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Inspired by the Natural Product Psammaplin A
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Matthew J. Fuchter*?!

Novel picolinamide-based histone deacetylase (HDAC) inhibi-
tors were developed, drawing inspiration from the natural
product psammaplin A. We found that the HDAC potency and
isoform selectivity provided by the oxime unit of psammapli-
n A could be reproduced by using carefully chosen heterocy-
clic frameworks. The resulting (hetero)aromatic amide based
compounds displayed very high potency and isoform selectivi-

Introduction

The epigenetic control of chromatin organization by the cova-
lent modification of DNA and histone proteins plays a major
role in the regulation of gene expression, and consequently
cell differentiation, proliferation, and survival. In recent years, it
has become increasingly apparent that misregulation of epige-
netic pathways participates in oncogenesis, and small-molecule
inhibitors of these pathways have emerged as highly attractive
targets for anticancer therapies." Selective inhibitors of epige-
netic pathways should be useful not only as anticancer drugs,
but also as molecular probes to study the causative relation-
ships between specific epigenetic modifications, their biologi-
cal outcomes, and how their alterations are involved in cancer.

The dynamic phenomenon of histone acetylation/deacetyla-
tion is one of the most commonly studied epigenetic events
occurring on N-terminal histone tails. Acetylation/deacetylation
of specific lysine residues within the histone tails is mediated
by histone acetyltransferases (HATs) and histone deacetylases
(HDACs), respectively." Deacetylation by HDACs causes tran-
scriptional repression through chromatin condensation and
chromatin signaling. To date, 18 human genes encoding
proven or putative HDACs have been identified. HDACs fall
into two categories: the zinc-dependent enzymes (classes |, I,
and IV) and the NAD*-dependent enzymes (class lI, also called
sirtuins)." Class | HDACs (HDAC1, 2, 3, 8) are mostly present in
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ty among the HDAC family, in addition to excellent ligand effi-
ciency relative to previously reported HDAC inhibitors. In par-
ticular, the high HDAC1 isoform selectivity provided by the
chloropyridine motif represents a valuable design criterion for
the development of new lead compounds and chemical
probes that target HDAC1.

the nucleus, whereas class Il HDACs are tissue specific and
shuttle between the cytoplasm and nucleus.*® Class Il HDACs
can be further subdivided into class lla (HDAC4, 5, 7, 9) and
class llb (HDAC6, 10). HDAC11 constitutes its own class V. De-
spite their name, several HDACs are able to deacetylate non-
histone substrates.*® Sirtuins are structurally and mechanisti-
cally distinct enzymes.
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Figure 1. FDA-approved HDAC inhibitors for the treatment of CTCL.

The intensive search for HDAC inhibitors has culminated in
the development and FDA approval of suberoylanilide hy-
droxamic acid [SAHA, 1, tradename Zolinza (Merck)] and romi-
depsin [2, tradename Istodax (Celgene)] for the treatment of
cutaneous T-cell lymphoma (CTCL; Figure 1).5¥ Despite their
proven success in the treatment of non-solid tumors, SAHA
and romidepsin suffer from a number of drawbacks. In particu-
lar, SAHA has been shown to exhibit low specificity among
zinc-dependent HDACs, whereas romidepsin only displays sub-
class specificity. This inherent lack of specificity is thought to
be responsible for a number of adverse side effects® and clear-
ly illustrates the need for novel, selective, and metabolically
stable HDAC inhibitors for anticancer therapies.
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We are actively involved in the development of novel small-
molecule inhibitors of epigenetic targets,”'® with the ultimate
goal to deliver potential drug candidates for anticancer thera-
py. Among the myriad of reported HDAC inhibitors, the natural
product psammaplin A (3, Figure 2),"¥ has emerged as a useful
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Figure 2. The natural product psammaplin A.

