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ABSTRACT: The discovery of isozyme-selective histone deacetylase (HDAC) inhibitors is critical for
understanding the biological functions of individual HDACs and for validating HDACs as clinical drug
targets. The isozyme HDAC10 contributes to chemotherapy resistance via inhibition of autophagic flux
and has recently been described to be a polyamine deacetylase, but no studies directed toward selective
HDAC10 inhibitors have been published. Herein, we disclose that the use of two complementary ligand-
displacement assays has revealed unexpectedly potent HDAC10 binding of tubastatin A, which has been
previously described as a highly selective HDAC6 inhibitor. We synthesized a targeted selection of
tubastatin A derivatives and found that a basic amine in the cap group was required for strong HDAC10,
but not HDACS6, binding. Only potent HDAC10 binders mimicked HDAC10 knockdown by causing dose-
dependent accumulation of acidic vesicles in the BE(2)-C neuroblastoma cell line. Docking of inhibitors
into human HDAC10 homology models indicated that a hydrogen-bond between a basic cap group
nitrogen and the HDAC10 gatekeeper residue Glu272 was responsible for potent HDAC10 binding. Taken
together, the presented assays and homology models provide an optimal platform for the development

of HDAC10-selective inhibitors, as exemplified with the tubastatin A scaffold.



INTRODUCTION:

The discovery of histone deacetylase 1 (HDAC1) by Taunton and Schreiber in 1996 provided the
long sought-after enzyme target for substances like trichostatin A (TSA (1), Figure 1) and
suberanilohydroxamic acid (SAHA (2)). At the time, 1 and 2 were reported to increase histone lysine
acetylation levels, thereby inducing cellular differentiation, but their mechanism(s) of action were
unknown.? Taunton and Schreiber’s disclosure launched a now two-decade’s long effort to discover
inhibitors of HDACs, currently a family of 18 functionally related isozymes.>* During this time it has also
become clear that HDACs have a broader role than catalyzing the hydrolysis of acetylated histone
lysines: not only do they act in both the nucleus and the cytoplasm, but they catalyze the removal of acy!
groups from a variety of different proteins.>® The 18 HDACs are grouped into four different classes based
on homology to their yeast orthologs as follows: Class | (HDAC1, -2, -3, and -8); Class Il, which is
subdivided into Class IIA (HDAC4, -5, -7, and -9) and Class 1IB (HDAC6 and -10); Class Il (sirtuin1-7); and
Class IV (HDAC11).® While Classes I, 1A-B, and IV are an"-dependent amidohydrolases, the Class Il
sirtuins are mechanistically distinct NAD*-dependent enzymes. For this reason, the sirtuins are often
considered separately in discussions of “HDAC inhibitors”. Currently, there are four HDAC inhibitor drugs
approved in the U.S. (2-5), one in China (6), many other candidates undergoing clinical trials, and dozens
of reported inhibitors (Figure 1). The approved drugs are used as anti-cancer agents, but HDAC inhibitors
are also investigated in the treatment of autoimmune disorders, and neurodegeneration.? Clinically used
pan-HDAC inhibitor drugs (e.g. 2-5) can cause severe side effects, caused in part by their lack of
selectivity. More isozyme-selective inhibitors are expected to overcome these liabilities and are likely to

1011 Moreover, the development of isozyme-selective

improve the clinical value of this target class.
chemical probes will be critical to further disentangle the biological role(s) of individual HDAC isozymes.*
To date, the most significant focus and success in the development of selective inhibitors has been with
the Class | enzymes, where selective inhibitors of HDAC1/2, HDAC3, and HDACS8 have been disclosed, and
with the Class IIB enzyme HDACS6.? Far fewer selective inhibitors of the Class IIA, HDAC10 or HDAC11
subtypes have been reported.”"’

