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A B S T R A C T

Our previously reported HDAC6 inhibitor (HDAC6i) Marbostat-100 (4) has provided many arguments for further
clinical evaluation. By the substitution of the acidic hydrogen of 4 for different carbon residues, we were able to
generate an all-carbon stereocenter, which significantly improves the hydrolytic stability of the inhibitor. Further
asymmetric synthesis has shown that the (S)-configured inhibitors preferentially bind to HDAC6. This led to the
highly selective and potent methyl-substituted derivative S-29b, which elicited a long-lasting tubulin hyper-
acetylation in MV4-11 cells. Finally, a crystal structure of the HDAC6/S-29b complex provided mechanistic
explanation for the high potency and stereoselectivity of synthesized compound series.

1. Introduction

Posttranslational modifications like methylation, phosphorylation,
and acetylation of the chromatin play a major role in many cellular and
molecular processes. [1] The packing of the chromatin is directly related
to the degree of acetylation of the histones, constituting the primary
protein components of this complex, thus regulating the accessibly of the
DNA for gene expression. [2–4] In addition to histones, acetylation and
deacetylation also occur on non-histone proteins located in the nucleus
and the cytoplasm. [5–7] Two different types of enzymes are responsible
for the acetylation status of the lysine side chains of proteins: Histone
deacetylases (HDACs) remove the acetyl groups, whereas histone ace-
tyltransferases (HATs) attach those acetyl groups. [8] So far 18 mammal
HDACs isoenzymes – divided into four classes – have been identified.
With exception of the NAD+ dependent sirtuins of class III, all other
HDACs (class I, IIa, IIb, IV) are zinc dependent. [9] In contrast to all
other members of the HDAC family HDAC6 contains two catalytically
active deacetylase domains (CD1 and CD2) [10]. It is found primarily in
the cytoplasm due to its nuclear export signal (NES) targeting
non-histone proteins, such as α-tubulin, HSP90, cortactin and peroxir-
edoxin. [5,11–15].

Targeting a large variety of proteins in the cytoplasm, any mal-
function of acetylation influences cellular homeostasis and can lead to
several diseases [16]. HDAC6 inhibitors have shown to be a promising
tool against cancer [17], neurodegenerative [18,19] and inflammatory
diseases [20]. So far four HDAC inhibitors (HDACis) are approved by the
FDA, including Vorinostat (1) and Panobinostat (2) (Fig. 1A) for the
treatment of T cell lymphomas and multiple myeloma [21]. Unfortu-
nately, these and other first generation – so called pan-HDAC inhibitors
– lack isoform selectivity which leads to side effects like fatigue,
thrombocytopenia and diarrhea [22–24]. In selectively inhibiting
HDAC6 these drawbacks could be addressed [25]. In fact, HDAC6 knock
out mice possessing hyperacetylated tubulin in most tissues proved to be
viable and develop normally [26]. Consequently, the demand for iso-
form specific HDACis has increased. Currently under clinicals trials,
Ricolinostat (3) (Fig. 1A) represents a selective HDAC6 inhibitor for the
treatment of multiple myeloma [27].

The classical pharmacophore model of HDAC inhibitors consists of a
zinc-binding group (ZBG) coordinating the zinc ion in the active site, a
linker spanning the hydrophobic HDAC channel and a capping group
interacting with amino acids of the rim region (Fig. 1A) [28,29]. A broad
range of selective HDAC6 inhibitors has been synthesized, using
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different approaches to enhance isoform selectivity by modification of
the three functional motifs, predominantly focusing on the capping
group. The linker is quite conserved and comprises either a long flexible
aliphatic chain or bulky and rigid aromatic moiety.9 Hydroxamic acids
are widely used ZBGs yet, in recent years other ZBGs, especially mer-
captoacetamides and fluoroalkyl-oxadiazoles, have been used for se-
lective HDAC6 inhibition trying to avoid the potential side effects of
hydroxamic acids [30–35].

