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Abstract

There is increasing interest in discovering HDACS selective inhibitors as chemical probes to
elucidate the biological functions of HDACS6 and ultimately as new therapeutic agents. Small-
molecular fluorescent probes are widely used to detect target protein location and function,
identify protein complex composition in biological processes of interest. In the present study,
structural modification of the previously reported compound 4MS leads to two novel fluorescent
HDAC inhibitors, 6a and 6b. Determination of 1Csq values against the panel of Zn2* dependent
HDACs (HDAC1-11) reveals that 6b is a HDAC6 selective inhibitor, which can induce
hyperacetylation of tubulin but not histone H4. Importantly, fluorescent and immunofluorescent
analyses of cells treated with the proteasome inhibitor MG132 demonstrates that 6b can
selectively target and image HDACG6 within the inclusion body, the aggresome. These results
identify 6b not only as a HDACSG selective inhibitor but also as a fluorescent probe for imaging
HDACS6 and investigating the roles of HDACS in various physiological and pathological contexts.
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Introduction

Histone deacetylases (HDACS) are enzymes that catalyze the removal of acetyl groups from
the lysine residues located on histone and non-histone proteins. Such posttranslational
modifications play various physiological and pathological roles [1-3]. HDACs family
contains 18 isoforms, which can be categorized into four classes: class | (HDACs 1, 2, 3, and
8), class I (HDACs 4, 5, 6, 7, 9 and 10) and class IV (HDAC11) HDACs are Zn2*
dependent metalloproteases that are mechanistically distinct from NAD* dependent class 111
HDACS (Sirtuins 1-7) [4,5].

Compared with other Zn?* dependent HDACs, HDACS has distinctive structural and
functional profiles. HDACS is a cytoplasmic enzyme that uniquely features two catalytic
domains [6]. Cellular substrates of HDAC6 include the cytoskeletal proteins a-tubulin [7],
the chaperone Hsp90 [8], cortactin [9], peroxiredoxins I/11 [10] and so on. In addition to two
catalytic domains, HDACS6 also contains a zinc finger ubiquitin-binding domain and a
dynein motor binding domain, through which polyubiquitinated misfolded protein cargo is
recruited by HDACG to dynein motors for transport to aggresomes, then degraded by
autophagy [11-13]. Through its direct deacetylation of various non-histone substrates, as
well as its association with other interacting proteins, HDACS participates in multiple
important biological processes, such as cell motility, cell survival, cell signaling,
angiogenesis, transcription, inflammation and protein degradation [14]. Interestingly, genetic
ablation or pharmacological inhibition of HDAC6 does not cause lethality or toxicity
typically associated with pan-HDACs inhibition [15-18]. Therefore, modulation of HDAC6
with selective inhibitors is very attractive and holds great potential for treating numerous
diseases ranging from cancer, autoimmunity to neurodegeneration [19]. In the oncology
field, two moderately selective HDACSG inhibitors ACY-1215 and ACY-241 (Fig. 1) have
entered cancer clinical trials, alone or in combination with other antitumor agents [20]. In
the immunology field, selective inhibition of HDACSE, using hydroxamate-based compounds
such as tubacin [21,22], tubastatin A [22-25] and its analogues [26], EJMC-9a [27] or
mercaptoacetamide-based compounds such as ACSMCL-2b [28] (Fig. 1), have exhibited
preventive or therapeutic efficacy in various preclinical in vitro or in vivo studies. In the
neurology field, recent preclinical advances of HDACS inhibitors focus on their therapeutic
potential in Alzheimer's disease (AD). In diverse cellular or animal models, pleiotropic anti-
AD effects and mechanisms have been observed for HDACG selective inhibitors tubacin
[29-31], tubastatin A [32-34], ACY-1215 [34], ACY-738 [35,36], IMC-3f [37] and EN-W?2
[38] (Fig. 1).

