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Abstract

In the current study, seven compounds (i.e. 1-7) were found to be novel activators for
the N°®-acetyl-lysine deacetylation reaction catalyzed by human histone deacetylase 8
(HDACS). When assessed with the commercially available HDACS peptide substrate
Fluor-de-Lys®-HDACS that harbors the unnatural 7-amino-4-methylcoumarin (AMC) residue
immediately C-terminal to the N®-acetyl-lysine residue to be deacetylated, our compounds
exhibited comparable activation potency to that of TM-2-51, the strongest HDACS activator
reported in the current literature. However, when assessed with an AMC-less peptide
substrate derived from the native HDACS non-histone substrate protein Zinc finger protein
ZNF318, while our compounds were all found to be able to activate HDACS deacetylation
reaction, TM-2-51 was found not to be able to. Our compounds also seemed to be largely
selective for HDACS over other classical HDACs. Moreover, treatment with the strongest
activator among our compounds (i.e. 7) was found to decrease the Ky of the above AMC-less
HDACS substrate, while nearly maintaining the k.,; of the HDAC8-catalyzed deacetylation on

this substrate.
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HDACS belongs to the class I family of histone deacetylases (HDACs), one of the three
classical families of HDACS (i.e. classes I, II, and IV) that are Zn2+—containing
metalloenzymes.1 The class III HDACs constitute the sirtuin family of enzymes that use
coenzyme B-nicotinamide adenine dinucleotide (B-NAD") as the co-substrate.> Since the
discovery of HDACS in 2000, more and more research has furthered our understanding of
this class I HDAC.""!! Specifically, (i) while HDACS has a widespread expression in human
tissues/organs, higher levels of expression were observed in brain, pancreas, kidney, and
prostate via Northern blot analysis; moreover, HDACS expression is significantly enhanced in
many cancer cells (e.g. SW480, A549, and G361 cells) as compared to normal cells. (ii)
HDACS has been identified as a new marker for smooth muscle cell differentiation. (iii) while
other class | HDACs (i.e. HDAC1/2/3) each requires its complex formation with other protein
partners to be catalytically active, HDACS8 seems to be catalytically active by its own, as
suggested by the in vitro experiment; and because of this property, HDACS has been
extensively employed as'a model HDAC in structure/function studies. It should be noted that
HDACS was also‘found in complexes with other proteins (e.g. inv(16) fusion protein, cAMP
response element-binding protein (CREB), human ever-shorter telomeres 1B (hEST1B), and
Ol-actin) to participate in regulating distinct cellular functions, however, it is currently
unknown whether the catalytic activity of HDACS8 was also regulated by such complex
formation. (iv) while Zn** was originally discovered to be the catalytically essential cofactor
for HDACS, later studies suggested that Fe** may also be chosen by HDACS in vivo as the

catalytic cofactor; (v) it is now known that HDACS takes both histone (in vitro) and



non-histone proteins (in vitro and in vivo) as its substrates; (vi) it is now also known that,
besides catalyzing N°®-acetyl-lysine deacetylation, HDACS is able to more proficiently
(several-fold higher kc./Ky ratios) catalyze N°-fatty acyl-lysine defatty acylation in vitro. (vii)
Despite the lack of complex formation with Notch1 protein, HDACS8 was recently shownto
be able to indirectly increase the stability of Notchl protein, so as to promote the Notchl
signaling in breast cancer cells. Figure 1A depicts the deacylation catalyzed by HDACS.

