N-methyl-2-pyrrolidone (NMP), 2 h, 0.5 μmol scale (performed
twice); (ii) piperidine−DMF (1:4), (2 × 2 min); (b) TFA−iPr3SiH−H2O (95:2.5:2.5); (c) 1,4-butanedithiol, Et3N, DMF, 5 h, 5 nmol scale; (d)
Reconstitution in DMSO and acoustic dispensing into 1536-well microtiter plates; (e) (i) bis-eletrophile (L2−L6), NH4HCO3, MeCN−H2O (1:1,
v/v, pH 8), 2 h; (ii) β-mercaptoethanol quenching. For full lists of employed amino acid building blocks and synthesized compounds, please
consult Supplementary Table S5.
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in the selected hits were noncanonical amino acids and
therefore our expansion of the chemical space appeared to be
necessary to achieve potent inhibition (Figure 2A). At the C-
terminus, the selected hits contained only acyclic aminothiols
AT1, AT2, and AT4, which are more flexible and could
possibly allow the macrocycles to adopt a more suitable
conformation when interacting with the enzyme. All cyclization
linkers were present in the selected hit series but with a higher
frequency of the aromatic heterocycles L4 and L6 (Figure 2A).
Of the 12 hits, seven were resynthesized, purified, and tested in
dose−response experiments against HDACs 1 and 11,
revealing that all, except compound 16-NC6OH, were selective
inhibitors of HDAC11 (Figure 2B,C).
Macrocycle 14-NC6OH was the most potent hit with a Ki =

40 nM and was therefore selected for focused SAR evaluation.
Thus, to address the role the N-alkylation of the hydroxamic
acid for selectivity between the isozymes, we prepared a
nonsubstituted hydroxamic acid analogue (14-NHOH) and an

N-tetradecyl analogue (14-NC14OH; to match the chain length
of Kmyr) as well as a carboxylic acid analogue (14-OH) to
probe the importance of a strong zinc-binding group. The
compound 14-NC14OH (Ki = 50 nM) was equipotent to the
original macrocycle against HDAC11, showing that the
decision to reduce the lipophilicity of the building block
from AsuhaC14 to AsuhaC6 had not compromised the power of
the library to deliver selective inhibitors. Removal of the alkyl
chain in 14-NHOH (Ki = 1300 nM), on the other hand,
caused a ∼ 30-fold decrease in potency against HDAC11
(Figure 2D and Supplementary Table S7), revealing a key role
of the alkyl chain for potent inhibition of HDAC11. No
inhibition was observed for 14-OH, which validated the
necessity for a strong chelating moiety for potent enzyme
inhibition and, in turn, provided a compound that can be
applied as a negative control in biochemical experiments. Next,
the series of resynthesized compounds was profiled against
HDAC1−9 to assess selectivity across other HDAC isozymes

Figure 2. Macrocyclic library screening, hit validation, and selectivity screen. (A) Scatter dot plot of the library screening against HDAC11; arrows
mark compounds selected for validation. (B) Summary of the resynthesized hits. (C) Dose−response curves for the resynthesized hits against
HDAC1 and HDAC11, trapoxin A is used as positive control compound. (D) Structures of 14-NC6OH and its analogues and their potencies
against HDAC11. (E) Selectivity profile of 14-NC6OH (1 μM) and 14-NHOH (1 μM). The data in B−E represent mean ± standard deviation of
at least two individual assays performed in duplicate.
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(Figure 2E, Supplementary Figure S10 and Supplementary
Table S8). Compounds 14-NC6OH and 14-NC14OH exhibited
no inhibition of HDAC1−9 at 1 μM concentration (Figure
2E) and only minor degree of inhibition (∼20%) of HDAC1−
3 at 10 μM. Thus, the alkyl chain of 6 carbon atoms provided
excellent selectivity that was not improved by further extending
its length. The nonsubstituted hydroxamate 14-NHOH, on the
other hand, inhibited HDACs 1−3, 6, and 8 at low nanomolar
concentration, which further confirms the importance of the
presence of an alkyl chain for achieving both potency against
and selectivity for HDAC11 (Supplementary Figure S10 and
Supplementary Table S8).
Furthermore, we observed limited aqueous solubility due to

