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Rhodanine carboxylic acids as novel inhibitors of histone acetyltransferases†‡
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Histone acetyltransferases (HATs) are promising epigenetic drug targets and are involved in the

pathogenesis of a wide range of diseases. We carried out a virtual screening based on inhibitors of

serotonin N-acetyltransferase and identified novel inhibitors of the HAT PCAF with a 2-thioxo-4-

thiazolidinone (rhodanine) scaffold attached to a long chain carboxylic acid. Their binding mode was

studied by means of docking and molecular dynamics simulations. Structure–activity studies were

performed by organic synthesis and in vitro testing in an antibody based biochemical assay showing

similar inhibition on the HATs PCAF, Gcn5, CBP and p300 in vitro. In contrast, a pyridoisothiazolone

reference inhibitor is more potent on CBP and to some extent on PCAF but less potent on Gcn5.

Structural elements were identified that provide the basis for further optimization of the new inhibitors.
Introduction

Reversible lysine acetylation in proteins is an important mecha-

nism for epigenetic gene regulation and for the regulation of the

activity of non-histone proteins. The transfer of the acetyl residue

from the cosubstrate acetyl-CoA is catalyzed by histone acetyl-

transferases (HATs) and leads in the case of histone substrates to

an open form of eukaryotic chromatin (euchromatin). Deacety-

lation of histone lysine residues by histone deacetylases

(HDACs) will globally impede transcription.1 Lysine acetylation

is involved in many cellular events like differentiation, gene

expression, vascular remodeling, neuronal plasticity, inflamma-

tion, and metabolism and points to many possible therapeutic

applications.2–7 Especially, links to the pathogenesis of cancer are

well described.8–10 Among the hundreds of non-histone

substrates11,12 for HATs some important examples are p53,13 a-

tubulin,14,15 c-myc,16,17 c-fos, c-jun,18 cohesin,19 NF-kB,20 inter-

leukins,21 androgen receptor,22 HIV-1 Tat protein,23 MyoD,24

FoxO,25 and E2F1.26 Hence, HATs have also been termed as

lysine acetyltransferases (KATs) in a more general way.27

There is a wide range of HAT inhibitors available28–30 but only

a few of them are drug-like. Examples for different classes of

HAT inhibitors are pyridoisothiazolones like 1,31 analogues of
aInstitute of Pharmaceutical Sciences, Albert-Ludwigs-Unversity of
Freiburg, Albertstr. 25, 79104 Freiburg, Germany. E-mail: manfred.
jung@pharmazie.uni-freiburg.de; Fax: +49-761-203-6321; Tel: +49-761-
203-4896
bDepartment of Pharmaceutical Chemistry, Martin-Luther University of
Halle-Wittenberg, Germany

† Electronic supplementary information (ESI) available: Computational
methods, molecular dynamics results, experimental procedures (enzyme
preparation, biological testing, and synthesis), and spectroscopic
characterization of all new compounds. See DOI: 10.1039/c2md00211f

‡ This article is part of a MedChemComm web themed issue on
epigenetics.

This journal is ª The Royal Society of Chemistry 2012
anacardic acid like 232 or 3,33 and pyrazolone benzoic acids like

C646, 434 (Fig. 1).

In this study, we set out to find novel scaffolds for new HAT

inhibitors using virtual screening on the structurally related

serotonin N-acetyltransferase, also termed arylalkylamine N-

acetyltransferase (AANAT), and succeeded in identifying rho-

danine carboxylic acids as novel lead structures.