The x-ray crystallography structure of HDAC6 reported by Hai et al.
highlights essential differences of the two catalytic domains [10].
HDAC6 co-crystallization with different inhibitors gave fundamental
insight into the binding mode, which pushed forward the structural
based drug design. We have recently reported the highly selective and
potent HDAC6 inhibitor 4 [29] which is based on the lead structure
Tubastatin A (TubA) (5), containing a tetrahydrocarboline cap (Fig. 1B)
[36]. Additionally, the crystal structure of zHDAC6-CD2 in complex
with TubA provided detailed insights concerning the binding mode and
interactions with amino acids of the HDAC6 binding pocket [37].

To further investigate the structure-activity relationship (SAR), we
introduced different carbon residues at the chiral center to substitute the
acidic proton in 4. For selected key compounds, the (R)- and (S)-enan-
tiomers were synthesized in addition to the racemates to elucidate the
stereochemical influence in more detail (Fig. 1B). With regard to the
acidic proton, a potential improvement of the racemic and the hydro-
lytic stability was also of interest. To go one step further, we connected a
phenyl linker containing the hydroxamic acid to the chiral center
directly, leaving the indole nitrogen vacant for possible substitutions
(Fig. 1C). Finally, we were able to solve a crystal structure of our com-
pound S-29b in complex with zHDAC6-CD2 to gain detailed insight into
the binding mode.

2. Results and discussion

In order to extend the SAR, various residues were introduced at the
chiral center of 4. Key step for the synthesis of the racemic compounds
was a Friedel-Crafts alkylation of indoles 11–13 with electron-deficient

Fig. 1. (A) Schematic representation of HDAC6 inhibitors including the lead structure Tubastatin A. General design of HDACis containing a capping group (colored
red), linker, and ZBG (colored green) (left). (B) General structures of the compounds investigated. Enantioselective modification at the chiral center by different
residues (colored blue) of the inhibitor 4 containing a dihydrouracil moiety. (C) Linker moiety overturning.
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Michael acceptors 10 (Scheme 1) to produce indolic β-nitroesters 14a-h,
containing an all-carbon quaternary stereocenter [38]. Starting from
α-keto ester 8, Henry reaction using nitro methane and subsequent
dehydration of 9 led to the desired nitro olefines 10 [39]. To obtain
selected (R)- and (S)-enantiomers asymmetric synthesis of the interme-
diate 14 was required (Scheme 1). The corresponding (S)-enatiomers
S-10a,b,f were accessible via the established Iridium catalyst 15 [40]
(Table 1) and the (R)-configurated R-10b via chiral phosphoric acid 16
[41] (Scheme 2).

Xu et al. [40] have developed a highly enantioselective catalyst for
the Friedel-Crafts alkylation of indoles with β,β-disubstituted nitro-
alkenes. To obtain the ligands for the synthesis of iridium catalyst 15
minor changes were needed within the described procedures [40,42].
Since the substrates used in this work were in parts different to the
literature, adjustments had to be made: The selection of different sol-
vents, temperatures and catalyst loadings had a great impact on the yield
and enantioselectivity of the reaction. A detailed overview is given in
Table 1. Application of the proposed synthetic conditions led to 93–94%
enantioselectivity and yield of 99 % with indole (entry 10) and
5-methoxyindole (entry 11) as starting materials. However, with 5-ben-
zyloxyindole enantiomeric excess (ee) and yield decreased significantly
with the need of a longer reaction time. In contrast to the unsubstituted
indole and 5-methoxyindole, 5-benzyloxyindole with its bulky residue
on the 5-position showed extremely poor solubility in toluene. Raising
the reaction temperature to overcome the solubility issues led to
improved yields but decreased the ee. Screening other solvents with
good solubility showed that a 1:1 mixture of toluene with either CHCl3
or CH2Cl2 successfully improved the ee up to 90 %. Catalyst loading of
0.4 mol % was required, higher concentrations did not improve the ee
significantly. Exchange of the phenyl-for a methyl-group at the alkene
required further adaption of the reaction conditions. A temperature of
− 20 ◦C, CH2Cl2 as solvent and a reaction time of 42 h yielded the methyl
derivative (entry 12) with 95 % enantiomeric excess and a yield of 79 %.
A comparison of the differently substituted indoles and alkenes indicates
that the size of the residue could influence the enantiomeric excess. With
only one sterically demanding moiety (entry 10,11,12) enantiomeric
excesses of 92–95 % are achieved, compared to reaction of 5-benzylox-
yindole and phenyl nitroalkene with 90 % ee (entry 3). To access the
corresponding (R)-enantiomer R-14b, containing the methyl residue at
the all-carbon stereocenter, chiral phosphoric acid 16 was used as the
catalyst (Scheme 2) [41]. The reaction of 5-benzyloxyindole with
methyl 10b gave rise to the desired R-14b with an enantiomeric excess
of 82 %.