Despite these significant advances, the exact roles of HDAC6 in many pathological contexts
are still obscure. In fact, HDACG6 can function as either tumor inducer or tumor suppressor
depending on cancer type and stage [39]. With respect to neurodegenerative diseases, though
HDACSG inhibition is a promising therapy for AD, HDACS activity seems to be required to
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prevent progression of Parkinson's and Huntington's diseases [39]. Therefore, more selective
and potent HDACS inhibitors are warranted to clarify the roles of HDACS6 in a specific
disease and to verify the therapeutic potential of targeting HDACS. In this regard, small-
molecular fluorescent probes are powerful tools not only to visualize biological molecules of
interest, but also to provide dynamic information regarding the localization and quantity of
these target molecules [40,41].

Here, we describe the discovery of a fluorescent HDACG selective inhibitor 6b. In HDACs
isoform inhibition assays, 6b demonstrates high HDAC6 selectivity over the other Zn2*
dependent HDACs. Western blot analysis further confirms the intracellular HDACG selective
inhibition of 6b, which is comparable with that of the well-known HDACS inhibitor
tubastatin A. Fluorescent and immunofluorescent staining results show that the HDAC6
selectivity endows 6b with the distinctive ability of labelling and visualizing HDAC6
enriched inclusion body, aggresomes. To the best of our knowledge, 6b is the first reported
fluorescent HDACS selective inhibitor, which is of great interest as chemical probe for
cellular HDACS detection and inhibition.

Compound design and synthesis

Recently, a fluorescent HDACs inhibitor 1 (4MS, Fig. 2) was developed for cellular imaging
[42]. Based on the comprehensive understanding of the structure-selectivity relationships
(SSRs) of HDACS inhibitor, we believe it was possible to create the fluorescent HDAC6
selective inhibitor by combination of the fluorophore of 1 and the para-N-hydroxybenzamide
fragment of tubastatin A (Fig. 2). Compounds 6a and 6b were prepared according to the
synthetic methods of 1 with minor modification (Scheme 1).

HDACSs isoform selectivity profile

HDACSs isoform inhibitory results (Table 1) showed that our compound 6a, as well as the
previously reported fluorescent HDACs inhibitor 1, exhibited little discrimination among
HDAC1/2/3/6. The HDACSs inhibitory potency of 6a was comparable to that of the approved
pan-HDACSs inhibitor suberoylanilide hydroxamic acid (SAHA). In comparison with 6a and
1, 6b exhibited satisfying HDACS6 selectivity with the selective index of over 140, 700 and
210 against HDAC1/2/3, respectively. The 1Cgq values of 6b against HDAC1-11 in
comparison with the reported data of tubastatin A were presented in Table S1 (Supporting
Information), which confirmed the HDACS selectivity of 6b.

Western blot analysis

The intracellular HDACs inhibition and selectivity of compounds 6a, 6b and 1 were
evaluated by western blot analysis, using a pan-HDACs inhibitor SAHA and a HDAC6
selective inhibitor tubastatin A as positive controls. Similar to SAHA, 1 simultaneously
increased levels of the HDACS6 substrate acetylated a-tubulin (Ac-Tub) and the HDAC1/2/3
substrate acetylated histone H4 (Ac-HH4). Compared with 1, both 6a and 6b exhibited
improved HDACS6 selectivity, validating the rationality of our compound design strategy.
More importantly, at the concentration of 500 nM, 6b could potently induce a-tubulin
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acetylation without effecting histone H4, confirming the excellent intracellular HDAC6
selectivity of 6b, which was comparable to that of tubastatin A (Fig. 3).

Fluorescent and immunofluorescent staining results

We next asked whether the HDACG selective inhibitor 6b could work as a fluorescent probe
for cellular HDAC6 imaging. Considering HDACSG is a component of aggresomes [13],
which could be induced by proteasome inhibitor MG132 [43], we observed the intracellular
distribution of 6b in A549 cells treated with DMSO or MG132 by confocal microscopy (Fig.
4). In DMSO-treated cells, 6b displayed a diffuse staining mainly in the cytoplasm (Fig. 4a),
which was similar to the previously reported cellular imaging of 1 [42]. Strikingly, treatment
of cells with MG132 resulted in a dramatic relocation of 6b to a single bright juxtanuclear
structure (Fig. 4b), indicating that 6b could target HDAC6 concentrated in aggresomes.