Virtual screening

In order to identify new inhibitors of HATs, we applied

a strategy that combines computational screening methods with

robust biochemical assays that has been successfully applied to

several targets recently.35–37 Virtual database filtering was used to

conduct a virtual screening. As a starting point, we used rho-

danine–indolinone derivatives (Fig. 2), which have been recently

identified as inhibitors of the homologue serotonin N-acetyl-

transferase AANAT which also belongs to the GNAT family of

acetyltransferases.38

Subsequently, the initial hits were docked into the active site of

PCAF. In the PCAF crystal structure CoA is bound in
Fig. 1 HAT inhibitors from the literature.
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Fig. 2 Bisubstrate AANAT inhibitors from the literature.38
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a conformation where it forms an extensive set of protein inter-

actions that are mediated predominantly by the pantetheine arm

and the pyrophosphate group39 with motif A–D and motif B of

the enzyme (Fig. 3).

GNAT conserved residues in PCAF motifs A and B interact

extensively with CoA. Residues 580 and 582–587 in the b4 loop

a3 region of motif A make direct and water-mediated hydrogen

bonds with the pyrophosphate group, similar to the binding

mode of CoA in the serotonin N-acetyltransferase AANAT.40

The aliphatic side chain of Gln581 and a Cys-Ala-Val sequence

(residues 574–576) at the top of the b4-strand make van der

Waals contacts with the aliphatic part of the pantetheine arm39

(Fig. 3 and 4).

We used a synergistic approach that combines the benefits of

structure-based virtual screening and experimental testing which

validated a PCAF inhibition assay to subsequently screen only

a limited number of the top-ranking compounds. We carried out

a multi-step virtual screening experiment starting with a simi-

larity based screening followed by docking. MACCS fingerprints

derived from the rhodanine–indolinone AANAT inhibitors were

used for a search query in 21 commercial databases. A total of

6423 compounds was identified from the in silico screening and

subsequently docked into the PCAF substrate binding site to test

whether they are able to bind at the CoA binding site. The crystal
Fig. 3 Structure of the PCAF–CoA complex representing the general

secondary structure of GNAT family acetyltransferases and the location

of the acetylCoA binding site. The four domains of the protein are color-

coded. Motifs A–D and motif B (based on structural conservation) are

colored blue and green, respectively. The N- and C-terminal protein

segments flanking the core are colored magenta and gold, respectively.

CoA is colored light green. Y616 is shown in capped sticks colored grey.

Fig. 4 (a) Interaction of CoA in the PCAF crystal structure. (b) Docking

pose calculated for compound 12e. (c) Docking pose calculated for

compound 14. Ligands are shown in green color, hydrogen bonds are

displayed as dashed lines. Only relevant amino acids are displayed.

306 | Med. Chem. Commun., 2012, 3, 305–311
structure of PCAF complexed with the cofactor acetyl-CoA (pdb

code: 1CM0) was used for docking studies. Goldscore and

Chemscore were considered as scoring functions. A visual

inspection was carried out for the 100 top ranked solutions and

11 compounds were further considered for biological testing

(Fig. 5).

The predicted binding mode for the rhodanine–indolinone–

carboxylate analogs suggests that the inhibitor’s acidic group,

aliphatic linker as well the rhodanine ring interact with the

cofactor binding pocket whereas the rest of the inhibitor interacts

with the substrate binding pocket (Fig. 4). Molecular interaction

fields further support the predicted binding mode. They indicated

the strongest affinity for a carboxylic group in the region around

the residues Val582 and Gly586 where the pyrophosphate part of

CoA is interacting. On the other hand, the highest affinity for

a hydrophobic probe exists in the neighborhood of the reaction

center where the cofactor’s sulfur is located (Fig. S1 in the ESI†).
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Selected compounds from the virtual screening with thiazolidinone scaffold.