The identification of in vivo non-histone HDACS substrates implied that HDAC8
regulates cellular processes beyond epigenetic mechanisms. And HDACS deacylation activity
modulation may offer a viable avenue to developing therapeutics for human diseases such as
cancer. In line with this, HDACS inhibitors have been pursued and quite a few fairly potent
and selective HDACS inhibitors have been discovered.'"'? These compounds would also be
valuable in assessing further the biology and pharmacology of HDACS. On the other hand,
HDACS activators could constitute another class of compounds also able to potentially offer
therapeutic benefits to human diseases and to be employed for a further deciphering of the
biology and pharmacology of HDACS.'® Indeed, HDACS activation could be therapeutically
beneficial to neuroblastoma and Cornelia de Lange syndrome spectrum disorders.'*"?
However, only one series of HDACS activators have been documented in current
literature. ' Specifically, a series of N,N’-disubstituted thioureas were recently found to be
HDACS activators, with the strongest being TM-2-51 whose chemical structure is shown in

Figure 1B. However, the HDACS activation effect of the N,N’-disubstituted thiourea

compounds (including TM-2-51) was only examined with the HDACS-catalyzed



deacetylation on Fluor-de-Lys®, a commercially available (from Enzo Life Sciences, Inc.)
HDAC peptide substrate that harbors the unnatural 7-amino-4-methylcoumarin (AMC)
residue immediately C-terminal to the N°®-acetyl-lysine residue to be deacetylated, not on
AMC-less substrates."*

Here we would like to report our discovery of novel activators for the deacetylase
activity of human HDACS, i.e. compounds 1-7 shown in Figure 1B. These compounds were
found to be able to activate HDACS8 whether an AMC-containing (or AMC) peptide substrate

or an AMC-less peptide substrate was used.
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Figure 1. (A) The N*-acyl-lysine deacylation catalyzed by HDACS. M?* refers to a divalent

cation (e.g. Zn™") that serves as the catalytically essential cofactor for the HDACS deacylation
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reaction. (B) The chemical structures of compounds 1-7 prepared and assessed in the current
study. Also shown are the chemical structures of TM-2-51 (the strongest HDACS activator
from current literature), a linkerless HDACS8-selective inhibitor (structurally similar to
compounds 1-6), and a HDACS8-selective substrate (structurally similar to compound 7).
Note: these latter two compounds are the ones from which the designs of compounds 1-6 and

7 were respectively inspired.

The design of compounds 1-6 was initially inspired by the previously reported
linkerless HDACS inhibitor shown in Figure 1B.'® Specifically, it was our initial intent to
potentially develop a mechanism-based HDACS inhibitor by converting the hydroxamic acid
functionality of the depicted linkerless inhibitor to an acetanilide and in the meantime
installing a trifluoromethyl group ortho to the acetanilide functionality in the resulting analog
1. However, when compound 1 was prepared (according to Scheme 1) and subjected to an in
vitro HDACS assay with Fluor-de-Lys®-HDACS, a commercially available (from Enzo Life
Sciences, Inc.) AMC HDACS peptide substrate, we found that this compound did not inhibit
rather reproducibly promoted the deacetylation reaction catalyzed by human HDACS with
~1.2-fold of activation at 50 uM (Table 1). Of note, even though Fluor—de—Lys®—HDAC8 and
the afore-mentioned Fluor—de—Lys® both harbor an AMC residue immediately C-terminal to
the N*-acetyl-lysine residue to be deacetylated, the former is known to be a superior HDACS8
substrate to the latter, according to the work by Enzo Life Sciences, Inc. It should also be
noted that, when assessed with compound 1 side-by-side, TM-2-51 was found to exhibit
~2.2-fold of HDACS activation (Table 1). Prompted by these findings, we subsequently
prepared five analogs of compound 1 also according to Scheme 1, i.e. compounds 2-6

depicted in Figure 1B, to see if the observed HDACS activation by compound 1 was sort of a
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Scheme 1. The synthesis of compounds 1-6.

Table 1. The effect of TM-2-51 and compounds 1-7 on the
deacetylation reaction catalyzed by HDACS8.*>*

Compound ~ AMC substrate’ ~ AMC-less substrate®

TM-2-51 22+0.7" 0.5 +0.01
1 12+0.1 15+03
2 14+05 12+0.1
3 1.7+04 13+04
4 1.7+0.7 27+1.1
5 1.7+0.1 14+0.1
6 1.1+05 14+04
7 28+15 56+04

* See “Supplementary Material” for the HDACS8 deacetylation assay details.