In 2003, tubacin (7) was described as the first selective HDAC6 inhibitor (Figure 1)."® In the
intervening years, many additional HDAC6 inhibitors with good selectivity profiles have been described,
the most well-known (besides tubacin) being tubastatin A (8)." Indeed, both 7 and 8, along with ACY-738
(9)%°, are designated as HDAC6 chemical probes in the Chemical Probes Portal.” Most HDAC6-selective

inhibitors, like 8 and 9, achieve selectivity over Class | enzymes by incorporating a relatively bulky phenyl
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Figure 1: Well-known HDAC inhibitors

hydroxamate “linker” moiety in addition to a “cap group” that can make specific interactions with the
HDACS6 protein surface (see 8, Figure 1).

HDAC10 was first isolated in 2002 and annotated as a Class IIB HDAC based on its high similarity
to HDAC6.7*** Like HDAC6, HDAC10 appears to localize to both the nucleus and cytoplasm, and has been
reported to interact with proteins having a variety of functions including transcription factors® and
cyclins,®® and to play a prominent role in homologous recombination’” and Hsp-mediated VEGFR
regulation.”® While some clinical correlation studies have indicated an apparent tumor-suppressor
function for HDAC10,”°* a number of other studies highlight HDAC10 as a potential cancer drug

target.>*¥’

In one study, high HDAC10 expression levels were found to correlate with poor clinical
outcome for advanced stage 4 neuroblastoma patients who received chemotherapy.®’ Consistent with
these findings, HDAC10 depletion in neuroblastoma cells interrupts autophagic flux and sensitizes cells
for chemotherapy, and enforced HDAC10 expression protects neuroblastoma cells against doxorubicin
treatment.*®

Recently, Christianson and co-workers solved the x-ray crystal structure of zebrafish HDAC10

(zHDAC10).® They elegantly demonstrated that both the zebrafish and human HDAC10 (hHDAC10)

enzymes are highly active polyamine deacetylases (PDAC), while being poor lysine deacetylases.
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Therefore, it appears as if HDAC10 may not act on proteins, but on polyamine metabolites, e.g.
spermidine and putrescine. Two specific structural features near the active site of the enzyme(s) were
identified as being responsible for PDAC activity. First, the negatively charged Glu272 (hHDAC10
numbering) amino acid was demonstrated to be a gatekeeper residue, which establishes specificity for
cationic polyamine substrates over acetylated lysines. In all other HDAC isozymes except the first
catalytic domain of HDACS6, this amino acid is hydrophobic, usually a leucine. Second, the L1 loop of
HDAC10 contains a two-residue insertion relative to HDAC6 in both zebrafish and humans. Christianson
et al. found that, in zZHDAC10, these inserted residues plus a two-residue mutation create a unique 3o
helix that constricts the active site, making an acetylated lysine side chain, but not an acetylated
polyamine, too short to reach the active site zinc atom. In hAHDAC10, these four residues, numbered 21-
24, are Pro-Glu-Cys-Glu. Both an E272L HDAC10 mutant and a mutant lacking the two-residue loop
insertion were found to have increased HDAC activity and diminished PDAC activity in enzymatic assays.
Interestingly, this model suggests that bulky (e.g. 8) Class IIB inhibitors cannot fit into the constricted
binding pocket of HDAC10 without significant movement of the L1 loop. The fact that an E272L mutation
alone is sufficient to enable deacetylation of lysines, however, suggests that the L1 loop may have this
flexibility.

3840t the

While we and others have shown that some known HDAC inhibitors bind HDAC10,
best of our knowledge no study dedicated to the development of HDAC10-selective inhibitors has been
published. As such, no validated chemical probes are currently available which can be used to
pharmacologically investigate the multiple molecular functions of HDAC10 and address questions of
HDAC10 target validation in different diseases. Motivated by the scientific need for a quality HDAC10
chemical probe, and intrigued by the unexpected PDAC enzymatic activity of HDAC10, we initiated a

program to discover selective HDAC10inhibitors.
RESULTS AND DISCUSSION:

Testing of known substances in two displacement assays reveals unexpectedly potent HDAC10
binding. Although it is known that HDAC10 enzymatic activity is challenging to assay with acetylated
lysine substrates,*” some contract research organizations offer enzymatic profiling of all HDACs, and 1Cs,
values measured in this way against HDAC10 are sometimes reported in the literature. It has also been
claimed that residual co-purified Class | HDACs from HDAC preparations of Class IIA HDACs are largely
responsible for the activity observed when testing these proteins in acetyl-lysine based enzymatic
assays.”! In light of this claim, and the recent finding that HDAC10 has significant PDAC activity,® we

analyzed a selection of literature data, where enzymatic activities across multiple HDAC isozymes were
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reported.’ ***° Interestingly, strong correlations between HDAC10 and Class | HDAC inhibition values
were found, while HDAC6 gave a completely distinct activity profile, despite its high sequence homology

to HDAC10 as a Class IIB enzyme (Figure 2, Supplementary Figure 1).
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Figure 2. Hierarchical clustering reveals a correlation between HDAC Class | and HDACI10 activities. A
selectivity profile of each compound was calculated relative to HDAC2. After log2 transformation, the
values were subjected to hierarchical clustering using the complete-linkage agglomeration rule. Red and
green colors indicate higher and lower reported ICsy values, respectively, of a given drug on an HDAC
isozyme relative to HDAC2. Superscripts indicate the reference from where the data was taken.

On the basis of this analysis, and due to the low-throughput format of Christianson’s PDAC assay,
we decided that it would be prudent to assay HDAC10 in a non-enzymatic format. So as to eliminate any
complications that could arise from co-purified HDAC impurities, two ligand displacement assays that
employ genetically tagged HDAC proteins for signal generation were utilized, thereby ensuring reliable
identification of HDAC10 binders. For screening against pure recombinant HDAC10, a time resolved
fluorescence energy transfer (TR-FRET) assay that measures displacement of a fluorescently-labeled
ligand was used (Figure 3a).>° A conceptually similar bioluminescence energy transfer (BRET) assay was
also utilized with cells that overexpress nano-luciferase-tagged HDAC10 (Figure 3b, Supplementary
Figure 2).°! The BRET assay can independently confirm the TR-FRET assay and provides target

engagement values in living cells.



A
340 nm 340 nm
615 nm 665 nm

i/Fﬁm‘\ f/ . i/rms nm
HDAC10
™ {- binder
. tracer
I\

tag —_— -
HDAC10 Hoacto @

tracer ~ tag

Ve

450 pm 810 nm

—

~

tracer
luc

7T\

HDAC10

Figure 3: HDAC10 ligand displacement assays. A) TR-FRET assay: A Europium labelled anti-GST tag
antibody is coupled to GST-tagged HDAC10 protein. When HDACI10 is bound by a dye-labelled tracer
molecule, irradiation with 340 nm light produces productive FRET between the Europium (615 nM
emission) and the dye (665 nM emission). In the presence of an HDAC10 binder, which competes with the
tracer ligand, FRET is disrupted and a change in the signal is observed. B) BRET assay: When cells
expressing nano-luciferase-tagged HDAC10 are treated with a dye-labelled tracer and nano-luciferase
substrate, productive BRET is observed. In the presence of an HDAC10 binder, BRET is disrupted.

A series of commercially available HDAC inhibitors, which have been reported to have high
HDACS6 activity, were tested in both HDAC10 assays (Table 1, Supplementary Figure 1). Ricolinostat (10)
showed almost a 10-fold difference in activity between the two assays, but the majority of compounds
had plCso values that were within 0.5 log units of each other. The BRET assay typically gave lower
potencies, which can be expected when comparing cellular and biochemical assay formats. It was not
surprising that some of the pan-HDAC inhibitor compounds (2, 10-15) showed quite high activity in the
HDAC10 displacement assays. Indeed, all of these compounds, except pracinostat (13), had sub-
micromolar 1Csq values (plCso2 6.0) in at least one of the assays. Most interesting were the results with
tubastatin A (8) HPOB (16)*%, and nexturastat (17),>> compounds that have been described as highly
selective HDAC6 inhibitors with poor HDAC10 inhibitory activities. While both HPOB and nexturastat
were found to be moderately potent HDAC10 binders, Tubastatin A was active in the low nanomolar
range (plCsq=7.9) in both the FRET and BRET assays. A control experiment with PCI-34051, a

hydroxamate-containing HDACS8 selective inhibitor, gave low binding values in both assays.