After the successful synthesis of the desired Friedel-Crafts adducts

14, the final assembly of the ring structure and hydroxamic acid was
carried out according to the previously reported synthesis, summarized
in Scheme 3 and Scheme 4 [29].

Since the chiral center at C-5 of 4 contains an acidic proton, the
introduction of the new residues could potentially influence the stability
of the compounds. As described in the literature, deprotonation of
structurally close hydantoins leads to racemization [43] and hydrolysis
[44], consequently 4 may also be affected. The racemization of hydan-
toins, being homologues of dihydrouracils, is documented to a great
extent in the literature under various conditions following general base
catalysis [45–48]. Even at mild basic conditions at the physiological pH
7.4 in a phosphate buffer system racemization is observed, mediated by
the divalent phosphate ion [49,50]. The proton exchange proceeds via
an enolate intermediate [51].

Contrary to hydantoins, little references are found on the stability of
dihydrouracils. The study of monosubstituted 5-methyl-dihydrouracil,
containing an acidic proton adjacent to a carbonyl group, shows race-
mization [51,52]. However, if the stereocenter is located at C-6, as in
6-benzyldihydrouracil, for example, racemization does not occur due to
the absence of an adjacent carbonyl group [52].

To prevent any impact of its acidic nature, the hydrogen of
Marbostsat-100 at the C-5 was exchanged by a carbon containing res-
idue. As reported, the exchange of the proton at the stereocenter of
thalidomide by a methyl group leads to the stable non-racemizing
methylthalidomide [53,54].

In view of the well-known racemization of structurally close mole-
cules, racemization of 4 seemed plausible. Due to chiral resolution, the
precursor carboxylic acid of 4 (Carb-Marb) was used as a model for the
investigation. However, no racemization was observed in phosphate
buffer (pH = 7.4, 50 nM) for Carb-Marb at 37 ◦C after 24 h (Fig. 2;
Fig. 3C). The dihydrouracil moiety of Carb-Marb however, hydrolyzed
(HP-1) at these mild conditions, expected only at higher pH values
(Fig. 3A) [51]. Hydantoins and dihydrouracils showed no hydrolysis
under similar conditions [51,55]. After 3 days even decarboxylation of
the hydrolysis product (HP-2) was observed (Fig. 3A; Fig. 2). As ex-
pected, the exchange of the hydrogen at the chiral center for a carbon
moiety, generating an all carbon stereocenter, prevented racemization.
More importantly, the absence of an acidic proton at the stereocenter
improved the stability significantly. Under the same conditions the
5-phenyl derivative S-25f showed hardly any hydrolysis after 3 days
(Fig. 3B). Similar results were obtained for the 5-methyl derivatives
S-25b and S-29b in PBS buffer (Fig. S2). Since the acidic proton is also
replaced by a carbon residue in all other compounds (25a-e), improved
stability can also be expected for these substances. Further, the stability
of S-25b and S-29b was assessed in human plasma, exhibiting high
plasma stability (Table 2).

The synthesized compounds 29a-f were then tested in vitro for their
inhibitory effect against HDAC isoforms. Special emphasis was placed on
the influence of the corresponding enantiomers. For the validation of
potency and selectivity of HDACs 1, 2, 3, 6 and 8, the inhibition was
measured in assays using recombinant purified human HDAC proteins.