We also compared the cellular imaging behaviors of 1, 6a and 6b. In DMSO-treated cells, no
significant difference was observed for these three fluorescent HDACs inhibitors (Fig. 5a—
5¢, Fig. 6a—6¢). However, in MG132-treated cells, 6b could form obvious aggresome-like
structures (Fig. 5f, Fig. 6f), which were not observed in cells stained with 1 (Fig. 5d, Fig.
6d) or 6a (Fig. 5e, Fig. 6e). We further characterized the observed 6b-enriched aggresome-
like structure for the presence of HDACG6 and another component of aggresomes:
polyubiquitin. As shown by staining results, the 6b-enriched structure colocalized with
HDACS6 (Fig. 5l) and polyubiquitin (Fig. 6l), verifying that 6b could label and image
aggresomes by selectively targeting HDACS6. These results indicated the higher selectivity
but not the higher inhibition towards HDAC6 should be the main determinant of intracellular
imaging, probably because the higher HDACS selectivity generated lower fluorescent
background and higher contrast.

Conclusions and Discussion

Inspired by the previously reported fluorescent HDACs inhibitor 1, two new fluorescent
HDACSs inhibitors 6a and 6b have been discovered. General design strategy for fluorescent
probe uses a linker to connect a recognition moiety and an additional fluorophore, which
often generates a large probe with high molecular weight and poor physicochemical
property. In our case, 6a and 6b possess low molecular weights of less than 400 daltons
because their fluorophore is also a part of the recognition moiety. Most importantly and
different from 1 and 6a, 6b could label and image the proteasome inhibitor MG132-induced
aggresomes due to its high HDACS selectivity. Considering aggresomes are similar to
inclusion bodies, such as Lewy bodies, commonly found in many neurodegenerative
diseases [13,43,44], our study provides a proof-of-concept for discovering effective imaging
probes for diagnosis of Parkinson’s and other neurodegenerative diseases.

As a fluorescent probe, 6b could also be useful to visualize HDAC6 and other HDAC6
associated protein complex in various physiological and pathological contexts. In
comparison to immunofluorescent staining using antibodies, HDACS6 targeting fluorescent
probe 6b is more convenient, more economical and less time-consuming. 6b will also
facilitate dynamic imaging of HDACES in live cells because HDACG selective inhibitors show
extremely low cytotoxicity. It is worth noting that if one biological process imaged by

Eur J Med Chem. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 5

HDAC6 immunofluorescent staining can also be detected by 6b in live cells, it means this
biological process is not HDACS6 catalytic activity dependent; if one biological process can
only be imaged by HDAC6 immunofluorescent staining but not 6b, it indicates this
biological process is probably HDACG catalytic activity dependent. Therefore, simultaneous
HDACS6 imaging and HDACS inhibition by 6b in live cells will help to determine one
biological process is HDACS catalytic activity dependent or not, which will facilitate the
investigation of HDACS biological function and subsequent discovery of HDACS6 inhibitors
as therapeutic agents.

Experimental Section

Chemistry

All starting materials, reagents and solvents were commercially available. All reactions
except those in aqueous media were carried out by standard techniques for the exclusion of
moisture. All reactions were monitored by thin-layer chromatography on 0.25mm silica gel
plates (60GF-254) and visualized with UV light, ferric chloride or iodine vapor. NMR
spectrums were determined on Bruker DRX spectrometer, & in parts per million and Jin
Hertz. ESI-MS spectrums were determined on an API 4000 spectrometer. HRMS spectrums
were conducted by Shandong Analysis and Test Center. Silica gel was used for column
chromatography purification. All tested compounds are >95% pure by HPLC analysis.