the high lipophilicity of the tetradecyl chain and 14-NC6OH
was therefore selected for further investigations. Next, we
assessed the ability of the macrocycle to inhibit demyristoy-
lation in the more complex environment of a cell lysate.
Though several sirtuin (SIRT) enzymes have been shown to
exhibit Kmyr hydrolase activity,30−36 SIRT2 and HDAC11 are
the most efficient erasers of this posttranslational modification.
Because SIRT2 requires the presence of nicotinamide adenine
dinucleotide (NAD+) as cosubstrate and is potently inhibited
by a previously developed compound (ALN-301; Supple-
mentary Figure S11),37 we envisioned that the activities of the
two hydrolases could be distinguished by using this inhibitor.
However, because many immortalized cell lines exhibit very
low expression levels of HDAC11, we first prepared cell lysate
from HEK293T cells that overexpressed HDAC11 (Supple-
mentary Figure S12). This lysate exhibited demyristoylase
enzyme activity that was not affected by the SIRT2 inhibitor
ALN-301 but was completely inhibited by the nonselective
HDAC inhibitor trapoxin A, which strongly suggests that
HDAC11 is the enzyme responsible for the measured
hydrolase activity against the Ac-ETDKmyr-AMC substrate.
Further, this hydrolase activity was inhibited by 14-NC6OH at
submicromolar concentration (Supplementary Figure S11).
We then tested the ability of mouse brain lysate to remove the
Kmyr modification of the same fluorogenic substrate Ac-
ETDKmyr-AMC, because brain is one of the tissues with the
highest expression of HDAC11. Our data show that the mouse
brain lysate indeed contains HDAC11 (Supplementary Figure
S13) and harbors demyristoylase activity that can be inhibited
to 18% and 11% residual HDAC11 activity at 1 μM inhibitor
concentration by 14-NC6OH and 14-NC14OH, respectively
(Figure 3A). We also tested the lysate for deacetylase activity
against the Ac-LGKac-AMC substrate (routinely used for
HDACs 1−3, 6, and 8), and found that 14-NC6OH and 14-
NC14OH allowed 59% and 74% residual HDAC activity at 5
μM inhibitor concentration and 87% and 92% HDAC activity
at 1 μM under these conditions. On the other hand, the
nonalkylated hydroxamate-containing compound 14-NHOH
was a potent inhibitor of deacetylation, giving 84% inhibition
at 250 nM inhibitor concentration (Figure 3B). Together these
experiments demonstrate potent and selective inhibition of
HDAC11 by 14-NC6OH and 14-NC14OH but not by the
nonalkylated compound 14-NHOH, using both recombinant
enzymes and HDAC activity in cell and tissue lysates.
With this potent and selective compound in hand, we

envisioned that our macrocyclic scaffold could be modified to
provide various bifunctional probes, and initially aimed to
develop a biotin-labeled pulldown probe for evaluation of
interaction partners of HDAC11 in different cells or tissues. To
identify an exit vector for a linker, we synthesized three

different alkyne-containing analogs of 14-NC6OH, which
revealed retained potencies for compounds modified at the
Phe(o-CF3) and the pyridine positions but not at the
isoleucine position (Supplementary Figure S14A).
We then prepared biotin-labeled versions of the two potent