® The concentration of TM-2-51 and compounds 1-7 used was all 50 uM. Since a decent fold
of HDACS activation was reproducibly obtainable at 50 uM of TM-2-51 with the AMC
substrate, this concentration was used in the current study for all the assays with TM-2-51 and
with compounds 1-7 as well, so that a direct comparison among the assay data from the
TM-2-51 treatment and those from the compounds 1-7 treatment can be made.

¢ Each number is the ratio of the HDACS8 deacetylation reaction velocity with compound
treatment over that without compound treatment.

4 The AMC substrate used was Fluor—de—Lys®—HDAC8 from Enzo Life Sciences, Inc.

¢ The AMC-less substrate used was CH3CONH—FG—(Ne—acetyl—lysine)—FSW—CONHQ.8

"The fold of activation determined in the current study.



non-specific effect. As shown in Table 1, all these five analogs were also found to be able to
activate HDACS deacetylation activity in vitro on Fluor—de—Lys®—HDAC8. More importantly,
differential folds of activation were observed with different compounds, with 3, 4, and 5
exhibiting the highest degrees of HDACS activation. This further finding tends to rule out the
possibility that the observed HDACS activation by compounds 1-6 was sort of a non-specific
effect.

Given that the above-described HDACS activation by compounds 1-6 was observed
when the AMC peptide substrate Fluor—de—Lys®—HDAC8 was used, we subsequently would
like to see if these compounds would also be able to activate the HDACS dacetylation
reaction on an AMC-less peptide substrate. For this, we picked
CH;CONH-FG-(N*-acetyl-lysine)-FSW-CONH, since this peptide derived from the zinc
finger protein ZNF318, a native HDACS non-histone substrate, represents the up-to-date most
proficient peptide substrate for the HDACS8 deacetylation reaction with a measured kc./ Km of
4,826 M'S™ ¥ When compounds 1-6 were assayed side-by-side with TM-2-51 on an in vitro
HDACS assay with this substrate, TM-2-51 was found to be unable to activate the HDACS
deacetylation, however, our compounds 1-6 were all able to activate with various folds of
activation, with compound 4 being the strongest HDACS8 activator (Table 1).

While the mechanism of HDACS activation by compounds 1-6 are to be investigated, in
the current study, we also found that compound 7 depicted in Figure 1B was also able to
activate HDACS deacetylation activity on both the AMC Fluor-de-Lys®-HDACS and the

AMC-less CH;CONH-FG-(N*®-acetyl-lysine)-FSW-CONH, (Table 1). In fact, compound 7



turned out to be a stronger HDACS activator than any of compounds 1-6 on either substrate.
Of note, the design of compound 7 was initially inspired by the previously reported
HDACS-selective substrate shown in Figure 1B." Specifically, it was also our initial intent to
potentially develop a mechanism-based HDACS inhibitor by converting the side chain
trifluoroacetyl at the central position of the depicted substrate molecule to bromoacetyl,
hoping that the electrophilic bromoacetyl will be captured by an amino acid side chain
nucleophile after compound 7 binding to HDACS8 and/or being debromoacetylated by
HDACS, thus covalently labeling HDACS. However, when compound 7 was prepared
(according to Scheme 2 via a three-step synthesis) and subjected to an in vitrro HDACS assay
with the AMC substrate Fluor-de-Lys®-HDACS, we found that this compound did not inhibit
rather reproducibly promoted the deacetylation reaction catalyzed by HDACS. Compound 7
was subsequently found to also activate the HDACS deacetylation on the AMC-less substrate