N-hydroxy-6-(6-morpholino-1,3-dioxo-1H-benzo[ delisoquinolin-2(3 H)-yl)hexanamide (1)
was synthesized according to the previously reported methods [42].

General Procedure for the Preparation of Compounds 3a and 3b

Methyl 4-((6-bromo-1,3-dioxo-1H-benzo[delisoquinolin-2(3H)-
yl)methyl)benzoate (3a)—Starting materials 6-bromo-1H+,3H-benzo/de]
isochromene-1,3-dione (1.35 g, 4.87 mmol), 2a (982 mg, 4.87 mmol) and Et3N (493 mg,
4.87 mmol) were taken up into a microwave tube in EtOH (20 mL). The sealed tube was
heated at 100°C for 45 min under microwave. The resulting mixture was diluted with H,O
(100 mL) and extracted with EtOAc (3 x 20 mL). The combined organic layers were washed
with 0.1 M HCI (10 mL), saturated NaHCO3 (10 mL) and brine (10 mL), then dried over
NaySQOy, filtered and the solvent was evaporated to afford compound 3a (1.00 g, 2.36 mmol,
48% yield) as yellow solid, which was used directly in next step without any purification. H
NMR (400 MHz, DMSO-dj) 68.58-8.62 (m, 2H), 8.37 (d, /=8.0 Hz, 1H), 8.25 (d, /=8.0
Hz, 1H), 8.02 (t, J= 7.6 Hz, 1H), 7.89 (d, J= 8.0 Hz, 2H), 7.49 (d, /= 8.0 Hz, 2H), 5.31 (s,
2H), 3.82 (s, 3H). ESI-MS m/z 424.1 [M+H]*.

Methyl 4-(2-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)ethyl)benzoate (3b)—Yellow solid (yield: 82%). 1H NMR (400 MHz, DMSO-dj) 6
8.57-8.60 (m, 2H), 8.35 (d, /= 7.6 Hz, 1H), 8.24 (d, /= 8.0 Hz, 1H), 8.02 (t, /= 8.4 Hz,
1H), 7.89 (d, /= 8.4 Hz, 2H), 7.43 (d, /= 8.0 Hz, 2H), 4.27-4.31 (m, 2H), 3.84(s, 3H),
3.01-3.06 (m, 2H). ESI-MS m/z 438.2 [M+H]*.
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General Procedure for the Preparation of Compounds 4a and 4b

Methyl 4-((6-morpholino-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)methyl)benzoate (4a)—To a mixture of compound 3a (1.00 g, 2.36 mmol) and
morpholine (617 mg, 7.08 mmol) in toluene (10 mL) was added Xantphos (54.6 mg, 94.4
umol), Pd(dba), (54.3 mg, 94.4 pmol) and Cs,CO3 (2.31 g, 7.09 mmol) under N,. The
mixture was stirred at 65°C for 12 h. The solid was filtered. The solvent was evaporated and
the residue was purified by column (petroleum ether: EtOAc=20:1 to 3:1) to give compound
4a (500 mg, 1.16 mmol, 49% yield) as yellow solid. TH NMR (400 MHz, CDCl3) &8.55-
8.63 (m, 2H), 8.45 (d, /=8.4 Hz, 1H), 7.97 (d, /= 8.4 Hz, 2H), 7.70-7.74 (m, 1H), 7.57 (d,
J=8.8 Hz, 2H), 7.25 (d, J= 8.4 Hz, 1H), 5.47 (s, 2H), 4.02 (t, /= 4.4 Hz, 4H), 3.89 (s, 3H),
3.28 (t, J= 4.4 Hz, 4H). ESI-MS m/z. 431.2 [M+H]".