Table 1. TR-FRET biochemical and BRET cellular HDAC10 binding data with commercial inhibitors.

HDAC10 HDAC10

Cmpd.  Substance FRET pICss®  BRET plCsy?

2 SAHAC 6.7 6.2
10 Ricolinostat® 6.9 5.8
11 CAY-10603° 6.5 6.1
12 CuDC-101° 6.9 6.4
13 Pracinostat® 5.9 5.5
14 Quisinostat® 8.0 7.4
15 Abexinostat® 8.4 8.1
8 Tubastatin A° 7.9 7.9
16 HPOB® 7.1 6.5
17 Nexturastat® 7.0 6.3
18 PCl-34051°¢ 4.4 <5.0

® FRET plCs, values are the mean of at least two independent experiments. ® BRET plCsy values are calculated from
one experiment performed in triplicate. © pan-HDAC inhibitor. Y HDAC6 “selective” inhibitor. © HDAC8 selective
inhibitor.

Tubastatin A analogs lacking a basic amine in the cap group have diminished HDAC10 binding.
Intrigued by the high potency of the HDAC6-selective inhibitor tubastatin A against HDAC10, we chose to
more closely examine the structure—activity relationship (SAR) of the “cap group” with respect to
HDAC10 and HDACG6 binding. A targeted selection of tubastatin A cap-group analogs were synthesized
and tested in both the TR-FRET and the BRET HDAC10 assays, as well as against HDAC6 in the BRET assay
format. As was found with the commercial inhibitors, plCs, values of the TR-FRET and BRET HDAC10
assays were quite consistent for all compounds assayed (Table 2). More illuminating was the comparison
of the HDAC10 and HDAC6 BRET plCs values for the various derivatives. Tubastatin A (8) gave a plCs, of
7.9 against HDAC10 and of 7.0 against HDAC6.>"># Tetrahydro-B-carboline 19,"° which differs from 8 only
in the location of the carboline nitrogen, was found to be roughly an order of magnitude less active than
8 in the two HDAC10 assays, but essentially equipotent in the HDAC6 assay. An even greater drop in
HDAC10 activities, relative to 8, was observed for compounds 20>* and 21, where the y-carboline
nitrogen of 8 is replaced with sulfur and oxygen atoms, respectively. As with 19, however, compounds 20
and 21 have only slightly diminished (20) or improved (21) HDAC6 values in comparison to 8.
Tetrahydrocarbazole 22 and carbazole 23" were over 2 orders of magnitude weaker HDAC10 binders
than 8, but again retained their HDAC6 binding capabilities. The acetylated tubastatin A derivative 24
was also found to have significantly diminished HDAC10 binding, but to be equipotent with tubastatin A
(8) against HDACS.



Table 2: HDAC6 and HDAC10 binding values of “fused” tubastatin A analogs

H
\\©\\<N-0H

HDAC10  HDAC6 Selectivity

Cmpd. g i FRET BRET BRET :BRET HDAC10/
... plCse? plCse® pICs® | HDACS (fold)
8 @“"e 79 79 70 | 79
19 aMe 67 68 72 | 04
S :
20 @ 65 64 69 i 032
0 :
21 @ 62 60 77 i 002
22 @ 60 56 72 | 0025
23 @ 57 54 74 | 0001
a i
24 QJ\ 63 57 714 | 004

@ plCsy values are the mean of at least 2 independent measurements. b plCso values are calculated from pooled data
of two biological replicates which were each performed in triplicate. € pICsy value is from one experiment performed
in triplicate.