Table 1 Inhibition of PCAF histone acetyltransferase activity for
histone substrate H3 (amino acid residues 1–21); IC50 value [mM] �
standard error [mM] or enzyme inhibition [%] at the specified concen-
tration for purchased compounds (Fig. 5 and 6)a

Compound (Supplier)
HAT inhibition:
PCAF, H3aa1–21

Carboxylic acids PHAR037680 (PHARMEKS) 5 97.7 � 10.4 mM
T0505-1441 (Enamine) 12% @ 50 mM
BAS02167318 (Asinex) 8% @ 50 mM
BAS0056484 (Asinex) n.i. @ 50 mM
PB-06479073 (UkrOrgSynth) n.i. @ 50 mM
PB-06779828 (UkrOrgSynth) 8% @ 50 mM
7216540307 (Otava) 5% @ 50 mM
7714220145 (Otava) 14% @ 50 mM

Sulfonic acids F1691-2672 (Life Chemicals) n.i. @ 50 mM
T5214023 (Enamine) n.i. @ 50 mM
PHAR011220 (PHARMEKS) 6% @ 50 mM

Methyl esters 3130–0992 (ChemDiv) 8% @ 50 mM
3643–3094 (ChemDiv) 9% @ 50 mM
3643–3114 (ChemDiv) 21% @ 50 mM
3643–3103 (ChemDiv) 24% @ 50 mM

a n.i.: no enzyme inhibition (<5%) at the specified assay concentration.
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Initial in vitro testing

For the determination of in vitro inhibition we used a heteroge-

neous assay with antibody mediated quantitation of acetylation

and time-resolved fluorescence as the final readout. As the

enzyme source we used the catalytic domain (aa 493–658) of

human recombinant PCAF (KAT2B) expressed in E. coli.

Among the virtual screening hits, 11 rhodanines could be ordered

from commercial sources. The chemical structures of the

carboxylic acid derivatives are presented in Fig. 4. In general,

compounds with a carboxylic moiety exhibited stronger PCAF

inhibitory properties compared to rhodanine–indolinone deriv-

atives with a sulfonic acid function (Table 1). Compounds

without the indolinone moiety were inactive. Furthermore, due

to the suggestion that the COOH group is essential for HAT

inhibition, four commercially available 5-arylidene-2-thioxo-4-

thiazolidinone substituted methyl esters with different alkyl

chain lengths (Fig. 6) have been tested for PCAF inhibition

in vitro. As expected, at the selected initial concentration for

screening of 50 mM all those esters inhibited PCAF by less than

25%. This supports the assumption that a free carboxylic acid is

required for inhibition. The most promising compound was 5

(PHAR037680), which is related to AANAT inhibitors from the

literature.38 It consists of an N-benzylated indolinone that is

condensed with a rhodanine carboxylic acid. It displayed an IC50

value against PCAF of 98 mM and was selected for structure–

activity studies.

Synthesis and PCAF inhibition of analogues

We identified two structural elements that could be modified in

the first round of variation: (a) variation or replacement of theN-
This journal is ª The Royal Society of Chemistry 2012
benzyl-moiety and (b) variation of the aliphatic spacer length

resp. rigidification within a ring structure (Fig. 7). As the first

methyl esters that were tested have a different substitution

pattern than our lead inhibitor, a structurally corresponding

methyl ester was tested in order to further underline the

hypothesis that a free carboxylic acid moiety is crucial for HAT

inhibition in vitro.

Towards that end, we set up a convergent route of synthesis

centered around the condensation of the N-alkylated
Med. Chem. Commun., 2012, 3, 305–311 | 307
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indolinedione41 with the CH-acidic rhodanine that is already N-

alkylated with the carboxylic acid spacer (Scheme 1). The latter

was synthesized from carbon disulfide, chloroacetic acid, and an

u-amino acid according to standard procedures.42 For incorpo-

ration of 4-aminomethylbenzoic acid and tranexamic acid we

used an alternative route to the rhodanine, employing bis(car-

boxymethyl)trithiocarbonate as the sulfur donating reagent.43

The final step constitutes a Knoevenagel-type condensation of

the active methylene group (rhodanine moiety) with the keto

group of the a-ketoamide (indolinone moiety).44

The obtained compounds with a core scaffold as presented in

Fig. 8 were then tested in the same in vitro assay as the initial

screening hit 5 (Fig. 4). The results are displayed in Table 2. The

reference inhibitor 1a (see Fig. 1, n¼ 1, R¼Cl, R0 ¼H) was used

as a structurally unrelated control.31

The results showed that a substituted benzyl substituent on the

indolinone moiety is necessary for inhibition below 100 mM

(Table 1). The N-unsubstituted compound 12a as well as the

methyl 12b, ethyl 12c, and even the benzyl analogue 12d did not

show significant inhibition. Among the 4-substituted benzyl

congeners, the compounds with electropositive substitution
Fig. 6 Selected methyl esters with thiazolidinone scaffold from the

virtual screening.

