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Histone deacetylase 6 (HDAC6) is an attractive drug
development target because of its role in the immune
response, neuropathy, and cancer. Knockout mice develop
normally and have no apparent phenotype, suggesting that
selective inhibitors should have an excellent therapeutic
window. Unfortunately, current HDAC6 inhibitors have only
moderate selectivity and may inhibit other HDAC subtypes at
high concentrations, potentially leading to side effects.
Recently, substituted oxadiazoles have attracted attention as a
promising novel HDAC inhibitor chemotype, but their
mechanism of action is unknown. Here, we show that com-
pounds containing a difluoromethyl-1,3,4-oxadiazole (DFMO)
moiety are potent and single-digit nanomolar inhibitors with
an unprecedented greater than 104-fold selectivity for HDAC6
over all other HDAC subtypes. By combining kinetics, X-ray
crystallography, and mass spectrometry, we found that DFMO
derivatives are slow-binding substrate analogs of HDAC6 that
undergo an enzyme-catalyzed ring opening reaction, forming
a tight and long-lived enzyme–inhibitor complex. The eluci-
dation of the mechanism of action of DFMO derivatives paves
the way for the rational design of highly selective inhibitors of
HDAC6 and possibly of other HDAC subtypes as well with
potentially important therapeutic implications.

Zinc (Zn)-dependent histone deacetylases (HDACs) are a
family of 11 evolutionarily related hydrolases that catalyze
the removal of acyl residues from histones, non-histone
proteins, and polyamines (1–3). Given the involvement of
HDACs in numerous diseases, the pharmaceutical industry
is pursuing the development of HDAC inhibitors (HDACis)
since almost 2 decades, an effort that led to the approval of
five molecules for the treatment of cancer (4). Unfortu-
nately, the therapeutic benefit of HDACis has been limited
by side effects because of the poor selectivity of these first-
generation molecules, which inhibit several to all the Zn-
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dependent HDAC family members, affecting crucial physi-
ological functions.

HDAC6 stands out among the 11 human isoforms, as being
the only one that has two homologous tandem catalytic
domains (CD1 and CD2). Furthermore, HDAC6 is mainly
localized in the cytoplasm, and its main substrates are various
non-histone proteins, such as α-tubulin, Foxp3, Hsp90, β-
catenin, cortactin, and peroxiredoxins. HDAC6 knockout mice
are viable and fertile and do not show overt physiological
dysfunctions (5). Also, selective HDAC6 inhibition was
demonstrated to be well tolerated in both preclinical species
and in human clinical trials (6).

Since HDAC6 plays a role in regulating immune response,
in the development of neuropathies and in Alzheimer’s dis-
ease, the identification of highly specific HDAC6is is of great
importance (7).

The classical HDACi pharmacophore consists of a Zn-
binding group (ZBG), interacting with the active site Zn ion,
a cap, which interacts with the outer region of the enzyme, and
a linker that connects the ZBG to the cap. Most HDACis have
a hydroxamic acid moiety as ZBG, a chemical group that has
inherent stability and safety issues. Recently, reports on
oxadiazole-based HDAC6is (Fig. S1) as a potential alternative
to hydroxamates appeared, but their mechanism of action is
unclear (8).

Focusing on difluoromethyl-1,3,4-oxiadiazole (DFMO)-
containing HDAC6is, we have been able to identify molecules
with unprecedented selectivity for HDAC6 over all other
HDACs and excellent drug-like properties (9). Using X-ray
crystallography, molecular modeling, kinetics, and rapid
chromatography coupled to mass spectrometry, we show that
DMFO-containing HDACis are actually substrate analogs of
HDAC6 that undergo an enzyme-catalyzed ring hydration
leading to a tight and long-lived enzyme–inhibitor complex.
Our findings open the way for the development of novel
HDAC6 selective inhibitors for the treatment of neuropathies
and other diseases, but they also point to the intriguing pos-
sibility to use oxadiazoles in the development of selective in-
hibitors of other HDAC subtypes.
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Results and discussion

Compound 1 is a potent and CD2-selective slow binding
inhibitor of HDAC6

In our medicinal chemistry program, we identified potent
and selective HDAC6is in the DFMO series using in silico
modeling and traditional structure–activity relationship
(article in preparation). The DFMO containing inhibitor 1
(Fig. S1) (9), which was selected as an example for this
communication, is at least four orders of magnitude more
potent on HDAC6 than on any of the other HDACs (Table 1).
This selectivity is remarkable when compared with
hydroxamate-based HDAC6is like ACY-1215 (Ricolinostat),
ACY-241 (Citarinostat), KA2507 (10), and ITF3756 (11)
(Fig. S2 and Table S1). Furthermore, we carried out inhibition
measurements to investigate the interdomain selectivity of 1
using the isolated CD1 (zHDAC6-CD1) and CD2 (zHDAC6-
CD2) domains of zebrafish HDAC6. In agreement with pre-
vious works (12, 13), when tested on commercial fluorogenic
substrate Fluor De Lys Green, zHDAC6-CD1 exhibited a
weaker but measurable activity compared with that of
zHDAC6-CD2 (data not shown). More interestingly, we found
that 1 is highly selective for the CD2 domain (Tables 1 and S1).
Our data confirmed that the deacetylase activity of the full-
length HDAC6 on commercial fluorogenic substrate Fluor
De Lys Green mainly resides in CD2 and that HDAC6is
selectively target CD2 for their activity. The only crystal
structure of HDAC6 CD1 complexed with an HDAC6i has
recently been reported (12). In this context, the unique K330
in CD1 has been reported to interact with bound inhibitors
(12, 14) and to confer specificity for the deacetylation of
peptide substrates bearing C-terminal acetyl-lysine residues
(13–15). As with substrate preferences, binding of 1 and
hydroxamate-based HDAC6is to the CD1 active site could be
disfavored by suboptimal interactions with this key residue.
Table 1
Inhibitory profile of 1, 2, and 3 on HDACs

