512

3-(4-Aroyl-1-methyl-1H-2-pyrrolyl)-N-hydroxy-2-alkylamides as a New Class of

J. Med. Chem. 2003, 46, 512—524

Synthetic Histone Deacetylase Inhibitors. 1. Design, Synthesis, Biological
Evaluation, and Binding Mode Studies Performed through Three Different
Docking Procedures

Antonello Mai,*$ Silvio Massa,” Rino Ragno,** llaria Cerbara,® Florian Jesacher,* Peter Loidl,* and
Gerald Brosch*#

Dipartimento di Studi Farmaceutici, Universita degli Studi di Roma “La Sapienza”, P. le A. Moro 5, 00185 Roma, Italy,

Dipartimento Farmaco Chimico Tecnologico, Universita degli Studi di Siena, via A. Moro, 53100 Siena, Italy, Dipartimento di

Studi di Chimica e Tecnologia delle Sostanze Biologicamente Attive, Universita degli Studi di Roma “La Sapienza”,
P. le A. Moro 5, 00185 Roma, Italy, and Department of Microbiology, University of Innsbruck, Medical School,
Fritz-Pregl-Strasse 3, 6020 Innsbruck, Austria

Received October 14, 2002

Recently we reported a novel series of hydroxamates, called 3-(4-aroyl-1H-2-pyrrolyl)-N-hydroxy-
2-propenamides (APHAS), acting as HDAC inhibitors (Massa, S.; et al. J. Med. Chem. 2001,
44, 2069—2072). Among them, 3-(4-benzoyl-1-methyl-1H-2-pyrrolyl)-N-hydroxy-2-propenamide
1 was chosen as lead compound, and its binding mode into the modeled HDAC1 catalytic core
together with its histone hyperacetylation, antiproliferative, and cytodifferentiating properties
in cell-based assays were investigated (Mai, A.; et al. J. Med. Chem. 2002, 45, 1778—1784).
Here we report the results of some chemical manipulations performed on (i) the aroyl portion
at the C4-pyrrole position, (ii) the N;-pyrrole substituent, and (iii) the hydroxamate moiety of
1 to determine structure—activity relationships and to improve enzyme inhibitory activity of
APHAs. In the 1 structure, pyrrole N;-substitution with groups larger than methyl gave a
reduction in HDAC inhibiting activity, and replacement of hydroxamate function with various
non-hydroxamate, metal ion-complexing groups yielded poorly active or totally inactive
compounds. On the contrary, proper substitution at the C,-position favorably affected enzyme
inhibiting potency, leading to 8 (ICso = 0.1 uM) and 9 (ICso = 1.0 uM) which were 38- and
3.8-fold more potent than 1 in in vitro anti-HD2 assay. Against mouse HDAC1, 8 showed an
ICs0 = 0.5 uM (ICsp of 1 = 4.9 uM), and also in cell-based assay, 8 was endowed with higher
histone hyperacetylating activity than 1, although it was less potent than TSA and SAHA.
Such enhancement of inhibitory activity can be explained by the higher flexibility of the pyrrole
Cg-substituent of 8 which accounts for a considerably better fitting into the HDAC1 pocket
and a more favorable enthalpy ligand receptor energy compared to 1. The enhanced fit allows
a closer positioning of 8 hydroxamate moiety to the zinc ion. These findings were supported by
extensive docking studies (SAD, DOCK, and Autodock) performed on both APHAs and reference

drugs (TSA and SAHA).

Introduction

Chromatin is a nuclear macromolecular complex
containing DNA, histones, and nonhistone proteins.!
The basic functional unit of chromatin is the nucleo-
some, consisting of DNA wrapped around a histone
octamer of pairs of H2A, H2B, H3, and H4 proteins.23

Dynamic changes in nucleosomal packaging of DNA
define distinct levels of chromatin organization. Local
remodeling of higher-order chromatin structure plays
a key role in the regulation of gene expression affecting
proper cell function, differentiation, and proliferation.
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One of the key steps in the regulation of expression of
target genes is the posttranslational modification of the
N-terminal tails of core histones by acetylation.*=6
Acetylation of Lys residues, predominantly in histones
H3 and H4, is catalyzed by enzymes with histone
acetyltranferase (HAT) activity. Such acetylation is
associated with relaxation of DNA wrapped around the
core histones and produces transcriptionally active
chromatin regions. On the other hand, histone deacety-
lase (HDAC) enzymes remove acetyl groups from e-N-
acetyl-lysine histone tails and restore a positive charge
to the Lys residues. Such chemical modifications result
in a tightening of nucleosome structure and gene
silencing.”~10