source of inspiration for the development of new lead com-
pounds with novel structures in the field of HDAC inhibi-
tors.">'® Psammaplin A is a symmetrical, dimeric natural prod-
uct, and was reported in several publications in 1987, repre-
senting the first example of a disulfide- and oxime-containing
metabolite isolated from a marine sponge. The presence of the
unusual a-hydroxyimino amide motif, in addition to the bro-
mophenol functionality, confers psammaplin A a fascinating
structure. While it has been implicated as an inhibitor of nu-
merous targets such as topoisomerase I1,"”? DNA gyrase,"® leu-
cine aminopeptidase,"® farnesyl protein transferase," chitina-
se B, mycothiol-S-conjugate amidase,*" aminopeptidase N,*?
and DNA polymerase a-primase,’”® Crews and co-workers dem-
onstrated psammaplin A to be an extremely potent HDAC in-
hibitor."*"’

Following this study, we"" and others"" recently established
a structure-activity relationship (SAR) for this natural product
against a panel of HDACs. Indeed, dissection of its activity al-
lowed us to identify the structural features responsible for its
extraordinary potency and isoform selectivity (Figure 3). We
unambiguously demonstrated that, similarly to romidepsin,
psammaplin A is a natural prodrug, displaying its strong HDAC
inhibitory effect after reduction of its disulfide unit, with the
thiol acting as a highly efficient zinc binding group. Additional-
ly, we demonstrated that the oxime unit of psammaplin A and
related analogues is responsible for the significant HDACT se-
lectivity in vitro. Although we previously proposed a possible
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- interaction: inside the 11A channel
- binding mode: unknown
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Figure 3. Structure-activity relationship of the natural product psammapli-
n A against HDACs, adapted from Baud et al.l"".
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binding mode for psammaplin A to HDAC1,"" we have yet to
obtain unambiguous experimental evidence for this pose and
therefore felt further SAR would be valuable. In terms of the
oxime functionality in particular, it is still unclear whether it in-
teracts with HDAC1 via its nitrogen, oxygen, and/or hydrogen
atom. Moreover, although the oxime of psammaplin A and re-
lated analogues we reported were exclusively observed with
the E configuration (NMR), we cannot exclude the possibility of
partial in situ E-to-Z isomerization.'*!

In the present study, we used the knowledge gained from
our initial SAR around psammaplin A in the rational design of
novel and selective HDAC inhibitors, with improved drug-like
properties. Indeed, although the psammaplin A analogues we
reported are the most potent non-peptidic HDACT inhibitors
to date in vitro, the presence of metabolically unstable func-
tional groups such as an oxime® and a thiol®' may explain
their moderate potency in cell-based assays. Here, our atten-
tion was turned exclusively toward the search for drug-like
structural motifs as a replacement for the oxime.

We considered the use of functionalized aromatics and het-
eroaromatics to be an excellent choice for replacing the oxime
of psammaplin A and analogues. For example, the oxime sp?
nitrogen atom could be mimicked by another strong o-donor
atom, such as the nitrogen atom of a pyridine unit. The H-
bond donor character of a hydrazone is potentially reproduced
with heterocycles such as pyrrole or pyrazole (Figure 4).
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Figure 4. (Hetero)aromatics as oxime mimics for HDAC inhibition.