It is apparent that while HDAC6 activity is influenced by changes to the indole-fused ring, most
modifications result in substances that are similarly potent, or even more potent, than tubastatin A (8).
This is consistent with published data for 19, 20, and 23, which are all reported to be potent HDAC6

195 1n contrast, HDAC10 activity appears to be quite sensitive to modifications of the indole-

inhibitors.
fused ring. Comparing BRET data for the two enzymes shows that while tubastatin A (8) binds HDAC10
better than HDAC6 by almost a factor of 10, 19-24 have low (19; 2.5 fold) to high (23; 100 fold)
preferences for HDAC6 over HDAC10.> This is visually represented with the BRET dose response curves
of 8, 19, and 21 (Figure 4). A basic nitrogen atom embedded in a tetrahydro-y-carboline structure,

therefore, appears to be a critical feature for potent HDAC10 binding, suggestive of a specific polar

interaction in the HDAC10 binding site.
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Figure 4: Dose-response curves of compounds 8, 19, and 21 in the HDAC6 and HDAC10 BRET assay. Data
are from one representative biological replicate that was performed in triplicate. Error bars are standard
deviations.

SAR of “Ring-opened” Tubastatin A analogs and HDAC2 selectivity. In order to investigate this
hypothesis further, we prepared a series of “ring-opened” tubastatin A analogs, whose structures and
binding activities are shown in Table 3. Consistent with our expectations, indole 25 and
2,3-dimethylindole 26 showed diminished activity in both HDAC10 assays, in comparison to 8. The
2-tert-butylindole derivative 27 showed lower activity against both HDAC6 and HDAC10, indicating that
the t-butyl group is too bulky for either of the two binding pockets. Interestingly, the “re”-introduction of
a basic amine into the structure, as in gramine 28°° and pyrrolidine 30, produced very potent HDAC10
binders, both with BRET plCs, values of 8.4. Indazole 29, which is expected to be more pharmacologically
stable than 28, was found to have similar HDAC10 potency to 8, while Boc-protected amine 31 lost
significant HDAC10 binding capacity. Tryptamine 32°’ showed good potency against HDAC10 (BRET
plCso = 7.6), despite the presence of two methylenes between the indole C3 and the nitrogen atom,
which was detrimental in the case of 19. The increased conformational flexibility of ring-opened 32 may
allow it to still make a key interaction with the enzyme that 19 cannot. Both the C3 hydroxyethyl (33)
and methoxyethyl (34) derivatives lose almost an order of magnitude binding to HDAC10 in comparison

9



to 32, further highlighting the importance of a basic nitrogen in the cap group scaffold. Compound 35,
which incorporates a gramine type structure into a cyclic side chain is also an excellent HDAC10 binder

(BRET plCsq = 8.3), while an aromatic imidazole analog (36) is 10-fold less potent.

Table 3: HDAC6 and HDAC10 binding/inhibitory values of “ring-opened” Tubastatin A analogs

R2

\
Clpen
N\ H

(¢}
HDAC10 HDAC6 Selectivity

Cmpd. X R! R? FRET BRET BRET :BRET HDAC10/

pIC5,® PICse® PpICs,® i HDACS (fold)
8 ¢ @‘Me 79 19 70 | 79
25 C H H 7.2 6.8 7.2 0.4
26 C Me Me 6.5 6.2 75 0.05
27 C tBu H 5.3 <4.4 57 <0.05
28 C  H % NMe, 8.3 8.4 6.8 40
20 N - ¥ wwe, 77 78 69 7.9
3 c H ’%/\“D 84 84 68 | 40
31 C H % NHBoc 6.8 6.6 7.1 0.32
32 C H g~ 77 7.6 6.9 5.0
33 C H g~M 7.1 6.7 7.5 0.63
3 C H x~Me g9 67 72 0.32
35 C H K(w}e 8.3 8.3 6.9 25

3 C H

N H
’([ D) 76 73 71 i 16
N

Me

@ pICso values are the mean of at least 2 independent measurements. b plCso values are calculated from pooled data
of two biological replicates which were each performed in triplicate.