HDAC class

Inhibitors

R

IC50 (μM)
Class I HDAC1 >100 >100 14.7 ± 0.4

HDAC2 >100 >100 43.6 ± 1.8
HDAC3 >100 46.8 ± 5.0 2.01 ± 0.09
HDAC8 >100 >100 10.2 ± 0.3

Class IIb HDAC6 0.0077 ± 0.0003 1.58 ± 0.05 0.329 ± 0.006
zHDAC6-CD2 0.0078 ± 0.0004 2.25 ± 0.04 0.097 ± 0.004
zHDAC6-CD1 82.2 ± 7.7 >100 13.9 ± 0.6

HDAC10 >100 >100 13.30 ± 0.06
Class IIa HDAC4 >100 >100 >100

HDAC5 >100 >100 98.5 ± 7.2
HDAC7 >100 >100 64.2 ± 2.4
HDAC9 >100 >100 46.4 ± 0.9

Class IV HDAC11 >100 >100 >100
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In the presence of 1, we noticed that inhibition increases
during the time course of the assay, suggesting slow binding
inhibition (Fig. S3A). Slow binding inhibition may result from
various mechanisms (16). The most common ones may be
discerned by determining the dependence of the observed
pseudo–first-order rate constant kobs of formation of the
enzyme–inhibitor complex on the inhibitor concentration. We
ruled out that the inhibitor itself underwent hydration–
dehydration equilibria in aqueous solution with only one
species binding to the enzyme (17), as we were unable to
detect a hydrated form of 1 in solution. Thus, the observed
linear dependence of kobs on inhibitor concentration is
consistent with the binding process itself being slow, with an
apparent association rate constant of 9.6 × 105 M−1 min−1

(Fig. S3, A and B and Table 2). The magnitude of the apparent
dissociation rate constant was calculated from the kobs plot and
jump dilution assays (Table 2 and Fig. S3, B and C) yielding
similar values (4.6 ± 2.3 [×10−3] min−1 versus 3.3 ± 0.2 [×10−3]
min−1). The calculated residence time of the inhibitor was 4.5
to 5 h.

The same slow-binding behavior was shown by 1 with both
human full-length HDAC6 and zHDAC6-CD2 (Fig. S3).
Moreover, the calculated IC50 values and kinetic constants are
similar for both enzymes (Tables 2 and S3), confirming that
zHDAC6-CD2 is a valid surrogate of human CD2 (12, 13, 18).
X-ray crystal structure of the compound 1–zHDAC6-CD2
complex

To gain further experimental insight into the mechanism of
inhibition of HDAC6 by DFMOs, 1 was cocrystallized with
zHDAC6-CD2. Superposition of the resulting complex (1.60 Å
resolution; Protein Data Bank [PDB] code: 8A8Z) with the
ligand-free protein (PDB code: 5EEM (13)) shows a root mean
square deviation value of 0.378 Å, indicating that no major
conformational changes were induced by binding of the
Table 2
Kinetic parameters of the inhibition of HDAC6 by 1

HDAC6 forms Parameters 1

Human HDAC6 IC50, nM 7.7 ± 0.3
8.1 ± 0.3a

kon
app, M−1 min−1 (×105)b 9.6 ± 0.3

9.1 ± 0.3a

koff
app, min−1 (×10−3)b 4.6 ± 2.3

6.7 ± 1.9a

koff
app, min−1 (×10−3)c 3.3 ± 0.2

Ki
app, nMd 4.8 ± 2.4

6.9 ± 1.9a

Mode of inhibition Slow-on/slow-off
zHDAC6-CD2 WT IC50, nM 7.8 ± 0.4

kon
app, M−1 min−1 (×105)b 15.1 ± 0.1

koff
app, min−1 (×10−3)b 12.8 ± 1.1

koff
app, min−1 (×10−3)c 9.6 ± 1.1

Ki
app, nMd 8.5 ± 0.7

Mode of inhibition Slow-on/slow-off
zHDAC6-CD2 Y745F IC50, nM 15.1 ± 0.9

kon
app, M−1 min−1 (×105)b �1010d

koff
app, min−1 (×10−3)c 92.7 ± 3.2

Mode of inhibition Fast-on/slow-off
a Parameters determined in D2O.
b Calculated from kobs plot, Ki

app = koff
app/kon

app.
c koff

app values from jump-dilution assay.
d Parameter estimated from koff

app/Ki
app ratio.
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inhibitor (crystallographic details in Table S2). Surprisingly,
the refined electron density of the bound ligand was not
compatible with the inhibitor structure and suggested that a
DFMO ring opening reaction had occurred. Several reaction
mechanisms were hypothesized, and the resulting sub-
structures were aligned with the experimental electron density
map. In this procedure, a hydrazide moiety showed the best fit
to the experimental density (Fig. 1, A and C).