Results and Discussion

The synthesis of a variety of library members was straightfor-
ward and achieved through amide bond formation between
an aromatic or heteroaromatic carboxylic acid derivative and
cystamine 4. A summary of structures, conditions, and yields
are listed in Table 1. Detailed procedures and analytical data
can be found in the Supporting Information. Carboxylic acids 5
and benzoyl chloride were all obtained from commercial sour-
ces. Ethyl 1H-pyrrole-3-carboxylate 5™ and methyl pyrimi-
dine-2-carboxylate 5j%”' were prepared according to published
procedures. lIsolated product vyields were generally good,
except for compounds 6b, 6e, 6f, 6j, and 6l. The low yields
obtained for 6b, 6 f, and 61 were mostly attributed to poor sol-
ubility of both the starting materials and products. The AlMe;-
mediated amide bond formation between esters and cysta-
mine was capricious, and afforded 6e and 6j in low yields. The
dimers were subsequently reduced with tris(2-carboxyethyl)-
phosphine (TCEP), and the corresponding thiols were assayed
against class | HDACT and class Ilb HDAC6 as described previ-
ously."" The results are presented in Table 1.
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- . - - ) - the strong o-donor pyridine 7d
Table 1. Synthesis of compounds 6a-m and inhibitory potencies of the corresponding thiols 7a-m against in did lead ianif
HDACT and HDACS. again did not lead to any signif-
icant improvement. Replacing
the H-bond acceptor by an H-
Y bond donor did not have any
Sa-m significant influence. Indeed,
X =OH, Oa'ky' €l conditions o TCEP H pyrrole 7e (7.2 um) and indole
<H2N\/\> I ~ st st Y >~ sH 7f (2.1 um) still displayed po-
. S 2 6a-m 7a-m tencies similar to that of the ref-
erence compound 7a (3.7 pum).
1Cso [um]
Compd Ar Conditions™ Yield 6 [%] rHDAC1 rHDAC6 Mimic In contrast, compounds bear-
ing a H-bond acceptor, typically
5a ©\; a 95 3.7 ~10 reference a nitrogen, in a 1,2 relationship
with the amide were found to
o
5b @ b, c 20 1.8 ~10 be mqre potent than thc? corre'—
4 sponding analogues lacking this
S _O. . . . e
T RN nitrogen in each case. This is
N\ | . .
5¢ O\;‘ b ¢ 78 6.0 >10 )\}; clear in comparing the poten-
N cies of furan 7b (11.8 um)
5d - / b, c 64 5.2 >10 versus isoxazole 7g (0.51 um),
N pyrrole 7e (7.2 um) versus pyra-
5e @f d 57 72 10 " zole 7h (0.48 pum), unsubstitut-
R/N\IN ed phenyl 7a (3.8 um) versus o-
HN - .
[ /k:; pyridine 7i (0.15 pum), and sub-
5f 4 b 2 21 >10 stituted phenyl 7k (2.0 um)
o-n RO versus o-pyridine 7m (0.24 um).
! icul —ovridi 7i
5q /Q\)\; b, 62 051 <10 )\f In particular, o-pyridine 7i
9y (0.15 um) was the best HDAC1
HN‘{\I Ny inhibitor and was 25-fold more
Sh v\f b, ¢ 81 048 >10 /”\;" potent than reference com-
x pound 7a (3.8 um). Moreover,
N . .
5i P y b, c 80 015 <10 o six-membered ring  systems
R /'NK were found to provide slight in-
°N 4 creases in potency relative to
5j @\ d 31 0.22 >10 . n-p . y v
N five-membered rings. For exam-
©i0H ple, both ortho-pyridine 7i
5k S/ b, c 59 20 >10 on (0.15 um) and o,0-pyrimidine 7j
OH )N|\ (0.22 pm) were slightly more
7/ potent than isoxazole 7g
51 -/ b, c 16 0.61 >10
oy (0.51 um) and pyrazole 7h
2O (0.48 um).
)\f The o-hydroxy substituent of
NOH 7k, designed to imitate an iso-
5m L. b, c 53 0.24 >10 and . , .
N NOH merized Z-configured oxime,
)‘\;"’ was not found to be significant-
ly more potent than reference
[a] Conditions: a) PhC(O)Cl, cystamine 4, Et;N, CH,Cl,, 0°C—RT, 20 h; b) ArCOOH, EDC, HOBt, CH,Cl,, RT, 20 min; compound 7a. However, func-
¢) cystamine 4, Et;N, RT, 14-40 h; d) ArCOOR, cystamine 4, AlMe;, CH,Cl,, reflux, 24 h. tionalization of both ortho posi-