The determined Ki values are listed in Table 3. All tested compounds
inhibit HDAC6 preferentially with Ki values ranging from 0.31 to 1.64
nM. The influence of the different residues at the chiral center has no
major impact on the affinity of the tested compounds. A comparison of
the different enantiomers respectively racemates tends to a moderately
increased activity of the (S)-enantiomers, with an eudismic ratio of 0.4
for the methyl derivative (entries 6–8). All compounds selectively
address HDAC6 over HDAC1-3 (Ki > 50 nM) and HDAC8 (Ki > 600 nM).
Connecting the hydroxamic acid via the phenyl linker directly to the
stereocenter led to a decrease of the affinity overall (see Table 4). The
compounds Ki containing the intact dihydrouracil moiety range from 64
to 247 nM, the lowest resulting from the unsubstituted indole nitrogen
29g. A lower Ki of 17 nM was obtained from 29j, lacking the dihy-
drouracil ring at all, with only a methyl ester at the chiral center.

To investigate whether the results gained in the in vitro HDAC

Scheme 1. Introduction of different residues at the capping group. Reagents
and conditions: a) CH3NO2, NEt3, rt., 24 h, 63–99 %; b) SOCl2, NEt3, rt., 1–3 h,
22–85 %; c) for racemate: indole, calcium(II) bis(trifluoromethanesulfonimide)
(Ca(NTf2)2), rt., 24 h, 29–99 %; d) for (S)-configuration: indole, chiral catalyst
Λ-(R,R)-Ir4, rt., darkness, 36 h, 79–99 %; for (R)-configuration: indole, (11bR)-
4-hydroxy-2,6-bis(2,4,6-triisopropylphenyl)dinaphtho[2,1-d:1′,2′-f][1,3,2]diox-
aphosphepine 4-oxide (16), powdered MS 5 Å, rt, 3 d, 84 %.
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inhibition assays could be transferred to potential biological activities,
MV4-11 cells were treated with the compounds and the effect on HDAC6
inhibition was assessed by western blot [56]. As Marbostat-100 was
studied in MV4-11 cells in the previous publication and the high rele-
vance of HDAC6 in hematopoietic cells, this AML cell is ideal for further
investigation of the synthesized compounds [29,56]. From a variety of
cytosolic substrates, α-tubulin was chosen as a primary surrogate
readout, since HDAC6 inhibition leads to increased tubulin acetylation
[11]. To quantify tubulin acetylation, total protein was used as loading
control in the western blots; HSP90 in Fig. 4 is only used for simplified

presentation.
All tested compounds (29a-f) show a significant accumulation of

hyperacetylated tubulin, although slight differences are observed
depending on the residue at the chiral center. In contrast, hardly any
band is visible in the DMSO control (Fig. 4A, B). The substitution at the
indole (29a vs. 29f) for a hydrogen has no impact on the hyper-
acetylation of tubulin. Overall, the western blot analyses confirm the Ki
values determined from the in vitro HDAC inhibition assays.

To investigate any stereochemical effects in detail, 29b, S-29b, and
R-29b were compared to 4, S-4, R-4, with Tubastatin A as a reference.

Table 1
Enantioselective synthesis of differently substituted nitroalkenesa.

entry solvent (mol %)b R1 R2 temp. (◦C) t (h) yieldc (%) eed (%)

1 toluene 0.2 Ph OBn 40 72 71 57
2 toluene 0.1 Ph OBn rt. 120 54 66
3 toluene/CH2Cl2 1:1 0.4 Ph OBn rt. 20 97 90
4 toluene/CHCl3 1:1 0.4 Ph OBn rt. 20 98 90
5 dioxane 0.4 Ph OBn rt. 20 88 86
6 tetrahydrofuran 0.4 Ph OBn rt. 20 44 78
7 toluene/CH2Cl2 1:1 0.3 Ph OBn rt. 38 96 85
8 toluene/CH2Cl2 1:1 0.4 Ph OBn rt. 38 97 90
9 toluene/CH2Cl2 1:1 0.6 Ph OBn rt. 38 97 92
10 toluene 0.3 Ph H rt. 20 99 92e

11 toluene 0.4 Ph OMe rt. 24 99 94
12 CH2Cl2 0.4 Me OBn − 20 42 79 95f

a BArF24 = tetrakis[3,5-di(trifluoromethyl)phenyl]borate.
b Catalyst loadings provided in mol %.
c Isolated yield.
d Determined by chiral HPLC.
e Determined from S-19f.
f Determined from S-19b.