As found with the “fused” analogs in Table 1, BRET HDAC6 activity was relatively insensitive to
structural changes, with all compounds except t-Bu substituted 27 having activities within a single order
of magnitude range (6.8 < plCsy < 7.5). Amine analogs 28-30, 32, and 35 all show activities similar or
better than tubastatin A against HDAC10, with moderate selectivity (20.7 log units) over HDACS6.
Compounds 28, 30, and 35 appear to have the best profiles in the BRET assays, with plCsy values greater
than 8.3 against HDAC10 and selectivities greater than 25 fold against HDACG6.

Selected compounds were also tested in an HDAC2 enzymatic assay to gain insight into their
activities against a Class | HDAC enzyme (Table 4). In accordance with the literature, tubastatin A (8) had
a plCso of 4.9 (lit. 4.9).* Two other tricyclic-capped derivatives (19 and 21) gave values similar to 8 with

plCsos of 4.6 and 5.1, respectively. Due to the relatively large differences between 8, 19, and 21 in the
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HDAC10 assays, however, selectivity for HDAC10 over HDAC2 ranges from 1000 fold for 8, to only 13 fold
for 21. HDAC2 potency, relative to 8, was slightly increased for the ring-opened derivatives 26, 28, 29,
and 30, and somewhat more increased for 35 and 36. Overall, for those compounds showing potent
HDAC10 activity, at least 100 fold selectivity over HDAC2 was retained, with compound 30 showing the

highest selectivity difference of 3.2 log units.

Table 4. HDAC2 plCs, values of selected inhibitors.

pICso ApICso
Cmpd. HDAC (HDAC10¢ger
— HDAC2)
8 4.9 3.0
19 4.6 2.1
21 5.1 1.1
26 4.9 1.6
28 5.2 3.1
29 5.1 2.6
30 5.2 3.2
35 5.7 2.6
36 5.5 2.1

@ plCso values are calculated from one biological replicate performed in triplicate.

Compound HDAC6/10 Inhibition Profiles are Reflected in On-target Activity in Cells. Some selective
HDAC10 inhibitors (8, 29, 30, 35), some selective HDAC6 inhibitors (20 and 21), and one inactive
substance (27) were also tested in the neuroblastoma BE(2)-C cell line to confirm on-target activity.>’>*
%058 To test for HDAC6 inhibition, tubulin acetylation was measured by Western blot, and to test for
HDAC10 inhibition, expansion of the lysosomal compartment was measured using the pH-dependent
LysoTracker DND-99 fluorescent probe. As expected, tubastatin A (8) showed a dose-dependent increase
in tubulin acetylation (Figure 5A). Substances 20, 21, 29, 30, and 35 all had profiles similar to 8,
consistent with the fact that they are all similarly potent HDAC6 inhibitors. Only compound 27, which
showed reduced HDAC6 activity in the BRET assay, required higher concentrations to increase tubulin
acetylation. In the LysoTracker assay, only those compounds which showed highly potent HDAC10
binding in the BRET and FRET assays (8, 29, 30, and 35) strongly induced fluorescence, while 20, 21, and

27 gave no to weak increases (Figure 5B).

Homology Modeling Provides a Rationale for Selective HDAC10 Binding. The Glu272 gatekeeper residue
is the single determining factor which gives HDAC10 PDAC over HDAC activity.® This selectivity is the

result of a polar interaction between the negatively charged glutamic acid and a positively charged
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Figure 5. A) Western blot analysis of acetylated tubulin versus total tubulin, as induced by HDAC6
inhibition from tubastatin A (8) and analogs. B) Expansion of the lysosomal compartment as a measure of
HDACI10 inhibition, shown by increased fluorescence from the LysoTracker DND-99 probe. Data is
normalized to the fluorescence measured with only DMSO and represents Mean + SD from at least 3
experiments.