The postulated hydrazide could be formed as the result of
two subsequent reactions. After the initial binding of the in-
hibitor, the Zn cation could enhance the electrophilic behavior
of the oxadiazole sp2 carbon atom, allowing a nucleophilic
attack by the catalytic water molecule. Following the proposed
catalytic mechanism of HDAC6 (13), the solvent molecule
could be activated for a nucleophilic attack by His573. The
hydrated DFMO intermediate resulting from such bond rear-
rangements was modeled (Fig. 1B), revealing that this moiety is
able to engage in hydrogen bond (HB) formation with the
histidine dyad (involving fluorine atom and the entering OH
group), preserving the original interaction with Tyr745. The
hydrated intermediate can further undergo a ring-opening
reaction to yield an acyl-hydrazide. In order to explain the
hydrazide detected in the crystal structure, we hypothesized an
additional hydrolysis reaction, which could be either enzyme
catalyzed or take place in solution upon release of the acyl-
hydrazide from the enzyme active site. If this second hydro-
lysis reaction was indeed enzyme catalyzed, the Zn coordina-
tion sphere would need to be restored by the entry of a second
water molecule. The metal cation could then activate the
difluoro-acyl carbonyl, allowing for the canonical deacetylation
Figure 1. Structural analysis. A, experimental electron density of ligand–zHD
optimized geometry of the hypothetical hydrate DFMO in active site. C, X-ray cr
in the catalytic core. D, bidimensional projection of binding site showing non
difluoromethyl-1,3,4-oxadiazole; HDAC6, histone deacetylase 6; QM/MM, quan
and the subsequent release of hydrazide and difluoroacetic
acid.

In the crystal structure (Fig. 1, C and D), the hydrazide NH2

group is positioned to share a sp3 lone pair with the metal
cation, whereas simultaneously acting as a HB donor with both
catalytic key residues His573 and His574. The position of the
ZBG carbonyl oxygen atom suggests a HB with Tyr745 rather
than a bond with the Zn ion, indicating hydrazide mono-
denticity. The phenyl substructure directly bound to the ZBG
is buried in the crevice made by Phe583 and Phe643, where
aromatic rings are interacting through a three-body π–π
interaction (19), whereas the C-H/X HB is formed with the
methylene substructure and the key residue Ser531 (12, 13,
18). A weak π-alkyl (20) bond is established between triazole
and Leu712, whereas the phenyl substructure of the cap in-
teracts with His462 and Pro464. Finally, the apical 2-
aminoimidazoline is bound to Asp460 through multiple HBs.
Despite the large number of residues involved in α-tubulin
recognition (12), the inhibitor apparently interacts only with
this negatively charged amino acid, suggesting possible further
optimizations involving moieties able to interact with W459
and/or with the α-helix facing the L1 loop.
Molecular modeling

A conformation analysis of the inhibitor was done to cast
light on the electronic properties of the oxadiazole ring.
Density functional theory (B3LYP method, 6–311G**++ basis
set) global minimum refinement confirmed partial negative
charges (natural bond orbitals) on aromatic nitrogen and
AC6-CD2 complex with hypothesized hydrazide-based analog. B, QM/MM
ystal structure of 1 bound to zHDAC6-CD2 showing the product hydrazide 3
covalent interaction network between ligand and closest residues. DFMO,
tum mechanical/molecular mechanical.

J. Biol. Chem. (2023) 299(1) 102800 3
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oxygen atoms, whereas atomic Fukui indices indicated that the
aromatic carbon atom bound to the CHF2 moiety exhibits a
clear electrophilic behavior.

We next docked 1 into zHDAC6-CD2 (PDB code: 7O2R)
using the Glide34 module (21) of Schrödinger. The final best
pose indicated that the DFMO moiety can bind the Zn cation
through the nitrogen close to the CHF2 group (Zn-N distance
2.4 Å), thereby suggesting a conventional dative bond between
the lone pair donor and the Zn ion. The DFMO group, even
with its relatively large volume, can fit into the catalytic pocket,
placing the difluoromethyl moiety in an inner crevice delimi-
ted by Pro571, Cys584, Gly582, and the catalytic dyad His573-
His574. In this pose, the inhibitor undergoes multiple non-
covalent interactions between halogen atoms and Gly582 and
Cys584 as well as π–π stacking interactions between the 1,3,4-
oxadiazole and the His573-His574 dyad. Interestingly, the area
delimited by the DFMO group, the Zn cation, His614, His573,
and His574 defines a residual empty space (about 60 Å3) that is
sufficiently broad to accommodate a water molecule. Addi-
tional docking of a single solvent molecule allows to detect a
suitable pose with the water oxygen atom at a distance of 2.2 Å
from the DFMO centroid. A supplementary refinement was
done using the quantum mechanical/molecular mechanical
(QM/MM) method (22). The optimized geometry indicates
that the solvent molecule is in the Zn coordination sphere
(dZn-O = 2.08 Å), hydrogen bonded to both catalytic histidines
(dN-H = 1.90 Å and dN-H = 1.58 Å with His573 and His574,
respectively), whereas the oxygen atom is oriented toward the
electrophilic center of the oxadiazole, at a distance (dO-C =
2.79 Å) compatible with a nucleophilic attack (Fig. S4A).