Compounds bearing an H-bond acceptor in a 1,3 relation-
ship with the amide were found to be only moderately potent,
as exemplified by furan 7b (ICs,: 12 pm), which was in the
same range of potency as the reference compound 7a
(3.7 um), bearing a simple phenyl ring. Varying the polarizabili-
ty of the acceptor, for example with a thiophene 7c (6.0 um)
did not have a significant effect on potency. Introduction of
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tions led to a slight increase in

potency, compound 71

(0.61 um) being three- and sixfold more potent than 7k

(2.0 um) and 7a (3.7 um), respectively. As a control, SAHA (1)

displayed an IC;, value of 30 nm, in close accordance with pre-
viously reported values (27 nm).28

Interestingly, and in concordance with our study on psam-

maplin A, the compounds from our library displayed impres-

sive class selectivity. In particular, compounds bearing a nitro-

ChemMedChem 2013, 8, 149-156 151


www.chemmedchem.org

gen atom in the ortho position were highly selective against
class | HDAC1 over class llb HDACG. This is clearly exemplified
by isoxazole 7g, pyrazole 7h, pyridine 7i, pyrimidine 7j, and
substituted pyridine 7m, both displaying 1Cs,> 10 um against
HDACS6, while being sub-micromolar inhibitors of HDACT. Al-
though the steric and electronic properties of an oxime/hydra-
zone and the heterocycles employed are different, we hy-
pothesize these ortho-nitrogen containing compounds to bind
to HDAC1 in a similar way as psammaplin A. This is nicely sup-
ported by the similar isoform selectivity profiles displayed by
7i and psammaplin A (Tables 1 and 3).

We selected pyridine 7i for further investigation. In particu-
lar, we decided to study the influence of aromatic substitution
on HDAC potency and selectivity. We hypothesized that judi-
cious introduction of substituents on the heteroaromatic ring
may have a positive influence on the potency against HDACT.
Chlorine and amine substituents were chosen as representative
electron-withdrawing and electron-donating substituents, re-
spectively. A number of chloropyridine carboxylic acids are
commercially available and inexpensive. Positions 2, 3, and 4
were selected for derivatization, as vectors originating from
these positions are likely to project toward the rim of the 11 A
active site HDAC channel, and therefore introduction of small
substituents at these positions is most likely to be tolerated on
steric grounds. The synthesis of the target compounds is illus-
trated in Scheme 1. EDC-mediated coupling of chloropyridine

1R2
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8a, 2-Cl 9a, 2-Cl, 66% 10a, 2-NMe,, 74%
8b, 3-CI 9b, 3-Cl, 69% 10b, 3-NMe,, degradation
8¢, 4-Cl 9c¢, 4-Cl, 42% 10c, 4-NMe,, 92%

10d, 2-NHMe, 13%
10e, 3-NHMe, degradation
10f, 4-NHMe, 44%

Scheme 1. Synthesis of chloro- and amino-substituted pyridine compounds
9a-c and 10a,c,d,f. Reagents and conditions: a) EDC, HOBt, CH,Cl,, RT,

20 min; b) 4, Et;N, RT, 24 h; c) H,NMe or HNMe, (40% in H,0), THF, micro-
wave, 160°C.

carboxylic acids 8a-c with cystamine 4 afforded dimers 9a-
c in moderate to good yields. Subsequent nucleophilic aromat-
ic substitution afforded the corresponding amino derivatives
10a,c,df. In each case, substitution at position 4 was found to
be more efficient, due to the increased stabilization by the pyr-
idine nitrogen atom. Substitution at positions 2 and 4 with
methylamine afforded 10d and 10 f in low yields, owing to the
lower reactivity of methylamine, but also possibly due to oligo-
merization. Substitution with either methylamine or dimethyla-
mine led to degradation when attempted at position 3.
Because the introduction of amine substituents at position 3
was unsuccessful by nucleophilic aromatic substitution, alter-
native conditions were surveyed. An Eschweiler-Clarke reaction
between 5-aminopicolinic acid 11, formic acid, and formalde-
hyde as previously described®” afforded 5-(dimethylamino)pi-
colinic acid 12, which was then coupled with cystamine, and

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Synthesis of compound 10b. Reagents and conditions: a) HCOOH,
HCHO, reflux, 2.5 h; b) EDC, HOBt, CH,Cl,, RT, 20 min; c) 4, Et;N, RT, 24 h,
13% over three steps.

afforded analogue 10b in
(Scheme 2).