Aberrant acetylation of histone tails emerging from
HAT mutations or abnormal recruitment of HDACs has
been clearly linked to carcinogenesis. Rubinstein—Taybi
syndrome,11~14 acute promyelocytic leukemia (APL),15-18
acute myelogenous leukemia (AML) involving AML1-
ETO fusion protein,’®~22 non-Hodgkin’s lymphoma with
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overexpression of the BCL-6 oncogene repressor,?3 and
some colorectal and gastric carcinomas2* are examples
of cancer diseases associated with an upset of biological
HAT/HDAC balance. Although the molecular basis of
many neoplasias is still largely unexplored, it has been
widely established that inappropriate HDAC-mediated
transcriptional repression represents a common molec-
ular mechanism used by oncoproteins to produce alter-
ations in chromatin structure and blockage of normal
cell differentiation. From these data, compounds able
to inhibit HDAC activity are expected to reverse repres-
sion and to induce reexpression of differentiation-
inducing genes.25-29

A number of natural or synthetic compounds have
been so far reported exhibiting HDAC inhibiting activ-
ity. Among them, trichostatin A (TSA),% cyclic tetrapep-
tide trapoxin (TPX),31 HC toxin,32 apicidin,33 depsipep-
tide FK-228,3* and sodium butyrate3® are examples of
natural substances endowed with anti-HDAC activity.
Synthetic HDAC inhibitors can be represented by
sodium phenylbutyrate,3 sodium valproate,338 sub-
eroylanilide hydroxamic acid (SAHA),3° straight chain
TSA- and SAHA-like analogues,*°~42 1,4-cyclohexylene-
and 1,4-phenylene-N-hydroxycarboxamides,*® scrip-
taid,** oxamflatin*®> and related compounds,*® cyclic
hydroxamic acid-containing peptides (CHAPs),4"*8 and
the benzamide MS-275.49.50

Many of these compounds have been shown to have
potent antitumor effect in vivo in tumor-bearing ani-
mals, and some of them are currently in phase I or
phase I/11 clinical trials.?® However, in some cases their
potential for clinical drug development could be limited
by low potency and lack of selectivity (butyrates and
analogues), cytotoxicity (TSA, CHAPs, MS-275), low
solubility in the aqueous vehicle (TSA), and/or low
stability in cell culture (TSA, trapoxin).>!

Recently, we reported a novel series of hydroxamate
compounds, namely, 3-(4-aroyl-1H-2-pyrrolyl)-N-hydroxy-
2-propenamides (APHASs), acting as HDAC inhibi-
tors.5253 The X-ray crystal structure of the catalytic core
of an archaebacterial HDAC homologue (histone deacety-
lase-like protein, HDLP), reported in 1999 by Finnin et
al.,>* revealed the mode by which the hydroxamic acid-
based HDAC inhibitors TSA and SAHA bind to the
pocket of the catalytic site of the enzyme. These data
prompted us to perform three-dimensional (3D) structure-
based design and molecular modeling studies on previ-
ously reported®>°% and newly synthesized aroyl-pyrrole-
hydroxyamides, with the aim to explore their capability
to bind the deacetylase catalytic core. An extended
VALIDATE QSAR/scoring function hybrid model>” pre-
dicted the pK; values of such derivatives complexed with
HDLP in the low (or sub-) micromolar range.>? Subse-
guent enzyme-based assay against maize histone deacety-
lase HD2 performed on pyrrole compounds revealed 1Csg
values at low micromolar concentrations in good
agreememt with the corresponding predicted pK; val-
ues.52 The binding mode of 3-(4-benzoyl-1-methyl-1H-
2-pyrrolyl)-N-hydroxy-2-propenamide 1, chosen as APHA
lead compound, into the HDAC1 (RPD3 homologue)
catalytic core was further investigated by modeling the
HDAC1 X-ray coordinates from those of HDLP.5® The
modeled HDAC1/1 complex, subjected to the VALIDATE
model, afforded lower absolute error of prediction (AEP)
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than that observed for the corresponding HDLP/1
complex.53 In in vivo assays, 1 induced histone hyper-
acetylation on mouse A20 cells and was endowed with
antiproliferative and cellular differentiation activities
in murine erytroleukemic cells.>3
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Prompted by these results, in the chemical skeleton
of compound 1 we identified several structural features
to subject to chemical modifications for determining
structure—activity relationships (SARs) and for improv-
ing HDAC inhibitory activity of APHA analogues.
Particularly, (i) the aroyl portion at the Cs-pyrrole
position, (ii) the Nj-pyrrole substituent, and (iii) the
hydroxamate moiety of 1, were chosen for chemical
modifications. Novel pyrrole derivatives 1—29 bearing
several aroyl groups at C-position, hydrogen, methyl,
isopropyl, or phenyl substituents at the N;-position, and
various hydroxamate or non-hydroxamate, metal ion-
complexing moieties on the unsaturated chain linked
at the C,-position of the pyrrole ring, were synthesized
and tested to determine their HDAC inhibitory activity
in vitro. 3-(1-Methyl-4-phenylacetyl-1H-2-pyrrolyl)-N-
hydroxy-2-propenamide 8, the most potent compound
resulting from such chemical manipulations, was fur-
ther investigated about its binding mode into the
HDACL1 catalytic core and its in vivo histone hyper-
acetylating activity on mouse A20 cells.
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Chemistry