The possible simultaneous presence of a water molecule in
the metal cation coordination sphere and of a ZBG that is
bulkier than a hydroxamic acid was unexpected. In order to
evaluate if this can be related to the high selectivity toward
other HDACs, analogous modeling experiments were per-
formed with HDAC1 (PDB code: 5ICN (23)), as a representative
of class I. The optimized geometry obtained with the QM/MM
method (Fig. S4B) shows a water molecule in the Zn coordi-
nation sphere (dZn-O = 2.12 Å), which is still able to engage in
two HBs with the catalytic histidine dyad (e.g., His140 and
His141). However, the water oxygen atom is positioned closer
to oxadiazole centroid (2.86 Å) than to aromatic electrophilic
carbon atom (3.07 Å), which is exactly the opposite of what is
observed in HDAC6 (3.31 and 2.79 Å, respectively). In addition
to suboptimal bond angles, the lone pair of electrons not
involved in the interaction with the metal ion occupies a po-
sition not suitable for nucleophilic attack, since this unshared
electron pair is trapped in a n→π* interaction (24), involving an
antibonding orbital mainly centered on the oxadiazole. The
differences between HDAC subtypes can be explained in terms
of a deeper penetration of the DFMOmoiety in class I enzymes
because of an inner empty space. On the contrary, residues
R569P570P571 in the active site of HDAC6 prevent this deep
entry and allow an optimal orientation for nucleophilic attack.

An intermediate behavior is detected when CD1 is involved
in a complex with 1. Docking indicates that both DFMO and
additional water molecules can be accommodated in the
4 J. Biol. Chem. (2023) 299(1) 102800
catalytic pocket, whereas the QM/MM approach reveals that
the phenyl–DFMO moiety penetrates deeper into the CD1
catalytic pocket, suggesting an unsuitable initial geometry for
the first hydrolysis step (Fig. S4C). Interestingly, both features
can be observed in the Nexturastat A–CD1 complex (PDB
code: 5G0I) (12) (Fig. S4). Superposition of 1 with Nexturastat
A enzyme–bound conformers further suggests a key role of
L712, which contributes to form a flat hydrophobic pocket in
CD2, able to accommodate relatively large aromatic moieties.
This pocket is not formed in CD1 because of the presence of
the protruding and flexible side chain of K330 (13), which is
likely to interact unfavorably with aromatic cap terms, forcing
inhibitors into a less favorable binding pose (Fig. S4F). Finally,
it should be noticed that 1 could experience an additional
nonbonding effect related to the repulsive electrostatic inter-
action between the lysine side chain and the positively charged
dihydroimidazolamine moiety of both ligands. Moreover, the
hydrophobic crevice (12) surrounding the phenyl substructure
close to the DFMO moiety contains a tryptophan residue
(W261) instead of a phenylalanine (F643), leading to a final
geometry governed by a peculiar π–π interaction, probably
able to bury the inhibitor deeper in the catalytic pocket.
Two-step hydrolytic conversion of the DFMO inhibitor by
HDAC6

To provide experimental confirmation of this mechanism,
acyl-hydrazide 2 and hydrazide 3 (Table 1) were synthesized
and used as standards for mass spectrometry studies. Unfor-
tunately, because of its chemical instability, it was not possible
to prepare the postulated closed hydrated intermediate, which
is not distinguishable from 2 by mass spectrometry.

We characterized 2 and 3 in more detail: both compounds
are far less potent but still quite selective HDAC6is, with 2
showing a higher selectivity than 3 (Table 1). Both compounds
are fast-on and fast-off inhibitors of HDAC6 (Fig. S3, G–N)
and all the other HDAC isoforms (data not shown).

When incubated with zHDAC6-CD2, 1 is converted into 2
first and 3 thereafter (Fig. 2A). The observed first-order rate
constant for hydrolysis of 1 (6.04 ± 0.22 [×10−3] min−1) was
similar to the apparent koff value calculated by kinetic analysis
(Table 2), suggesting that the slow dissociation of a hydrated
derivative of 1 is actually measured. The linear dependence of
the observed rate of onset of inhibition can therefore be
ascribed to formation of an initial enzyme–inhibitor complex,
which is characterized by a high dissociation constant, well
above the range of concentrations used experimentally.
Furthermore, 2 was converted into 3 by zHDAC6-CD2
(Fig. 2A). These experiments indicate that both 1 and 2 are
substrates of HDAC6. However, we notice that formation of 3
requires high concentrations of 2 (Fig. 3), which are built up
under crystallization conditions, but are unlikely to become
relevant in vivo.