Scheme 2. Asymmetric Friedel− Craft reaction using chiral phosphoric acid. Reaction conditions: Nitroalkene 2 eq., 5-benzyloxyindole 1 eq., catalyst loading 5 mol
% and MS5Å in cyclohexane/CH2Cl2 (v/v = 4:1). Enantiomeric excess was determined with chiral HPLC from R-19b.
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Scheme 3. Assembly the ring structure. Reagents and conditions a) zinc dust, CuSO4, HCl(aq) (for 14g: acetic acid), rt., 2 h, 79–99 %; b) formaldehyde (37 % in
water), 60 ◦C,1 h, rt., 16 h, 58–99 %; c) DIPEA, 2,5-dioxopyrrolidin-1-yl-methylcarbamate, rt., 18 h, 53–99 %; d) Cs2CO3, argon, 115 ◦C, 1–3 d, 36–83 %; e) argon,
NaH, 0 ◦C, 10 min, tert-butyl 4-(bromomethyl)benzoate or iodomethane or benzyl bromide, rt., 55–95 % 1–2 h.

Scheme 4. Synthesis of the hydroxamic acid. a) H2, Pd/C, rt., 2 h, 67–99 %; (b) Cs2CO3, 4-(2-chloroethyl)morpholine hydrochloride, 95 ◦C, 15 h, 52–92 %; (c) TFA,
rt, 3 h, 91–99 %; (d) for 22d: BF3⋅OEt2, rt., 1 h, 88 %; (e) DMF, NEt3, rt., 4 h, 54–99 %; (f) 6 M HCl in isopropanol, rt., 3 h, 58–88 %; synthesis of 29g-29j follows the
same approach and is shown in supporting information Scheme S1.

S. Scheuerer et al.
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The racemates (29, 4) exhibit a similar effect on the acetylation level.
However, their configuration has a measurable influence on tubulin
acetylation, with the (S)-enantiomers being superior to the (R)-enan-
tiomers (Fig. 5).

To further highlight the improved ability of S-29b to cause alpha-
tubulin hyperacetylation compared to Tubastatin A we extended the
discussion of the data shown in Fig. 5 as follows: The kinetics of tubulin
hyperacetylation were investigated by treating MV4-11 cells for
different incubation times ranging from 20 min to 48 h. A pronounced
accumulation of acetylated tubulin was observed just after 20 min.
Within 13 h, hyperacetylation reached a plateau and did not decrease,
even after incubation for 48 h (Fig. 4C, D). These results emphasize how

rapidly and persistently S-29b interacts with the target enzyme,
particularly in light of our previously published studies in which 4
showed a significant reduction in ac-tubulin in MV4-11 cells after 48 h
[29]. The persistent effect can be explained by the superior stability of
S-29b over 4 in the cell line.

Finally, we determined the effect of S-29b at different concentrations
on the hyperacetylation. MV4-11 cells were treated with lower dose
ranges from 5 nM to 500 nM (Fig. 4E, F) and higher dose ranges from 1
μM to 10 μM S-29b (Fig. 4G, H). At 5 nM a significant accumulation of
ac-tubulin was observed. This effect peaked at 50 nM and hardly
increased up to a concentration of 500 nM. In comparison, 4 did not
cause hyperacetylation to the same extent at such low doses [29]. At
higher doses, the increase in acetylated tubulin is less pronounced
overall and decreases again from 6 μM. This is probably due to the
degradation of the target enzyme, as a new band appears below it.

As we have previously demonstrated, hyperacetylation under 4
reached its peak at 16 h incubation time and decreased sharply until
only a minimal effect was observed [29]. Since S-29b reaches its plateau
at 13 h, with no descent even after 48 h (Fig. 4C, D), a more stable and
longer lasting effect on the tubulin acetylation is to be expected.

Fig. 2. Proposed point of hydrolysis (red dotted line) and decarboxylation at the dihydrouracil moiety. Precursor carboxylic acid of 4 (Carb-Marb) was incubated in
phosphate buffer (50 mM, pH = 7.4) at 37 ◦C.

Fig. 3. HPLC traces of the Carb-Marb (A) and S-25f (B) after 0, 24 and 72 h incubation in phosphate buffer (pH = 7.4, 50 nM) at 37 ◦C. (C) Section of chiral HPLC
traces of Carb-Marb after 0 and 24 h incubation in phosphate buffer (pH = 7.4, 50 nM) at 37 ◦C compared to the corresponding racemate.