Methyl 4-(2-(6-morpholino-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
ylethyl)benzoate (4b)—Yellow solid (yield: 30%). 1H NMR (400 MHz, CDCl3) §8.53-
8.61 (m, 2H), 8.43-8.46 (m, 1H), 7.98 (d, J= 8.0 Hz, 2H), 7.72-7.75 (m, 1H), 7.43 (d, J=
8.4 Hz, 2H), 7.25 (d, J= 7.6 Hz, 1H), 4.39-4.44 (m, 2H), 4.04 (t, J= 4.4 Hz, 4H), 3.91 (s,
3H), 3.29 (t, J= 4.4 Hz, 4H), 3.07-3.11 (m, 2H). ESI-MS m/z. 445.2 [M+H]*.

General Procedure for the Preparation of Compounds 5a and 5b

4-((6-morpholino-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)methyl)benzoic
acid (5a)—To a solution of compound 4a (500 mg, 1.16 mmol) in H,O (5 mL) and THF (5
mL) was added LiOH.H,0O (486 mg, 11.6 mmol). The mixture was stirred at room
temperature for 12 h. The THF was evaporated. 2M HCI was added to the mixture until pH
= 3. The water phase was extracted with DCM (20 mL x 3). The combined organic phase
was washed with brine (20 mL), dried over Na,SO4 and evaporated to give compound 5a
(470 mg, 1.13 mmol, 97% vyield) as yellow solid, which was used directly in next step
without any purification. H NMR (400 MHz, CDCl5) 6 8.55-8.63 (m, 2H), 8.45 (d, /= 8.4
Hz, 1H), 8.02 (d, /= 8.4 Hz, 2H), 7.70-7.75 (m, 1H), 7.60 (d, /= 8.4 Hz, 2H), 7.25 (d, J=
8.4 Hz, 1H), 5.44 (s, 2H), 4.03 (t, J= 4.4 Hz, 4H), 3.28 (t, J= 4.4 Hz, 4H). ESI-MS m/z.
417.2 [M+H]*.

4-(2-(6-morpholino-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)ethyl)benzoic
acid (5b)—Yellow solid (yield: 93%). 1H NMR (400 MHz, CDCl3) §8.54-8.62 (m, 2H),
8.44-8.47 (m, 1H), 8.03 (d, /= 8.0 Hz, 2H), 7.71-7.76 (m, 1H), 7.46 (d, /= 8.4 Hz, 2H),
7.25(d, J=6.4 Hz, 1H), 4.41-4.45 (m, 2H), 4.03 (t, /= 4.4 Hz, 4H), 3.28-3.34 (m, 4H),
3.09-3.14 (m, 2H). ESI-MS m/z 431.2 [M+H]".

General Procedure for the Preparation of Compounds 6a and 6b
N-hydroxy-4-((6-morpholino-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)methyl)benza mide (6a)—To a solution of compound 5a (470 mg, 1.13 mmol) in
DCM (10 mL) was added (COCIl), (301 mg, 2.37 mmol) and DMF (100 uL). The mixture
was stirred at room temperature for 0.5 h. Then the mixture was poured into the solution of
NH,OH.HCI (314 mg, 4.52 mmol) and Et3N (686 mg, 6.78 mmol) in THF (5 mL) and H,O
(2.5 mL). The mixture was stirred at room temperature for 1 h. DCM and THF was
evaporated. The residue was taken up with H,O and extracted with DCM (20 mL x 3). The
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combined organic phase was washed with brine (20 mL) and dried over Na;SQOy4. The
solvent was evaporated to give 6a (100 mg, 232 pmol, 21% yield) as yellow solid. 1H NMR
(400 MHz, DMSO-dp) §11.19 (s, 1H), 9.01 (s, 1H), 8.50 (t, /= 8.0 Hz, 2H), 8.42 (d, /= 8.0
Hz, 1H), 7.82 (t, /= 8.0 Hz, 1H), 7.68 (d, J= 8.0 Hz, 2H), 7.35-7.40 (m, 3H), 5.27 (s, 2H),
3.92 (s, 4H), 3.23 (s, 4H). 13C NMR (100 MHz, DMSO-dj) 6 164.51, 164.10, 163.55,
156.20, 141.16, 133.00, 132.02, 131.46, 131.35, 129.73, 127.69, 127.49, 126.65, 125.76,
122.89, 116.04, 115.61, 66.65, 53.50, 43.06. HRMS (AP-ESI) m/z calcd for Cy4H»oN305
[M+H]* 432.1559, found 432.1567.