Dimeric compounds were reduced with TCEP as described
previously,"®™ and the corresponding thiols were assayed
against HDAC1 and HDAC6. The results are listed in Table 2.
Chloropyridines 13a-c were highly potent against HDAC1. In
particular, analogue 13a (ICsy: 0.021 um) was the most potent
and was sevenfold more active than the initial pyridine com-
pound 7i (0.15 um). In contrast, introduction of amines at posi-
tions 2, 3, or 4 did not lead to any improvement in potency, as

13% yield after three steps

Table 2. HDAC inhibition data for compounds 7i, 13a-c, 14a,cdf, and

15.
TCEP
WN\/\S (|n situ) \I(N\/\SH
9a-c, 10abcdf 7i, 13a-c, 14abcdf
|C50 [“*M][a]
Compd Ar rHDAC1 rHDAC6
B
7i Pz f,: 0.15 >10
Cl
SN
13a | 0.021 >10
=
Ch Ny
13b | y 0.087 >10
SN
13¢ al l/ fa 0.052 >10
\N/
14a [N 0.54 >10
Y
|
/N \N
14b | 0.42 >10
Y
B
14c¢ SN = ){; 0.29 >10
|
SNH
14d | SN ND >10
Y
B
14f H F ;,f 0.17 >10

N
I

[a] ND: not determined.
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exemplified by analogues 14a, 14b, 14c, and 14 f being simi-
larly potent or slightly less potent (0.17-0.54 um) than 7i. Once
again, these compounds displayed high selectivity for HDAC1
with respect to HDAC6.

To further investigate the isoform selectivity of our inhibi-
tors, the most potent compounds of each series, 7i and 13a,
were assayed against class | HDAC2, HDAC3, and HDACS, in ad-
dition to HDAC4 as a representative member of classlla
(Table 3). We were pleased to observe impressive selectivity for

Table 3. Isoform selectivity profiles for 7i and 13a and previously report-
ed HDAC inhibitors 1-3.

FHDAC ICs, [um]

Compd 1 2 3 8 4 6
1 0.032 0.065 0.12 4.6 20 0.13
2 0.007 0.004 0.005 0.015 0.29 0.22
3 0.001 0.006 0.009 13 6.3 0.36
7i 0.15 0.35 0.25 2.8 >10 >10
13a 0.021 0.14 0.068 4.2 >10 >10

HDAC1 among the other isoforms tested. Indeed, at the high-
est concentration tested, 7i and 13a were inactive against
HDAC4 (IC5,> 10 um) and HDAC6 (IC5, > 10 um), used as repre-
sentative members of class lla and Ilb, respectively. More inter-
estingly, they were able to discriminate between the different
isoforms within class|: 7i and 13a had comparatively low in-
hibitory potency for HDACS8. This was particularly pronounced
in the case of 13a, which was 200-fold more potent against
HDAC1 (0.021 pum) than against HDAC8 (4.2 um). Moreover,
most potent compound 13a was seven- and threefold more
potent against HDAC1 than against HDAC2 (0.14 um) and
HDAC3 (0.068 um), respectively. Although modest, this selectiv-
ity is interesting considering the very high sequence identity
displayed by HDAC1, HDAC2, and HDAC3. Such a HDAC1/2/3
selectivity is currently limited to few examples. Among com-
pounds that display such selectivity are ortho-aminophenyl
benzamide derivatives, although low-nanomolar inhibitors
based on this scaffold are rare. Herein we present potent and
structurally novel HDAC inhibitors, and expand the range of
structural motifs available for the selective targeting of
HDAC1/2/3.