alkyne-containing macrocycles to give probes 18 and 19 (see
the Supporting Information for full chemical structures), which
also retained potency as HDAC11 inhibitors (Supplementary
Figure S14B). Next, we loaded these onto magnetic
streptavidin-coated beads and performed pulldown experi-
ments from T-47D breast cancer cell lysate (Figure 4A). The
T-47D cells were chosen because we had identified this cell
line to exhibit higher expression of HDAC11 compared to a
selection of other cell lines tested (Figure 4B). Gratifyingly,
when performing the pulldown experiments with beads
containing either probe 18 or probe 19, we could detect
native HDAC11 by Western blotting. Further, we could detect
its only previously reported complex partner HDAC6,4 and
pulldown of both enzymes could be outcompeted by addition
of free 14-NC6OH (Figure 4C). Because our macrocycle has
poor affinity for HDAC6, these competition data confirm that
HDAC6 and HDAC11 indeed interact with each other, either
directly or through additional proteins, as previously indicated
by coimmunoprecipitation experiments.4 Thus, we anticipate
that this probe should enable detailed chemo-proteomic
HDAC inhibitor profiling in the future, including HDAC11,
which has been challenging in the past.38

We then employed the chloroalkane penetration assay
(CAPA) to assess the cell permeating properties of 14-NC6OH.
CAPA reports on the ability of chloroalkane (CA)-labeled
compounds to enter the cytosol of cells in culture, where they
form a covalent bond to an expressed HaloTag construct

Figure 3. Activity of 14-NC6OH and analogues against enzymatic
activities in mouse brain lysate. (A) Demyristoylation of the Ac-
ETDKmyr-AMC substrate with mouse brain lysate. B) Deacetylation
the Ac-LGKac-AMC substrate with mouse brain lysate. The data
represent mean ± standard deviation of three individual assays
performed in technical duplicate compared to DMSO as negative
control. Trapoxin A was dosed at 1 μM concentration as positive
control of nonselective inhibition of Zn2+-dependent HDACs. AMC =
7-amino-4-methylcoumarin.
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(Figure 5A).39 Performing dose−response experiments allow
for the determination of “CP50 values”, defined as the
concentration of test compound at which a 50% reduction in
fluorescence signal is observed under the assay conditions
(Figure 5A). The assay usually requires the introduction of a
chloroalkane moiety into the peptide via a short polyethylene
glycol (PEG) chain. Thus, the standard CAPA tag adds 308 Da
to the molecular weight of the compound of interest, which
can significantly alter the properties of smaller peptides like 14-
NC6OH. Here, the structural similarities between our N-
hexylated Asuha moiety and the CA tag itself, led us to
hypothesize that a minimal hydrogen to chloride atom
substitution in the hexyl group would render the molecule
amenable to HaloTag conjugation. To this end, we synthesized
14-NCAOH (+34 Da) and Ac-Asuha(CA)-Trp-NH2 (20), an
analogue of the commonly used positive control compound
CA-Trp-NH2 (21), and tested these probes using the standard
CAPA procedure (Supplementary Figure S16).39 Our results
showed that 14-NCAOH is a highly cell permeating compound
with CP50 of 94 nM while the Ac-Asuha(CA)-Trp-NH2 (20)
analogue showed 10-fold lower degree of permeation (Figure
5B), suggesting that the macrocycle is contributing to the
degree of cell penetration. Compound 14-NCAOH was also
tested for inhibition of HDAC11 and was found equipotent to
the original inhibitor 14-NC6OH, highlighting the elegance of
the minimal H → Cl substitution.
Though HDAC11 has been identified as a long-chain

deacylase enzyme, several studies have suggested that it can

also affect lysine acetylation in cells.40−42 We therefore
compared the effects of HDAC11 inhibitor 14-NC6OH and
broad-acting HDAC inhibitors, 14-NHOH and trapoxin A, on
the levels of histone acetylation in cell culture. Following a 5 h
treatment of HEK293T cells with 14-NC6OH (5 μM), we did
not observe any measurable increase in global histone
acetylation levels (Kac) nor at selected specific sites
H3K18ac, H3K27ac, and H3K36ac by Western blot analysis
(Figure 5C). The 14-NHOH inhibitor, on the other hand,
caused an increase in all the tested acetylation sites,
demonstrating potent inhibition of class I HDAC activity,
which underscores the difference in selectivity profile between
the two compounds in a cellular context.
Finally, to evaluate in-cell activity of our HDAC11 inhibitor,