To identify the long-lived inhibitor–HDAC6 complex, spin
column chromatography (25) associated with LC–high-reso-
lution mass spectrometry was used (Fig. 2B). When incubated
with 1, the predominant species that coeluted with zHDAC6-



Figure 2. Two-step hydrolytic conversion of 1. A, the time course of 1 and 2 (5 μM) consumption during incubation at 25 �C with zHDAC6-CD2 WT, Y745F,
or H574A forms (1 μM) as detected by LC–HRMS analysis. Bars refer to the percentage of compound concentration at the indicated times. B, 1 and 2 were
incubated with enzyme for 6 h at 25 �C, an aliquot was loaded on a spin column and the eluted fractions were analyzed by LC-HRMS for identification of the
HDAC6-inhibitors complexes. HDAC6, histone deacetylase 6; HRMS, high-resolution mass spectrometry.

JBC COMMUNICATION: Inhibition of HDAC6 by difluoromethyl oxadiazoles
CD2 was a hydrated form of 1 (detected as 2), which was
present in a sevenfold molar excess over 3. Both species were
also detected in the fractions containing free compounds.
Interestingly, 1 did not coelute with the enzyme. Furthermore,
the addition of 2 as is to zHDAC6-CD2 failed to produce its
stable chromatographically isolatable complex (Fig. 2B). Taken
together, these data indicate that the complex with 1 itself and
the hydrazide 3 observed in the crystal structure are unlikely to
be the long-lived enzyme–inhibitor complex detected kineti-
cally. Our data instead suggest that the high-affinity species is
either the closed hydrated intermediate (Fig. 3, C1) or the in
situ formed acyl hydrazide 2 (Fig. 3, C2).
Figure 3. Proposed reaction mechanism. A, free enzyme. B, binding of 1
formation of the tight binding long-lived intermediate. Closed hydrated inte
centrations, 2 can rebind to enzyme and be hydrolyzed to 3 (E) and be release
In the first case, the tight complex would be formed by
trapping a hydrated oxadiazole in the active site of HDAC6,
which is generated as an intermediate upon nucleophilic attack
by the Zn-bound water molecule. The second possibility is that
the tight complex is formed with 2 but only when generated in
the active site. In fact, formation of 2 starting from active site–
bound 1 would lead to a complex in which the Zn-bound
water molecule has reacted with the inhibitor. Upon addition
to the free enzyme, 2 would instead encounter a second water
molecule, which would need to be displaced. In this case, the
hydrolysis reaction to yield 3 may be favored over the
displacement of water molecule.
to the enzyme active site with formation of the noncovalent complex. C,
rmediate (C1) or acyl-hydrazide (C2) is not distinguishable. D, at high con-
d. Water, 1, 2, and 3 are colored in blue, violet, pink, and yellow, respectively.

J. Biol. Chem. (2023) 299(1) 102800 5
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To gain more insight into the nature of the slow onset of
inhibition observed with 1, we performed experiments in D2O,
reasoning that if the hydration of the DFMO ring is rate
limiting, a solvent isotope effect should be observable. A sig-
nificant deuterium solvent isotope effect on kcat was detected
when Fluor-De-Lys Green substrate was used (Table S3).
However, we failed to observe an isotope effect on either the
apparent association or the dissociation rate constants of 1
(Table 2), indicating that conformational changes, rather than
chemical steps involving proton transfer reactions, are likely to
be rate limiting.

To further characterize the mechanism, we introduced the
Y745F and H574A mutations in the context of zHDAC6-CD2.
Y745 is thought to orient the substrate carbonyl and to sta-
bilize the tetrahedral intermediate in the deacetylation reaction
of the acetyl-lysine substrate, and His574 is reported to act as a
general base in the physiological hydrolytic reaction (12, 13).
The onset of inhibition with 1 (Table 2) was significantly
accelerated and too fast to be quantified upon manual mixing.
Accordingly, the dissociation rate constant was about one
order of magnitude greater in the Y745F mutant compared
with the WT enzyme (Table 2). These results are indicative of
a key role of Tyr745 in the observed rate-limiting conforma-
tional changes and in the stabilization of the tight complex.

To shed light on the roles of these key residues in DFMO
hydration, we performed LC–MS experiments with both
mutant forms (Fig. 2A). The observation that hydrolysis of 1
and 2 took place at a very low rate when incubated with
zHDAC6-CD2 H574A further supports the conclusion that
the hydrolytic reactions are enzyme catalyzed and involve
H574 (Figs. 2A and S5). The fast hydrolysis rates of 1measured
with the Y745F mutant are likely the result of the lack of
formation of the postulated tight complex and/or the exploi-
tation of a different catalytic mechanism (Figs. 2A and S5).
Furthermore, also the conversion of 2 into 3 was accelerated in
this mutant (Fig. S5).

Finally, we found that the DFMO ring of 1 was also hy-
drolyzed by HDAC3 (a class I representative) and HDAC9 (a
member of class IIa proteins), although at a slow rate and at
very high inhibitor concentrations, leading to the formation of
detectable levels of both 2 and 3 (Fig. S6). This finding in-
dicates that the two-step hydrolytic reaction of this class of
compounds is a common property associated with the overall
architecture of HDAC active sites, which could be potentially
exploited to develop novel subtype-selective inhibitors of other
HDAC subtypes.