Fig. 7 Variation of the lead structure PHAR037680 5 concernin

308 | Med. Chem. Commun., 2012, 3, 305–311
(methyl 12e and methoxy 12f) were more potent than the nitro

derivative 12g. The binding mode of the methyl substituted

analog 12e shows a positioning of the thioester and thiocarbonyl

of rhodanine ring beside the central Cys574 while the carboxylate

makes hydrogen bonds with residues Val582, Gly584, and

Gly586. The benzyl group, which is attached to the indolinone

ring, is deeply positioned inside the substrate binding pocket

(Fig. 4). Shortening the alkyl spacer by only one methylene group

in 13 led to a strong decrease in activity but rigidification within

a 1,4-phenylene 14 or a trans-cyclohexylene 15 spacer was

possible and in the case of the latter led to an increase of inhib-

itory activity. The cyclic linkers keep approximately the same

length as the pentyl group between the rhodanine and the

carboxylate group. Docking studies showed that this length of

the linker is necessary to maintain the binding mode, where the

carboxylic group is interacting with Val582, the rhodanine’s

sulfur is positioned beside the Cys574 and the benzyl group on

the indolinone is positioned deeply inside the substrate binding

pocket (Fig. 4). Docking solutions suggest positioning of that

substituted benzyl group close to residue Tyr640 which is deeply

buried in the binding site. The molecular interaction field

calculated with a hydrophobic C3 probe shows a favourable field

in that region (Fig. S1, ESI†). The corresponding methyl ester 16

of compound 12e was also inactive. The most potent inhibitors

were also tested on the commercially available HATs Gcn5,

CBP, and p300 and were shown to be unselective on all the

subtypes with IC50 values at the micromolar level (Table 3).

Interestingly, the reference inhibitor shows a tenfold selectivity

for CBP over PCAF and a greatly reduced inhibition of Gcn5.

Due to thiols in the buffer of the commercially available p300, we

could not test 1a on this subtype.
MD simulations

To further validate the predicted binding mode and to assess the

stability of docked complexMD simulations were employed. The
g the substitution pattern of the rhodanine–indolinone core.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 8 Rhodanine–indolinone scaffold for synthesized compounds

12a–g and 13–15.

Scheme 1 Synthesis routes: (A): Indolinone moiety (i) K2CO3, CH3CN, rt, �30 h; (ii) K2CO3, KI, CH3CN, rt, �30 h; (B): rhodanine moiety (iii) KOH,

conc. H2SO4, H2O, rt, overnight; (iv) SOCl2, CH3OH, �20 �C / rt, overnight; (v) Na2CO3, dil. H2SO4, H2O, reflux, overnight; (C): condensation (vi)

C2H5OH, reflux, �20 h; (rt: room temperature).
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PCAF–inhibitor complexes derived from the docking study were

used as starting complexes for molecular dynamics (MD) simu-

lations using the AMBER program. These simulations showed

that the generated complexes are stable during the 10 ns MD

simulation. As an example, the root mean square deviation

(RMSD) of sampled conformations of compound 12e calculated

against the initial docked conformation shows that complexes

reach the stable conformation at around 2 ns and this stability is

maintained during the rest of simulation. The inhibitor
This journal is ª The Royal Society of Chemistry 2012
interactions observed in the starting structures (obtained by