we attempted to perform cellular thermal shift assays (CETSA)
(Supplementary Figure S20) and iso-thermal dose−response
fingerprint CETSA in T-47D cells, which did not provide
reproducible data. Instead, we then treated T-47D and
HEK293T cells with compound and subsequently performed
Western blotting to assess the effects on the expression levels
of yes-associated protein 1 (YAP1) and SOX2. These proteins
have been previously shown to be regulated by HDAC11 in
A549 lung adenocarcinoma cells,43 and have been previously
applied as markers for in-cell HDAC11 inhibition.20 The levels
of both proteins were significantly downregulated in response
to the compound in a dose-dependent manner compared to
the DMSO control, as expected based on previous reports20,43

(Figure 5D). The same trend was observed in HEK293T cells
(Supplementary Figure S21); albeit, to a lesser extent than in
T-47D cells, which we speculate could be related to lower
expression of HDAC11 in HEK293T cells. Further, the
compound 14-NC6OH exhibited limited effect on the viability
of both cell types as measured by MTT assays (Supplementary
Figure S23), underscoring the potential to use this molecule as
a probe for investigating the biology of HDAC11 in cell-based
assays without encountering adverse toxic effects.

■ CONCLUSION
In this work, we pursued two different strategies for developing
novel tool compounds that target HDAC11 in cells to enable
investigation of the biological function of this enzyme. We
initially attempted to use privileged natural product-derived
peptide macrocycles as the starting point, which provided high
potency but limited selectivity for HDAC11, when introducing
N-alkylated hydroxamic acid moieties as zinc-binding groups.
Instead, we combined these zinc-binding groups with de novo
high-throughput macrocycle synthesis and screening against
HDAC11, which furnished potent, selective, and cell-
permeating inhibitors of the enzyme. Thus, our data suggest
that using the N-alkylated hydroxamic acid motifs constitute
general HDAC11-targeting motifs, but we also importantly
find that the contribution of the macrocycle to the binding
affinity determines the extent of selectivity achieved.
The selected hit macrocycle from our screen exhibited cell

penetration in CAPA, using a minimally modified analogue
(14-NCAOH). In addition, we find that the nonalkylated
hydroxamic acid analogue (14-NHOH) causes an increase in
histone acetylation, while the 14-NC6OH causes an increase in
HDAC11-regulated expression of YAP1 and SOX2 in cultured
cells, in agreement with their selectivity profiles recorded
against recombinant enzymes or the enzyme activity in mouse
brain lysate.

Figure 4. Pulldown of native HDAC11 and complex partner HDAC6
from cell lysate. (A) Cartoon illustration of the pulldown experiment,
where the biotinylated probe (18 or 19) is preincubated with
streptavidin-coated magnetic beads, followed by T-47D whole cell
lysate. (B) Relative expression of HDAC11 in cell lysate (20 μg) from
selected cultured cells to identify a suitable cell line for pulldown of
native HDAC11. (C) Pulldown of HDAC11 and HDAC6 with
probes 18 and 19 (50 μM) from T-47D cell lysate including
competition with 14-NC6OH (10 μM) (n = 2). For synthesis and full
structures of the probes, see Supporting Information [we note that
probe 18 was only obtained with 77% purity based on analytical
HPLC analysis (215 nm)]. For full blots and replicates, see
Supplementary Figure S15.
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Our work provides general insights for the future design of
probes targeting HDAC11, including ligands for potential drug
discovery efforts. Our macrocyclic inhibitor, 14-NC6OH, and
its derived biotin-labeled probes constitute tool compounds
that we expect to be able to help elucidate the biology of
HDAC11.
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