One particularly promising feature of our N-2-(thioethyl)pico-
linamide inhibitors is their low molecular weight. Indeed, using
Equation (1) we calculated ligand efficiencies (LE) of select
compounds from our library, along with SAHA, romidepsin,
and psammaplin A (Table 4). Compound 13a displayed an ex-
cellent LE of 0.8, higher than the parental psammaplin A, and
almost twofold higher than SAHA and romidepsin.

LE = —1.35log(ICs,)/n

for which n = number of heavy atoms

(M

In order to provide insight into the binding mode of our li-
gands, we performed docking studies (Schrédinger) using the
recently reported crystal structures of HDAC2 (PDB ID:
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Table 4. Ligand efficiencies against HDAC1.

Compd 1Csp [m] LE
SAHA 0.030 0.53
Romidepsin 0.007 0.31
Psammaplin A 0.001 0.68
7a 3.8 0.61
7i 0.15 0.77
13a 0.021 0.80

3MAX)®? and HDAC3 (PDB ID: 4A69),%" both of which share
a high sequence identity with HDAC1, notably around the
active site. Similar data were obtained in both cases, and only
data obtained with HDAC2 are presented. Procedures for li-
gands and protein preparation are described in the Experimen-
tal Section below. In our model, the N-(2-thioethyl)amide motif
coordinates the Zn" cation in a bidentate fashion (Figures 5
and 6), and the amide is involved in hydrogen bonding with
Tyr308 and Gly154 (Figure 5¢). A similar bidentate binding
mode for the N-(2-thioethyl)amide motif was previously pro-
posed by Anandan and colleagues, although experimental evi-
dence is still lacking to date.®? Although the zinc binding
motif is different, a similar bidentate binding mode has also
been reported by Bressi et al. for an ortho-aminophenyl benza-
mide derivative.*”

In this context, the absence of the catalytic tyrosine residue
in class lla HDACs could explain the lack of potency of our
compounds against HDACA4. Interestingly, our compounds
were unable to adopt a bidentate binding mode when docked
in HDAC8 (PDB ID: 1T64, data not shown).”® We believe this to
be due to the presence of Trp154 in HDACS8 in a steric clash
with the methylene unit adjacent to the sulfur atom. This tryp-
tophan residue is absent in HDAC1, HDAC2, and HDAC3. Final-
ly, Leu276 in HDAC2 is conserved through class | HDACs apart
from HDACS8, where leucine is replaced by methionine. These
differences might contribute to the observed differences in
substrate and inhibitor selectivities within class| between
HDACs 1, 2, 3 and HDACS.

The role of the chloropyridine motif of 7i and 13a-c is un-
clear at this stage, however. Indeed, no specific interaction be-
tween the pyridine nitrogen and the protein was identified
from our docking studies. However, the ~4 A separating the
pyridine nitrogen and His146 makes the presence of a structur-
al water molecule bridging the ligand and the protein plausi-
ble (Figure 6a). Additional structural information and in-depth
molecular dynamics will be useful for highlighting the subtle
structural changes among class | HDACs responsible for the
isoform selectivity of our compounds. These studies will be re-
ported in future manuscripts.

Conclusions

In summary, our search for a molecular replacement for the
oxime unit of psammaplin A led us to the discovery of novel,
isoform-selective, and highly ligand efficient N-2-(thioethyl)pi-
colinamide HDAC inhibitors. In addition to being easily accessi-
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Figure 5. a) Proposed bidentate binding mode of N-2-(thioethyl)amide-
based inhibitors within the structure of HDAC2 (PDB ID: 3MAX); b) surface
representation; c) key interactions between the N-2-(thioethyl)amide motif
and HDAC2 (front view). Grey spheres represent the Zn" center.

ble synthetically, these fragment-size ligands exhibited low-
nanomolar potencies and high selectivity amongst the HDAC
isoforms investigated, while displaying an impressive ligand ef-
ficiency over reference compounds SAHA, romidepsin, and
psammaplin A. Because selective HDAC1 inhibition has been
proposed to be an effective anticancer strategy, we strongly
believe that the excellent HDAC1 activity provided by the