Table 2
Stabilities of S-25b and S-29b in Human Plasma/PBS (1:2 v/v) (37 ◦C).

Compd. 24 h a) 72 h a)

S-25b 91.4 ± 0.7 56.3 ± 1.0
S-29b 83.9 ± 2.7 46.4 ± 2.3

a) % intact compound in plasma after the specified incubation times.

S. Scheuerer et al.



European Journal of Medicinal Chemistry 276 (2024) 116676

7

2.1. Antiproliferative activity

Compound S-29b was then evaluated for its antiproliferative activity
against the leukemia cell lines MV4-11 using Tubastatin A and Ric-
olinostat as reference compounds. The results are summarized in
Table 5. Compound S-29b (EC50 = 0.50 μM) showed strong anti-
proliferative activity and was 30-fold more active against MV4-11 cells

than Tubastatin A (EC50 = 15.30 μM). Additionally, S-29b exceeded the
activity of the clinical candidate Ricolinostat (EC50 = 0.71 μM). In
conclusion, the selective HDAC6 inhibitor S-29b demonstrates sub-
stantial activity in cell viability assays, outperforming both Tubastatin A
and Ricolinostat.

2.2. Structural characterization of the zHDAC6/S-29b complex

To better understand mechanistic underpinnings of the varied po-
tency of our novel compounds (as observed in biochemical assays), we
co-crystallized 29b together with the second catalytic domains of
zebrafish HDAC6 (zHDAC6-CD2). The complex crystallized in the
P21212 orthorhombic space group with a single molecule in the asym-
metric unit and diffraction data were collected to the resolution limit of
1.59 Å (Table S2). Upon the structure solution using molecular
replacement with the HDAC6/Tubastatin A structure as a starting model
(PDB code 6THV) [37], the interpretable Fo-Fc difference electron
density map representing the active site-bound inhibitor allowed for the
unambiguous fitting of the compound in the final stages of the refine-
ment (Fig. 6A). Interestingly, while crystallization droplets comprised a
racemic mixture of (R) and (S)-enantiomers (29b), only the more potent
(S)-enantiomer (S-29b) was observed in the final refined model.

The S-29b hydroxamate moiety coordinates the active-site zinc ion
in a bidentate fashion with interatomic distances of 2.05 and 2.26 Å for
the N-OH and C=O group, respectively (Fig. 6B). The hydroxamate
carbonyl group is further hydrogen bonded to the Y745 hydroxyl group
(2.4 Å), D705 carboxylate (2.9 Å), and H614 amine (3.1 Å) and the N-
OH function forms a network of H-bonds with side chains of H573 (2.6
Å), H574 (2.8 and 3.1 Å), D612 (2.9 Å), and H614 (2.7 and 3.1 Å). The
phenyl ring of the linker is placed between the side chains of F583 and
F643 with distances of 3.8 Å and 5.0 Å between the respective ring
centers (Fig. 6D). The indole moiety of the capping group does not make
any direct hydrogen bond interactions with protein residues, but it is in a
close contact with a hydrophobic patch delineated by amino acids of the

Table 3
Influence of modifications at the chiral center on the in vitro HDAC inhibition assays against the HDAC subtypes HDAC1, HDAC2, HDAC3, HDAC6, and HDAC8.

Compound Ki ± SD [nM]

entry Compound ID R1 a) R2 HDAC1b) HDAC2c) HDAC3b) HDAC6c) HDAC8c) HDAC10c)