N-hydroxy-4-(2-(6-morpholino-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)ethyl)benza mide (6b)—Yellow solid (yield: 24%). IH NMR (400 MHz, DMSO-dp) &
11.18 (s, 1H), 9.01 (s, 1H), 8.47 (t, /= 8.0 Hz, 2H), 8.39 (d, /= 8.0 Hz, 1H), 7.81 (t, /= 8.0
Hz, 1H), 7.69 (d, /= 8.0 Hz, 2H), 7.33-7.35 (m, 3H), 4.25 (t, J= 8.0 Hz, 2H), 3.91 (s, 4H),
3.22 (s, 4H), 2.96 (t, J= 8.0 Hz, 2H). 13C NMR (100 MHz, DMSO-dp) §164.65, 163.89,
163.36, 155.97, 142.65, 132.71, 131.29, 131.18, 131.10, 129.57, 129.12, 127.52, 126.60,
125.73, 122.96, 116.20, 115.58, 66.66, 53.49, 41.10, 33.85. HRMS (AP-ESI) m/z calcd for
Cy5H24N305 [M+H]* 446.1716, found 446.1736.

HDAC1 and HDACG6 were purchased from Abcam (AB101661 and AB42632), HDAC?2 and
HDAC3 were purchased from SignalChem (H84-30G and H85-30G). HDACs substrate Boc-
Lys(acetyl)-AMC was purchased from Bachem. Pan-HDACs inhibitor SAHA, HDAC6
selective inhibitor tubastatin A and proteasome inhibitor carbobenzoxy-Leu-Leu-leucinal
(MG132) were purchased from Selleckchem. The following antibodies were used for
western blot: acetylated a.-tubulin antibody (Sigma: T6793, 1:1000), B-actin antibody
(Sigma: A1978, 1:5000), acetylated histone H4 antibody (Abcam: ab15823, 1:1000), anti-
mouse IgG HRP conjugate (Promega: W402B, 1:10000) and anti-rabbit IgG HRP conjugate
(Promega: W401B, 1:10000). The following antibodies were used for immunofluorescent
staining: HDACS antibody (Santa Cruz: sc-11420, 1:200), ubiquitin antibody (Millipore:
05-1307, 1:500) and Alexa Fluor® 647 goat anti-rabbit IgG (Invitrogen: A21245, 1:200).

HDACSs inhibition assays

Cell culture

In vitro HDAC:s inhibition assays were conducted as previously [45]. In brief, the
compounds were diluted in 10% DMSO, and 5 pL of the dilution was added to a 50 pL
reaction mixture containing HDAC isoform and substrate. The deacetylation reactions were
conducted at 37 °C for 30 min, then stopped by addition of 100 pL of developer containing
trypsin and Trichostatin A (TSA). 20 min later, fluorescence was then analyzed with
excitation at 350-360 nm and emission at 450-460 nm using a SpectraMax M5 microplate
reader. The ICgq values were calculated based on the amounts of fluorescent product.

The human lung carcinoma cell line A549 (ATCC) was cultured in DMEM (Gibco)
supplemented with 10% fetal bovine serum, penicillin-streptomycin 100U/mL, and
maintained in a humidified incubator at 37 °C with 5% CO,.
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Western blotting analysis

After treatment, cells were washed twice with cold PBS and then lysed in ice-cold RIPA
buffer (10 mM Tris pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium
deoxycholate, 0.1% SDS, 140 mM NaCl, 1 mM Na3zVOy4, 1 mM NaF, and a protease
inhibitor cocktail). Lysates were cleared by centrifugation (10,000 r.p.m. for 20 min).