GOLD) were generally maintained during the MD simulations

(RMSD plot of compound 12e is shown as example in Fig. S2 in

the ESI†).
Conclusion

We have successfully performed a virtual screening campaign

towards new lead inhibitors for HATs. Rhodanine carboxylic

acids are new unselective HAT inhibitors with activity in the two-

digit micromolar range. Initial structure–activity relationships

have better determined the pharmacophore, and the beneficial

effect of certain structural elements (4-methoxybenzyl group,

trans-cyclohexylene spacer) points out directions for further

optimization. The new inhibitors are broadband HAT inhibitors

while a pyridoisothiazolone reference inhibitor was shown to

possess increased activity on CBP and to some extent on PCAF

but is less potent on Gcn5.
Med. Chem. Commun., 2012, 3, 305–311 | 309
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Table 2 Inhibition of PCAF histone acetyltransferase activity for histone substrate H3 (amino acid residues 1–21); IC50 value [mM] � standard error
[mM] or enzyme inhibition [%] at the specified concentration for synthesized compounds according to the scaffold in Fig. 8

Cpd. Spacer R PCAF, H3aa1–21

12a C4H8 butylene H 9% @ 50 mM
12b C4H8 butylene CH3 methyl 5% @ 50 mM
12c C4H8 butylene C2H5 ethyl 6% @ 50 mM
12d C4H8 butylene (C6H5)CH2 benzyl 13% @ 50 mM
12e C4H8 butylene 4-CH3(C6H5)CH2 4-methylbenzyl 67.2 � 2.3 mM
12f C4H8 butylene 4-OCH3(C6H5)CH2 4-methoxybenzyl 28.8 � 2.1 mM
12g C4H8 butylene 4-NO2(C6H5)CH2 4-nitrobenzyl 78.2 � 3.6 mM
13 C3H6 propylene 4-CH3(C6H5)CH2 4-methylbenzyl 8% @ 50 mM
14 C6H4 phenylene 4-CH3(C6H5)CH2 4-methylbenzyl 63.7 � 1.6 mM
15 C6H10 trans-cyclohexylene 4-CH3(C6H5)CH2 4-methylbenzyl 41.8 � 4.2 mM

Table 3 Inhibition of selected members of the HAT histone acetyltransferase family for histone substrate H3 (amino acid residues 1–21); IC50 value
[mM]� standard error [mM] or enzyme inhibition [%] at the specified concentration for control inhibitor 1a, lead structure 5, and synthesized compounds
12e–g and 14–16ab

Cpd. Structure
Gcn5
(KAT2Aaa362–837)

PCAF
(KAT2Baa493–658)

CBP
(KAT3Aaa1319–1710)

p300
(KAT3Baa965–1810)

1a 89.9 � 2.7 mM 17.5 � 1.3 mM (lit31) 1.95 � 0.4 mM n.t.

5 209.6 � 3.2 mM 97.7 � 10.4 mM 115.7 � 4.0 mM 244.1 � 30.1 mM

12e 47.0 � 1.8 mM 67.2 � 2.3 mM 41.0 � 1.4 mM 81.0 � 6.7 mM

12f 54.7 � 6.2 mM 28.8 � 2.1 mM 40.9 � 1.6 mM 61.9 � 4.4 mM

12g 69.6 � 1.8 mM 78.2 � 3.6 mM 28.4 � 7.7 mM 151.9 � 6.4 mM

14 63.5 � 4.2 mM 63.7 � 1.6 mM 35.9 � 3.4 mM 95.3 � 10.7 mM

15 46.4 � 2.7 mM 41.8 � 4.2 mM 38.5 � 4.9 mM 23% @ 100 mM

16 6% @ 50 mM 8% @ 50 mM 25% @ 50 mM n.i. @ 50 mM

a n.t.: not tested (due to thiols in the enzyme buffer which inactivate 1a). b n.i.: no enzyme inhibition (<5%) at the specified assay concentration.

310 | Med. Chem. Commun., 2012, 3, 305–311 This journal is ª The Royal Society of Chemistry 2012
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