Figure 3 summarizes the reaction pathway, considering the
modeling, crystal structure, and kinetic results.
Conclusions

Our results indicate that DFMOs are mechanism-based
inhibitors of HDAC6 that react with the enzyme as exqui-
sitely selective substrate analogs, leading to in situ hydration
and formation of a tight inhibitory reaction intermediate fol-
lowed by the release of a ring-opened reaction product. The
formation of a long-lived intermediate is at the origin of their
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potency. To the best of our knowledge, substrate analog in-
hibitors of hydrolases are unprecedented. We note however,
that inhibition of steroid 5α-reductase by finasteride conforms
to a similar mechanism and has led to the development of an
approved drug (26), indicating that this mechanism can be
exploited pharmacologically. DFMOs have excellent in vitro
and in vivo drug-like properties and are promising candidates
for the clinical development of HDAC6is for the treatment of
several pathologies, such as peripheral neuropathies and for
the modulation of immune responses. DFMOs are nontoxic,
nonmutagenic, induce selective tubulin acetylation in cells, are
metabolically stable, and reach in vivo exposures that are or-
ders of magnitude higher than those obtained with hydroxamic
acids (9). In addition, they are active in in vivo models of
neuropathy at well-tolerated doses. Those data will be
described elsewhere.

We observed that, albeit very inefficiently, HDAC3, class I
HDAC, and HDAC9, class IIa enzyme, were also able to
catalyze the ring opening of 1, raising the question of whether
appropriately modified oxadiazole-based inhibitors could also
be generated to selectively target other HDAC isoforms. In our
chemical series, the difluoromethyl-1,3,4-oxadiazole warhead
gives an important contribution toward HDAC6 selectivity,
but trifluoromethyl-1,2,4-oxadiazoles have been described as
class IIa selective HDACis (27). Further modifications of the
oxadiazole core may therefore be explored in the attempt to
generate next-generation subtype-selective HDACis.

In conclusion, we described a novel mechanism of HDAC
inhibition that may have an impact on the development of
completely new classes of subtype-selective inhibitors as novel
drugs for the treatment of pathologies in which HDACs have
shown to play important roles.

Experimental procedures

Full experimental procedures including synthesis of com-
pounds, enzymatic measurements, protein production
(Table S4 and Fig. S7), and X-ray crystallography are provided
in the supporting information.

Data availability

The data supporting the findings of this study are available
within the article and supporting information.

Supporting information—This article contains supporting informa-
tion (13, 16, 21, 22, 28–38).

Author contributions—C. S. conceptualization; G. F., M. M., I. R.,
G. S., B. V., K. Z., A. S., and C. S. methodology; E. C., G. C., P. C.,
C. C., M. M., I. R., G. S., B. V., K. Z., and A. S. formal analysis; E. C.,
G. C., P. C., C. C., G. S., and K. Z. investigation; E. C., G. C., G. F.,
M. M., I. R., G. S., and B. V. writing–original draft; G. F., M. A. V.,
A. S., and C. S. writing–review & editing; G. F., A. S., and C. S.
supervision.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.



JBC COMMUNICATION: Inhibition of HDAC6 by difluoromethyl oxadiazoles
Abbreviations—The abbreviations used are: CD, catalytic domain;
DFMO, difluoromethyl-1,3,4-oxadiazole; HB, hydrogen bond;
HDACi, HDAC inhibitor; HDAC6, histone deacetylase 6; PDB,
Protein Data Bank; QM/MM, quantum mechanical/molecular
mechanical; ZBG, Zn-binding group; Zn, zinc.

References

1. Shinsky, S. A., and Christianson, D. W. (2018) Polyamine deacetylase
structure and catalysis: prokaryotic acetylpolyamine amidohydrolase and
eukaryotic HDAC10. Biochemistry 57, 3105–3114

2. Xu, Y., Shi, Z., and Bao, L. (2022) An expanding repertoire of protein
acylations. Mol. Cell Proteomics 21, 100193

3. Xu, H., Zhou, J., Lin, S., Deng, W., Zhang, Y., and Xue, Y. (2017) Plmd: an
updated data resource of protein lysine modifications. J. Genet. Genomics.
44, 243–250

4. Bondarev, A. D., Attwood, M. M., Jonsson, J., Chubarev, V. N., Tarasov,
V. V., and Schiöth, H. B. (2021) Recent developments of HDAC in-
hibitors: emerging indications and novel molecules. Br. J. Clin. Pharmacol.
87, 4577–4597

5. Zhang, Y., Kwon, S., Yamaguchi, T., Cubizolles, F., Rousseaux, S.,
Kneissel, M., et al. (2008) Mice lacking histone deacetylase 6 have
hyperacetylated tubulin but are viable and develop normally. Mol. Cell
Biol. 28, 1688–1701

6. Amengual, J. E., Lue, J. K., Ma, H., Lichtenstein, R., Shah, B., Cremers, S.,
et al. (2021) First-in-Class selective HDAC6 inhibitor (ACY-1215) has a
highly favorable safety profile in patients with relapsed and refractory
lymphoma. Oncologist 26, 184–e366