Protein concentrations were determined using the BCA assay (Pierce). Equal amounts of cell
extracts were then resolved by SDS-PAGE, transferred to nitrocellulose membranes and
probed with antibodies. Blots were detected using an ECL system (Thermo).

Fluorescent and immunofluorescent staining

For single staining using compound 6b, A549 cells were treated with 5 UM MG132 for 24 h,
fixed with 4% formaldehyde in PBS for 20 min, and then incubated with 2 uM 6b in PBS
for 2 h. For double staining using fluorescent compounds and antibodies, A549 cells were
treated with MG132 for 24 h, fixed with 4% formaldehyde in PBS for 20 min and then
permeabilized with 0.1% Tritonx-100 in PBS for 5 min at room temperature. Cells were
blocked with 5% bovine serum albumin in PBS and incubated with primary antibodies
overnight at 4 °C, followed by Alexa Fluor® 647 goat anti-rabbit 1gG for 30 min and
fluorescent compounds for 2 h. Using a Leica SP5 inverted confocal microscope, staining
images of compounds 1, 6a and 6b were obtained with excitation at 405 nm and emission at
500-600 nm, while staining images of HDAC6 and ubiquitin were obtained with excitation
at 633 nm and emission at 650-750 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Two novel fluorescent HDAC inhibitors 6a and 6b were designed and synthesized.

6b is a HDACS selective inhibitor which can induce hyperacetylation of tubulin but not
histone H4.

6b can selectively target and image HDAC6 within the inclusion body.

6b might also be useful to visualize other HDACG6 associated protein complex in various
physiological and pathological contexts.
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Figure 1. Chemical structures of representative HDAC6 selective inhibitors
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Tubastatin A 7

Figure 2. Compound design strategy

The 1,8-naphthalimide-based fluorophore is indicated in green, the para-N-

hydroxybenzamide fragment is indicated in blue.
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Figure 3. Western blot results
A549 cells were treated with 500 nM compounds or DMSO for 3h. The levels of a-tubulin

acetylation and histone H4 acetylation were determined by immunoblotting. f-Actin was
used as a loading control. TBSA represents tubastatin A.
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MG132 treatment

DMSO treatment

Figure 4. Cellular imaging of A549 cells stained with 6b (green)
A549 cells were treated with DMSO or 5 pM MG132 for 24 h, then incubated with 2 pM 6b

for 2 h.
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Figure 5. Cellular imaging of A549 cells double stained with fluorescent compounds (green) and
HDACSG6 antibody (red)

Ab549 cells were treated with DMSO or 5 pM MG132 for 24 h, then sequentially incubated
with HDACG6 antibody overnight and 2 pM fluorescent compounds for 2 h.

e
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Figure 6. Cellular imaging of A549 cells double stained with fluorescent compounds (green) and
polyubiquitin antibody (red)
A549 cells were treated with DMSO or 5 pM MG132 for 24 h, then sequentially incubated

with polyubiquitin antibody overnight and 2 uM fluorescent compounds for 2 h.

Ub-protein
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Scheme 1.
Reagents and conditions: a) EtsN, EtOH, microwave, 100°C, 48-82%; b) morpholine,

xantphos, Pd(dba),, Cs,COs, toluene, 65°C, 30-49%; c) LiOH, H,O/THF, 93-97%; d)
(COCl),, DMF, DCM, then NH,0OH.HCI, EtgN, HoO/THF, 21-24%.
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Table 1
HDACS inhibitory activity and isoform selectivity

1Cso (NM)

Cpd class | class I1b

HDAC1 HDAC2 HDAC3 HDAC6

6a 36.2+1.3  98.8+18.9 11.1+0.3 2.7+0.6

6b >20000 >100000 >30000 139.0+1.4

1 5.25+0.65 25.6+0.45 2.65+0.15 0.65+0.15
SAHA  69.0+7.0 91.6%x124  29.74#2.1  24.2+17

a . .
Assays were performed in replicate (n = 3); IC5( values are shown as mean + SD.
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