polyamine. We wondered whether inhibitors with a basic amine in the cap group were such strong
HDAC10 binders due to a similar polar interaction with Glu272. Moreover, highly potent binders such as
8, 28 and 35 indicate that bulky inhibitors are able to fit into the constricted binding pocket of HDAC10,
probably requiring significant movement of the L1 loop. To investigate, we built several different
homology models of AHDAC10 and performed docking studies. Initially, two hAHDAC10 homology models
were prepared, one based on a crystal structure of zZHDAC10 (pdb 5td7) and one based on hHDAC6 (pdb
5edu), hereafter referred to as Model | and Model Il, respectively. Both Model | and Model Il were used
for docking studies of tubastatin A (8). Model | has an L1 loop that closely resembles that of the parent
zZHDACI10 structure, and failed to show any reliable docking poses. Model Il has an L1 loop more similar
to its parent hHDACG6 structure, and showed high-scoring docking poses of 8 with a hydrogen bond to
Glu272 (Figure 6A). A superposition of the two models clearly indicated that the L1 loop in Model |
prevents binding, as 8 would clash with the L1 loop (Figure 6B). To investigate the loop flexibility that
seems to be needed for docking of 8, two additional models were built. For one of these models (Model
1), the ligand of pdb 5edu (trichostatin A (1)) was transferred into pdb 5td7 to introduce an induced fit
during model building. For the other model (Model IV), residues 14-28 from the L1 loop were removed

and rebuilt using MOE’s “build loop” module. Both Model Il and Model IV resulted in new L1 loop
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conformations. Interestingly, docking of 8 into these models succeeded, leading to hydrogen-bonded
docking poses similar to what was found in Model Il (Figures 6C and 6D). To summarize, in the four
models reliable docking poses were only identified when the L1 loop adopted a conformation different
from what is found in the zHDAC10 structure, suggesting that flexibility of the L1 loop is needed for
tubastatin A binding.

Figure 6: Docking poses of Tubastatin A in hHDAC10 models (red: oxygen of Glu272 as hydrogen bond
partner; magenta: L1 loop). A) Model Il (green). B) Superposition of 8 docking pose in Model Il (green)
with Model I (yellow). C) Induced fit Model Ill. D) Alternative L1 loop Model IV.

Compounds 20, 21, and 29 were also docked in the human HDAC10 homology models. The
docking poses of 20 and 21 show only hydrophobic interactions in the cap group region, with no polar
interactions to Glu272 (Figure 7A), while adopting similar conformations to 8 (Figure 7B). For 20 and 21,
the flexible Glu272 moved beneath the ring system during docking because no hydrogen bonding could
occur. This difference in binding between 8 and 20/21 could explain their disparate binding activities.
Several possible docking poses were found for 29 in different models, with hydrogen bonding via its
dimethylamino group to one of two glutamic acids surrounding the binding site. In Model Il, one binding
pose with a contact to Glu272 was found (Figure 7C). In Model Ill, 29 adopted a pose that is almost a
mirror image to what was found in Model Il (Figure 7D). Intriguingly, another pose for 29 was found with
Model Ill, where the dimethylamino group engages in a hydrogen bond to Glu22, one of the four critical

L1 loop residues (vide supra). Here, the homology modelling reaches its limit to provide one reliable
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binding pose; however, it indicates that 29 can address at least one of the two glutamic acids in the

binding region of HDAC10 (Glu22, Glu272), which are not present in HDAC6.

) ]

Figure 7: Docking poses of 8, 20, 21 and 29 (pink dotted line: hydrogen bond). A) 20 (orange) and 21 (lime
green) in Model Il (tan). B) 8 (blue) in Model Il (gray). C) 29 (gold) in Model Il (tan). D) 29 (gold) bound to
Glu272 in Model IV (blue). E) 29 (gold) bound to Glu22 in Model IV (pink).