CH;CONH-FG-(N°®-acetyl-lysine)-FSW-CONHo.
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Scheme 2. The synthesis of compound 7.
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Next, we would like to see if compounds 1-7 were also able to activate the classical

human HDACSs other than HDACS; for this, we employed the HelLa nuclear extract as a



source of these HDACSs. Of note, HeLLa nuclear extract is a rich source of human nuclear
HDAC:S and is thus expected to have a rich presence of HDACI and HDAC?2 that are
exclusively nuclear.” When compounds 1-7 were assayed side-by-side with TM-2-51 with the
afore-mentioned AMC Fluor—de—Lys®—HDAC8, a known substrate also for the HDACs
present in HeLa nuclear extract (according to the work by Enzo Life Sciences, Inc.), except
for a slight HDAC activation by compound 7, no HDAC activation was observed for
TM-2-51 and compounds 1-6 (Table 2). Of note, our observed lack of HDAC activation by

TM-2-51 is consistent with the literature finding. 4

Table 2. The effect of TM-2-51 and compounds 1-7 on the deacetylation
reaction catalyzed by the HDACs in HeLa nuclear extract.”"

Compound AMC substrate* AMC-less substrate®
TM-2-51 0.69 +£0.03 0.58 £0.08
1 0.98 £0.16 1.45 +£0.08
2 0.87 £0.01 122 +0.24
3 0.89+ 0.04 0.81 £0.27
4 0.96 £0.13 0.54 £0.09
5 093 £0.1 0.83 +£0.37
6 0.93 £0.03 0.64 +0.42
7 1.09 +0.07 1.22 +0.1

* See ““Supplementary Material” for the HDAC deacetylation assay details.

®The ¢oncentration of TM-2-51 and compounds 1-7 used was all 50 uM.

See the footnote b of Table 1 for reasons behind the use of this concentration.

“Each number is the ratio of the HDAC deacetylation reaction velocity

with compound treatment over that without compound treatment.

4 The AMC substrate used was Fluor—de—Lys®—HDAC8 from Enzo Life Sciences, Inc.
© The AMC-less substrate used was
CH;CONH-RH-(N®-acetyl-lysine)-(N*-acetyl-lysine)-CONH,. '
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Compounds 1-7 and TM-2-51 were also assayed with HeLa nuclear extract on
CH;CONH-RH-(N®-acetyl-lysine)-(N°®-acetyl-lysine)-CONH,, an AMC-less substrate for the
HDAC:s present in HeLa nuclear extract previously discovered in our laboratory.18 With this
substrate, no HDAC activation was observed for TM-2-51 and compounds 3-6, however;
compounds 1, 2, and 7 did exhibit certain degrees of HDAC activation (Table 2). When
compared with the above-described capability of compounds 1-7 to activate HDACS on the
AMC-less substrate, the here observed differential HDAC activating efficacies of compounds
3-6 and 1/2/7 presumably results from their differential modes of binding to HDAC, with the
binding of 1/2/7 able to promote the HDAC deacetylation catalysis (analogous to their
promoting the HDACS8 deacetylation catalysis), whereas the binding of 3-6 is unable to (in
contrast to their promoting the HDACS deacetylation catalysis).

It should be noted that, while the HDAC activation by compounds 1 and 2 on the
AMC-less substrate (Table 2) was comparable in strength to their respective HDACS
activation on both AMC and AMC-less substrates (Table 1), the HDAC activation by
compound 7 on both AMC and AMC-less substrates (Table 2) was much weaker in strength
than its HDACS activation on both AMC and AMC-less substrates (Table 1). Therefore, we
still consider compound 7, the strongest HDACS activator among compounds 1-7 and
TM-2-51, as a selective activator for HDACS versus other classical HDAC:s. It should also be
noted that, the second strongest HDACS activator among compounds 1-7, i.e. compound 4,

seemed to have an absolute activation selectivity for HDACS versus other classical HDAC:s.