1d) 4 H H 358 774 306 0.7 173 ND
2 29a Ph morpholinoethoxy 227 ± 15 219 ± 32 510 ± 11 1.08 ± 0.51 843 ND
3 S-29a Ph (S) morpholinoethoxy 136 ± 1.2 154 ± 24 315 ± 35 0.41 ± 0.20 1768 ND
4 29f Ph H 487 ± 89 514 ± 4 1174 ± 10 1.64 ± 0.81 ND ND
5 S-29f Ph (S) H 501 ± 52 263 ± 108 1177 ± 124 1.23 ± 0.56 ND ND
6 29b CH3 morpholinoethoxy 132 ± 0.6 137 ± 22 279 ± 20 0.77 ± 0.57 762 ND
7 S-29b CH3 (S) morpholinoethoxy 60 ± 2.6 56 ± 9 162 ± 13 0.44 ± 0.33 362 ± 21 849 ± 98
8 R-29b CH3 (R) morpholinoethoxy 263 ± 27 519 ± 219 671 ± 137 1.08 ± 0.46 ND ND
9 29c c-hexyl morpholinoethoxy 308 ± 47 323 ± 44 675 ± 93 1.25 ± 0.61 1094 ND
10 29d furanyl morpholinoethoxy 145 ± 19 120 ± 20 384 ± 19 0.44 ± 0.21 ND ND
11 29e thienyl OH 103 ± 14c) 260 ± 6 118 ± 4c) 0.31 ± 0.04 ND ND
12 Tubastatin A 1737 ± 99 1040 1957 ± 101 1.97 ND ND
13 Vorinostat 41.0 ± 2.6 ND 33.8 ± 1.9 ND ND ND
14 Trichostatin A 0.26c) 0.84 ± 0.49 0.14c) 0.41 ± 0.03 438 ± 214 ND
15 Quisinostat ND ND ND ND ND 1.49

a) Racemic mixture unless stereoisomer indicated in brackets.
b) Mean ± SD of at least two independent experiments, Ki was calculated from the respective IC50 values using the Cheng-Prusoff equation.
c) Assays were performed by Reaction Biology Corporation. Ki was calculated from the respective IC50 values using the Cheng-Prusoff equation. ND: not determined.
d) Data taken from reference [29].

Table 4
Influence of the linker moiety overturning on inhibition of HDAC6.

entry Compound
ID

R Compound Ki

[nM] HDAC6
a)

1 29g H 64
2 29h CH3 72
3 29i Ph 247

4 29j 17

a) Assays were performed by Reaction Biology Corporation. Ki was calculated
from the respective IC50 values using the Cheng-Prusoff equation.

S. Scheuerer et al.
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L1-loop pocket – side chains of H463, P464, F583, and L712 (Fig. 6C).
The C5 carbon of the S-29b indole ring is functionalized by the mor-
pholinoethoxy moiety. Contrary to the remaining of the S-29b inhibitor,
the Fo-Fc electron density peaks of the morpholinoethoxy group are
quite weak pointing towards its positional flexibility (Fig. 6A) and the
absence of interactions with the enzyme.

The dihydrouracil moiety of the inhibitor extends towards the L2
loop (amino acids G640 – N645) [37], where the N3 capping methyl
group and one of the ring carbons make van der Waals contacts with

benzyl moieties of F642 (4.3 Å) and F643 (4.0 Å), respectively, and the
C2 carbonyl oxygen forms a hydrogen bond with the His614 side chain
(2.8 Å; Fig. 6D). Finally, the methyl moiety at the all-carbon stereocenter
is oriented towards the bulk solution away from the protein surface and
does not thus contribute to inhibitor/enzyme interactions. This obser-
vation is in line with inhibition data where substitutions at the
all-carbon stereocenter do not change inhibitor potency for HDAC6. At
the same time, however, changing stereochemistry at the all-carbon
stereocenter would disturb observed interactions pattern with the

Fig. 4. Immunoblot analysis of synthesized compounds. (A)/(B) MV4-11 cells were treated with 100 nM of compounds 29a-f for 24 h. (C) MV4-11 cells were treated
with 50 nM S-29b for 0.3, 1, 3, 13, 24 and 48 h. (D) Densitometry analysis of ac-Tubulin/Total Protein [%]. (E) MV4-11 cells were treated with 5, 20, 50, 100, 250
and 500 nM S-29b for 24 h. (F) Densitometry analysis of ac-Tubulin/Total Protein [%]. (G) MV4-11 cells were treated with 1, 2, 4, 6 and 10 μM S-29b for 24 h. (H)
Densitometry analysis of ac-Tubulin/Total Protein [%]. MV4-11 cells were analyzed by Western blot assay to compare the effect on tubulin acetylation. Total Protein
was used as loading control for the qualitative evaluation, HSP90 is only used for simplified visualization. Negative control with DMSO. One representative western
blot of at least two independent experiments is shown. Bar diagram showing cellular ac-Tubulin normalized to Total Protein [%] level upon degrader treatment. Bars
represent mean ± SD of n = 2 biological replicates.
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(R)-enantiomers being less favored related to their (S) counterparts.
When zHDAC6/S-29b and zHDAC6/Tubastatin A complexed are