Tubastatin A (8), 20, 21, and 29 were also docked into hHDAC6 (5edu), giving one main binding
pose for all four substances and one alternative binding mode for all except 29. These docking poses
show largely hydrophobic interactions of the cap groups with HDAC6, consistent with the fact that the
structural differences between the compounds do not have dramatic effects on HDAC6 binding in the

BRET assay.

CONCLUSIONS

The use of complementary TR-FRET and BRET HDAC10 displacement assays has enabled the
discovery that a number of well-known HDAC inhibitors are capable of potently binding HDAC10.
Moreover, substances which have previously been described as being highly selective HDACG6 inhibitors,
with little to no HDAC10 activity (e.g. tubastatin A (8), HPOB (16), nexturastat (17)) have also been found
to be good HDAC10 binders. We investigated SAR surrounding the indole-fused ring of 8, and found a

strong dependency for HDAC10 binding on the presence of an appropriately placed basic amine
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functionality. In contrast, no dependency on such a functional group was observed for HDAC6 binding.
Compounds, such as 28 and 35, with high HDAC10 potency, good selectivity over HDAC6, and high
selectivity over HDAC2 were discovered. The TR-FRET and BRET HDAC10 assay data was supported by
monitoring acetylation levels of tubulin (HDAC6 substrate) and expansion of the lysosomal compartment
(HDAC10 inhibition phenotype) in inhibitor-treated cells. Furthermore, docking of selected inhibitors into
an HDAC6 X-ray crystal structure as well as into four different HDAC10 homology models provided a
structural rationale for our experimental observations. The modeling suggests that derivatives of
tubastatin A make largely hydrophobic interactions with HDAC6 regardless of the presence or absence of
a basic amine in the cap group scaffold. On the other hand, derivatives with an appropriately placed
amino exhibit increased binding via a hydrogen bond with the gatekeeper residue Glu272 (and
potentially Glu22) of HDAC10. At the same time, the L1 loop of HDAC10 must exhibit some flexibility to
accommodate these inhibitors. During the preparation of this manuscript, another homology model of
hHDAC10, based on the zHDAC10 structure, was reported.59 Docking of well-known HDAC inhibitors was
shown, but an adapted L1 loop conformation seemed not to be required.

Taken together, the TR-FRET, BRET, LysoTracker, and modeling data strongly support that the L1
Loop is flexible enough to accommodate “bulky” inhibitors like 8, 28, and 35.%° Consistent with our data
is @ model where HDAC10 adopts the narrow conformation found in the X-ray structure of the zebrafish
HDAC10 enzyme, and, in conjunction with the gatekeeper residue, is responsible for HDAC10 PDAC
activity. Having some flexibility, the L1 loop can also adopt an open conformation, which still doesn’t
effectively process acetylated lysines due to the gatekeeper residue, but which conformationally
resembles HDAC6 and can be engaged by HDAC inhibitors. Substances containing cap groups that bind
HDAC6 and are capable of hydrogen bonding to gatekeeper residue Glu272 become particularly potent
HDAC10 inhibitors.

The work described herein provides a means to tune HDAC10 binding activity. When working
with a scaffold that already exhibits high selectivity over Class | and IIA HDAC enzymes (e.g. tubastatin A),
it is possible to discover potent and selective HDAC10 inhibitors. In order to develop a highly selective
HDAC10 chemical probe, however, one must be able to modulate HDAC6 activity. So far we have been
unable to abolish HDAC6 activity while retaining HDAC10 activity when working with the tubastatin A
scaffold. This is perhaps not surprising as there appears to be significant flexibility in size and
composition of the cap group when making selective HDAC6 inhibitors.®! Progress to realize the goal of a

true HDAC10-selective inhibitor will be the subject of future reports.

SUPPORTING INFORMATION
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Supplementary figures, experimental procedures, compound synthesis, characterization data, and *H and

3C NMR spectra of newly synthesized substances (21, 22, 24, 27, 29, 30, 31, 33, 34, 35, and 36).
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