11



Next, we also performed a kinetic characterization of the HDACS activation by the
strongest activator 7. As shown in Table 3, treatment with compound 7 at 50 pM was found
to decrease the Ky of AMC and AMC-less HDACS substrates respectively by ~3.5- and
~3.6-fold. However, while there was only a slight k., decrease (< 40%) for the HDACS
deacetylation on the AMC-less substrate, there was a ~13-fold k., decrease for the HDACS
deacetylation on the AMC substrate. Therefore, the catalytic efficiency (kc./Kn) was
enhanced by ~2.6-fold when the AMC-less substrate was used, and was decreased by
~3.7-fold when the AMC substrate was used. One putative explanation for these findings is
that, while the binding of compound 7 to HDACS can enhance the binding affinity of both
AMC and AMC-less substrates, however, when the AMC substrate was used, the catalytically
essential/important functionality/functionalities might have been shifted to new position(s)
sub-optimal to catalysis, whereas when the AMC-less substrate was used, there was no such a
deleterious impact on catalysis following the binding of 7 to HDACS. As for the observed
HDACS activation by compound 7 on the AMC substrate, we are currently unable to offer an
explanation.

To summarize, in the current study, compounds 1-7 were found to be novel activators of
the human HDAC8-catalyzed deacetylation reaction. When assessed with the AMC HDAC8
substrate, these compounds exhibited comparable activation potency to that of TM-2-51, the
strongest HDACS activator reported in the current literature. However, when assessed with an
AMC-less HDACS substrate, while these compounds were all found to be able to activate

HDACS deacetylation reaction, TM-2-51 was found not to be able to. Our compounds also
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Table 3. The steady-state kinetic parameter determination for the HDACS deacetylation reaction in the
presence or absence of compound 7."

AMC substrate® AMC-less substrate®
Treatment
kea(min) Ky (UM) kK M'S™) ke (min) Ky (M) kea/Kn MT'ST)
No 7 106 +1.6 2990 + 72 591 124+22 745+21.1 27744
With7°  8.1+1.1 8528+274 158 9+49 209 +5.5 7177

* See “Supplementary Material” for the HDACS deacetylation assay details.
® The AMC substrate used was Fluor—de—Lys®—HDAC8 from Enzo Life Sciences, Inc.

° The AMC-Iless substrate used was CH3CONH—FG—(Ne—acetyl—lysine)—FSW—CONHQ.8
4 Close to the literature value of 4826 M'S™3
¢ The concentration of compound 7 used was 50 uM.

seemed to be largely selective for HDACS over other classical HDACs. Moreover, treatment with the strongest HDACS activator 7 was found to
decrease the Ky of both AMC and AMC-less HDACS substrates, while nearly maintaining the k..; of the HDACS deacetylation on the AMC-less
substrate. Future work includes: (i) a chemical mechanistic study on the HDACS activation by these compounds, especially the strongest
activator 7 and the second strongest activator 4, on both AMC and AMC-less HDACS substrates. A structural study on the complex of HDACS

and these novel activators would be one rewarding approach toward an understanding of the chemical mechanism of these activating compounds.
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(ii) a study on the possible activation effect of our compounds toward the defatty acylation
activity of HDACS. The findings from these future studies will be helpful in developing
superior HDACS activators that can be subjected to further cell model- and animal

model-based studies.
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Graphical Abstract

Acetanilide and bromoacetyl-lysine derivatives as activators for human histone

deacetylase 8

Yusif M. Mukhtar®, Yajun Huang®, Jiajia Liu, Di Chen, Weiping Zheng*

Seven compounds were found to be novel activators for the
N¥-acetyl-lysine deacetylation reaction catalyzed by human
histone deacetylase 8, with 4 and 7 being the two strongest.
Besides being HDACS8-selective activators versus other classical
HDAC:S, 4 and 7 were also found to be strong HDACS activators
on a 7-amino-4-methylcoumarin (AMC)-less substrate, which is in
contrast to TM-2-51, the strongest HDACS8 activator reported in

the current literature.
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