7. Zhang, X. H., Qin-Ma, Wu, H. P., Khamis, M. Y., Li, Y. H., Ma, L. Y., et al.
(2021) A Review of progress in histone deacetylase 6 inhibitors research:
structural specificity and functional diversity. J. Med. Chem. 64,
1362–1391

8. He, X., Li, Z., Zhuo, X.-T., Hui, Z., Xie, T., and Ye, X.-Y. (2020) Novel
selective histone deacetylase 6 (HDAC6) inhibitors: a patent Review
(2016-2019). Recent Pat. Anticancer. Drug Discov. 15, 32–48

9. Marchini, M., Vergani, B., Sandrone, G., Rocchio, I., Kachkovskyi, G.,
Caprini, G., et al. (2022) 2-(4-((5-(benzo[b]Thiophen-3-yl)-1H-Tetrazol-1-
yl)methyl)phenyl)-5-(difluoromethyl)-1,3,4-Oxadiazole Delivatives and
Similar Compounds as Selective Inhibitors of Histone Deacetylase 6
(HDAC6) for use in Treating e.g. Peripheral Neuropathy. WO2022/029041

10. Xiao, Y., and Zhang, X. (2020) Recent advances in small molecular
modulators targeting histone deacetylase 6. Futur. Drug Discov. 2, FDD53

11. Vergani, B., Sandrone, G., Marchini, M., Ripamonti, C., Cellupica, E.,
Galbiati, E., et al. (2019) Novel benzohydroxamate-based potent and
selective histone deacetylase 6 (HDAC6) inhibitors bearing a pentahe-
terocyclic scaffold: design, synthesis, and biological evaluation. J. Med.
Chem. 62, 10711–10739

12. Miyake, Y., Keusch, J. J., Wang, L., Saito, M., Hess, D., Wang, X., et al.
(2016) Structural insights into HDAC6 tubulin deacetylation and its se-
lective inhibition. Nat. Chem. Biol. 12, 748–754

13. Hai, Y., and Christianson, D. W. (2016) Histone deacetylase 6 structure
and molecular basis of catalysis and inhibition. Nat. Chem. Biol. 12,
741–747

14. Osko, J. D., and Christianson, D. W. (2019) Structural basis of catalysis
and inhibition of HDAC6 CD1, the enigmatic catalytic domain of histone
deacetylase 6. Biochemistry 58, 4912–4924

15. Kutil, Z., Skultetyova, L., Rauh, D., Meleshin, M., Snajdr, I., Novakova, Z.,
et al. (2019) The unraveling of substrate specificity of histone deacetylase
6 domains using acetylome peptide microarrays and peptide libraries.
FASEB J. 33, 4035–4045

16. Copeland, R. A. (2013) Evaluation of enzyme inhibitors in drug discovery.
Wiley. https://doi.org/10.1002/9781118540398
17. Narjes, F., Brunetti, M., Colarusso, S., Gerlach, B., Koch, U., Biasiol, G.,
et al. (2000) α-Ketoacids are potent slow binding inhibitors of the hep-
atitis C virus NS3 protease. Biochemistry 39, 1849–1861

18. Sandrone, G., Cukier, C. D., Zrubek, K., Marchini, M., Vergani, B.,
Caprini, G., et al. (2021) Role of fluorination in the histone deacetylase 6
(HDAC6) selectivity of benzohydroxamate-based inhibitors. ACS Med.
Chem. Lett. https://doi.org/10.1021/acsmedchemlett.1c00425

19. Sinnokrot, M. O., and Sherrill, C. D. (2004) Substituent effects in π-π
interactions: sandwich and t-shaped configurations. J. Am. Chem. Soc.
126, 7690–7697

20. Neel, A. J., Hilton, M. J., Sigman, M. S., and Toste, F. D. (2017) Exploiting
non-covalent π interactions for catalyst design. Nature 543, 637–646

21. Glide Schrödinger. (2021). LLC, New York, NY
22. QSite Schrödinger. (2021). LLC, New York, NY
23. Watson, P. J., Millard, C. J., Riley, A. M., Robertson, N. S., Wright, L. C.,

Godage, H. Y., et al. (2016) Insights into the activation mechanism of
class i HDAC complexes by inositol phosphates. Nat. Commun. https://
doi.org/10.1038/ncomms11262

24. Newberry, R. W., and Raines, R. T. (2017) The n→π* Interaction. Acc.
Chem. Res. 50, 1838–1846

25. Siegel, M. M., Tabei, K., Bebernitz, G. A., and Baum, E. Z. (1998) Rapid
methods for screening low molecular mass compounds non-covalently
bound to proteins using size exclusion and mass spectrometry applied to
inhibitors ofhumancytomegalovirus protease. J.Mass Spectrom.33, 264–273

26. Bull, H. G., Garcia-Calvo, M., Andersson, S., Baginsky, W. F., Chan, H. K.,
Ellsworth, D. E., et al. (1996) Mechanism-based inhibition of human
steroid 5α-reductase by finasteride: Enzyme-catalyzed formation of
NADP - dihydrofinasteride, a potent bisubstrate analog inhibitor. J. Am.
Chem. Soc. 118, 2359–2365