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) Approximately 4 A separate His146 and the pyridine nitrogen
atom of 13 a; b) key interactions between the N-2-(thioethyl)amide motif of
13a and HDAC2 (back view); a possible -halogen bond is also highlighted
(upper left). Grey spheres represent the Zn" center.

chloropyridine motif will be a valuable design criterion for the
development of new lead compounds and chemical probes
targeting HDAC1. Although the remaining thiol may not be an
ideal functional feature owing to potential off-target effects
and low metabolic stability in vivo,* it has been shown to be
tolerated in other drug candidates. This is notably exemplified
with romidepsin, which has been FDA approved. Alternative
zinc binding groups will be explored in subsequent studies.
Moreover, we strongly believe that having a strong zinc bind-
ing group is not a prerequisite for HDAC inhibitors. Indeed,
this has been recently shown by Vickers etal.,*¥ who used
a cyclic tetrapeptide for surface interactions in order to com-
pensate for the lack of interactions with Zn".
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Experimental Section

Synthesis: Detailed synthetic procedures and analytical data for all
compounds can be found in the Supporting Information.

HDAC assays: Thiols were obtained from their corresponding di-
sulfides as previously reported,"®' and were assayed immediately
after reduction. HDAC assays were performed as previously report-
ed."*" DMSO, Pluronic, TCEP, and trypsin (bovine pancreas) were
purchased from Sigma-Aldrich, and Boc-Lys(Ac)-AMC as well as
Boc-Lys(TFA)-AMC from Bachem (Switzerland). The recombinant
human histone deacetylases HDAC1-4, HDAC6, and HDAC8 were
obtained from BPS Bioscience (USA). All reactions were performed
in black half area 96-well microplates (Greiner bio-one, Germany)
according to the general procedure described by Wegener et al.>®
with some minor modifications. The reaction buffer contains
50 mm KH,PO,/K,HPO,, 15 mm Tris-HCl pH 8, 250 mm NaCl, 0.001%
(v/v) Pluronic, and 0.005% BSA. The buffer components were pur-
chased from Merck (Germany), Roth (Germany), and Sigma-Aldrich.

A serial dilution of test compounds was pre-incubated with 7.4 nm
HDAC1, 53.6 nm HDAC2, 241 nm HDAC3, 3.9 nm HDAC4, 2.8 nm
HDACS, or 23.6 nm HDACS8 for 20 min at 21+1°C in the dark. The
enzyme reaction was initiated by the addition of Boc-Lys(Ac)-AMC
(for HDAC1: 80 um, HDAC2 and HDAC3: 40 pum, HDAC6: 100 um) or
Boc-Lys(TFA)-AMC (for HDAC4: 40 um, HDACS8: 30 um) substrate.
The reaction mixture was incubated at 30°C in the dark and
stopped after 60 min by the addition of a mixture of 67 um trypsin
and 200 nm SAHA. The fluorescence of AMC serves as an indirect
measure of HDAC activity. The kinetics of AMC release was mea-
sured on a PolarStar fluorescence plate reader (BMG) using an exci-
tation wavelength of 340 nm and an emission wavelength of
460 nm. Complete cleavage of deacetylated Boc-Lys-AMC by tryp-
sin was achieved after ~10-15 min. The fluorescence intensity of
the plateau was averaged over at least 5 min and normalized with
respect to percent enzyme activity. Finally, the normalized fluores-
cence intensities were plotted versus the concentration of test
compounds and fitted to a four-parameter logistic model®® to cal-
culate the ICy, values.

Docking: All ligands were docked in HDAC2 (PDB ID: 3MAX)®%
using Glide.*” The protein structure was prepared using the Pro-
tein Preparation Wizard®® from Schrédinger. His145 was protonat-
ed. Ligands were prepared (LigPrep)®” and docked (Glide)®” in
their deprotonated forms (thiolate). No constraint was applied to
the system. Docking poses were subjected to one round of
Prime“” minimization, then analyzed visually with PyMOL, and dis-
tances were calculated in PyMOL.*"
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