superimposed (Fig. 7A), several differences exist in the positioning of the
two compounds. Most importantly, while a bidentate coordination of
the active-site Zn2+ ion is observed for S-29b, the hydroxamate group of
Tubastatin A coordinates the ion in a monodentate fashion via its

negatively charged N-O- group. Differences in Zn2+ coordination are
then manifested in the positional shift of the phenylalanine linker that is
pulled by 0.45 Å towards the active-site Zn2+ ion (Fig. 7B). Finally, the
capping groups are rotated by approximately 13◦ within the plane of the
indole ring (Fig. 7C) of each other and the rotation can be in part elicited
via additional attractive interactions between the dihydrouracil moiety
of S-29b and HDAC6 residues.

3. Conclusion

Using a Friedel-Crafts reaction, we were able to substitute the acidic
hydrogen of 4 with a range of carbon residues to generate an all-carbon
quaternary stereocenter. In addition to the racemates, the correspondingFig. 5. Immunoblot analysis of Marbostat-100 (4), 29b and the corresponding

S- and R-enantiomers and Tubastatin A (TubA). MV4-11 cells were treated with
100 nM of compounds for 24 h. Negative control with DMSO.

Table 5
Antiproliferative activities of S-29b, Tubastatin A, and
Ricolinostat in MV4-11 cells.a

Compound ID EC50

S-29b 0.50 ± 0.14
Tubastatin A 15.30 ± 1.17
Ricolinostat 0.71 ± 0.12

a) CellTiter-Glo luminescent cell viability assay upon
a 72 h treatment of MV4-11 cells with the respective
compound. Data represents mean ± SD of three inde-
pendent biological experiments.

Fig. 6. Crystal structure of the zHDAC6/S-29b complex. Panel A: The Fo-Fc omit map (green) is contoured at 3.0 σ and the inhibitor is shown in stick representation
with atoms colored red (oxygen), blue (nitrogen), and cyan (carbon). The active-site zinc ion is shown as an orange sphere. Panel B: Interactions pattern of the S-29b
hydroxamate moiety (stick representation) in the active site of zHD6 (line representation). Panels C, D: The L1-loop pocket (formed by side chains of H463, P464,
F583, and L712) and the L2-loop pocket (amino acids G640 – N645) are colored purple and yellow, respectively. The surface of zHDAC6 is shown in a (semi-
transparent) surface representation. Distances are shown in Ångstroms (dashed lines).

Fig. 7. Superposition of zHDAC6 complexes with Tubastatin A (carbons and
the Zn ions colored green) and S-29b (carbons and the Zn ions colored cyan).
Panel A: an overall view of superposed residues in the vicinity of the active-site
Zn2+. Panel B: Differences in Zn2+ coordination between TubA (monodentate)
and S-29b (bidentate) are associated with the shift of the phenylalanine linker
by 0.45 A. Panel C: Rotation of the cap groups of TubA and S-29b by 13◦.
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enantiomers were also accessible via various catalysts. The introduction
of the carbon residue has a positive effect on the hydrolytic stability of
the inhibitors dihydrouracil moiety. Data derived from in vitro HDAC
inhibition assays demonstrate that derivatives 29a-f are highly selective
and potent inhibitors of HDAC6. Incubation of MV4-11 with the com-
pounds resulted in a strong tubulin hyperacetylation caused by HDAC6
inhibition. Overall, derivatization at the stereocenter did not impact the
potency of the inhibitor. However, the stereochemistry and orientation
of the dihydrouracil moiety influences inhibition of HDAC6, favoring
(S)-configurated 29a,b,f. These observations were confirmed by a
zHDAC6-CD2 crystal complex with S-29b. Further investigations in the
cell-based assay showed that S-29b causes tubulin acetylation at lower
doses than 4 and has a longer-lasting effect.
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