27. Lobera, M., Madauss, K. P., Pohlhaus, D. T., Wright, Q. G., Trocha, M.,
Schmidt, D. R., et al. (2013) Selective class IIa histone deacetylase inhi-
bition via a nonchelating zinc-binding group. Nat. Chem. Biol. 9, 319–325

28. Winn, M. D., Ballard, C. C., Cowtan, K. D., Dodson, E. J., Emsley, P.,
Evans, P. R., et al. (2011) Overview of the CCP4 suite and current de-
velopments. Acta Crystallogr. Sect. D Biol. Crystallogr. 67, 235–242

29. McCoy, A. J., Grosse-Kunstleve, R. W., Adams, P. D., Winn, M. D.,
Storoni, L. C., and Read, R. J. (2007) Phaser crystallographic software. J.
Appl. Crystallogr. 40, 658–674

30. Emsley, P., Lohkamp, B., Scott, W. G., and Cowtan, K. (2010) Features and
development of Coot.Acta Crystallogr. Sect. D Biol. Crystallogr. 66, 486–501

31. Murshudov, G. N., Skubák, P., Lebedev, A. A., Pannu, N. S., Steiner, R. A.,
Nicholls, R. A., et al. (2011) REFMAC5 for the refinement of macro-
molecular crystal structures. Acta Crystallogr. Sect. D Biol. Crystallogr. 67,
355–367

32. Schüttelkopf, A. W., and Van Aalten, D. M. F. (2004) Prodrg: a tool for
high-throughput crystallography of protein-ligand complexes. Acta
Crystallogr. Sect. D Biol. Crystallogr. 60, 1355–1363

33. Lee, C. K., Ko, M. S., Yun, S. H., Lee, Y. S., and Kim, H. M. (2021) 1,3,4-
Oxadiazole Derivative Compounds as Histone Deacetylase 6 inhibitor,
and the Pharmaceutical Composition Comprising the Same. WO2021/
172887 A1

34. Kim, Y., Lee, C. S., Oh, J. T., Hyeseung, S., Choi, J., and Lee, J. (2017)
Oxadiazole Amine Derivative Compounds as Histone Deacetylase 6 In-
hibitor, and the Pharmaceutical Composition Comprising the Same.
WO2017/065473 A1

35. Onishi, T., Maeda, R., Terada, M., Sato, S., Fujii, T., Ito, M., et al. (2021)
A novel orally active HDAC6 inhibitor T-518 shows a therapeutic po-
tential for Alzheimer’s disease and tauopathy in mice. Sci. Rep. 11, 15423.
https://doi.org/10.1038/s41598-021-94923-w

36. LigPrep Schrödinger. (2021). LLC, New York, NY
37. Epik Schrödinger. (2021). LLC, New York, NY
38. Rubinson, K. A. (2017) Practical corrections for p(H,D) measurements in

mixed H2O/D2O biological buffers. Anal. Met. 9, 2744–2750
J. Biol. Chem. (2023) 299(1) 102800 7

http://refhub.elsevier.com/S0021-9258(22)01243-1/sref1
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref1
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref1
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref2
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref2
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref3
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref3
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref3
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref4
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref4
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref4
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref4
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref5
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref5
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref5
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref5
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref6
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref6
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref6
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref6
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref7
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref7
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref7
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref7
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref8
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref8
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref8
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref9
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref9
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref9
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref9
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref9
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref10
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref10
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref11
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref11
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref11
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref11
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref11
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref12
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref12
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref12
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref13
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref13
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref13
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref14
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref14
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref14
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref15
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref15
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref15
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref15
https://doi.org/10.1002/9781118540398
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref17
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref17
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref17
https://doi.org/10.1021/acsmedchemlett.1c00425
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref19
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref19
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref19
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref20
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref20
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref21
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref22
https://doi.org/10.1038/ncomms11262
https://doi.org/10.1038/ncomms11262
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref24
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref24
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref24
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref25
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref25
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref25
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref25
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref26
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref26
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref26
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref26
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref26
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref27
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref27
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref27
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref28
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref28
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref28
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref29
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref29
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref29
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref30
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref30
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref31
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref31
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref31
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref31
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref32
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref32
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref32
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref33
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref33
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref33
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref33
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref34
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref34
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref34
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref34
https://doi.org/10.1038/s41598-021-94923-w
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref36
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref37
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref38
http://refhub.elsevier.com/S0021-9258(22)01243-1/sref38

	Difluoromethyl-1,3,4-oxadiazoles are slow-binding substrate analog inhibitors of histone deacetylase 6 with unprecedented i ...
	Results and discussion
	Compound 1 is a potent and CD2-selective slow binding inhibitor of HDAC6
	X-ray crystal structure of the compound 1–zHDAC6-CD2 complex
	Molecular modeling
	Two-step hydrolytic conversion of the DFMO inhibitor by HDAC6

	Conclusions
	Experimental procedures
	Data availability
	Author contributions
	References