Hydroxamic acids 1—12 (Scheme 1) were synthesized
from the corresponding pyrrolepropenoic acids 53—64
and hydroxylamine via ethoxycarbonyl anhydrides. O-
Methylhydroxamates (13, 17), hydrazides (14, 18), and
2'-hydroxyanilides (16, 20) were prepared in a similar
manner from the propenoic acids 53, 60 using O-
methylhydroxylamine, hydrazine, and 2-hydroxyaniline
instead of hydroxylamine. 2-Hydroxyethylamides (15,
19) were obtained by heating ethyl pyrrolepropenoates
41, 48 with 2-hydroxyethylamine. The propenoic acids
53—63 were readily obtained by a Wittig—Horner reac-
tion between 4-aroyl-1H-pyrrole-2-carboxaldehydes (30—
40) and triethyl phosphonoacetate in the presence of
potassium carbonate, followed by alkaline hydrolysis of
the resulting ethyl pyrrolepropenoates (41—51). 3-[4-
Benzoyl-1-(1-methylethyl)-1H-2-pyrrolyl]propenoic acid
64 was prepared by alkylation of ethyl N;-unsubstituted
pyrrolepropenoate 50 and subsequent alkaline hydroly-
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sis of the obtained ester 52. The pyrrolealdehydes 30—
40, key intermediates for the synthesis of title com-
pounds, were prepared by acylation of the Vilmeier—
Haack intermediates formed from pyrrole, 1-methylpyr-
role, or 1-phenylpyrrole, and a mixture of N,N-dimeth-
ylformamide and oxalyl chloride, with the proper aroyl
chloride under Friedel—Crafts conditions (Scheme 1).

Further compounds (Scheme 2) were prepared by
reacting the pyrrolealdehydes 30, 37 with tetraethyl
methylenediphosphonate or diethyl cyanomethylphos-
phonate under Wittig—Horner conditions. In the first
reaction two diethyl pyrroleethenylphosphonates (65,
66) were obtained, which were in turn transformed into
the corresponding monophosphonic acids 21, 22 by
alkaline hydrolysis. The latter reaction yielded the
pyrrolepropenonitriles 27, 28; among them, 27 was
converted into the related pyrrolepropenylamidine 29
with trimethylaluminum and ammonium chloride ac-
cording to the Garigipati procedure.5® Finally, conden-
sation of 30, 37 with barbituric and thiobarbituric acids
gave the pyrroleethenyl(thio)barbiturates 23—26 (Scheme
2).

Chemical and physical data of compounds 1—29 are
listed in Table A (see Supporting Information). Chemical
and physical data of intermediate compounds 37—40,
48—52, 60—66 are listed in Table B (See Supporting
Information).

Biological Evaluation and Structure—Activity
Relationship Studies. In Vitro Enzyme Inhibition.
The pyrrole derivatives 1—29 were evaluated for their
ability to inhibit HDAC activity®® using maize histone
deacetylase HD2 as the enzyme source.?® HD2 was
characterized in detail by us®63 and has an in vitro
enzyme activity comparable to those of HDACs from
other sources, such as fungi and vertebrates, using our
standard HDAC assay.5%64 In enzyme inhibition assays,
HD2 was 1.3—2.4-fold more sensitive than mouse HDAC1

Scheme 22
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KOH, C;Hs0H, H20, 70 °C; (c) (thio)barbituric acid, H,O, C,Hs0H,
rt; (d) (CoHs0).OPCH2CN, K>CO3, C2Hs0H, 80 °C; (e) (1) (CHa)3Al,
NH,4CI, n-hexane/toluene, from 0 to 80 °C; (2) CH3OH, 0 °C.

against three APHA compounds and SAHA and 3.5-fold
less sensitive to TSA.53 Additionally, two short chain
fatty acids (sodium butyrate and sodium valproate), two
hydroxamic acids (TSA and SAHA), and two cyclic
tetrapeptides (trapoxin and HC-toxin) were tested as
reference drugs.

The results, expressed as percent of enzyme inhibition
at fixed dose and ICso (50% inhibitory concentration)
values, are reported in Table 1. The effects of some
chemical manipulations performed on (i) the aroyl
portion at the C4-pyrrole position, (ii) the Ni-pyrrole
substituent, and (iii) the hydroxamate moiety of 1 on
the biological activity of the compounds are discussed
below.
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Table 1. HDAC Inhibitory Activity of Compounds 1—292
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determined.

Aroyl Substitution at the C4-Pyrrole Position. To
develop SAR studies on APHA compounds, we prepared
a series of pyrrolepropenoic hydroxamates 1—7 showing
differently 4'-substituted (4'-H, 4'-chloro, 4'-fluoro, 4'-
nitro, 4'-methyl, 4'-methoxy, and 4'-dimethylamino)
benzoyl groups at the Cy-position of the pyrrole ring.

Tested as anti-HDAC agents, these derivatives showed
ICso values between 1.9 and 3.9 uM, the 4'-chloro-, 4'-
methyl-, and 4'-dimethylaminobenzoylpyrrolepropenoic
hydroxamates 2, 5, 7 being only just 1.6—2-fold more
potent than the unsubstituted 1. Instead, an increase
of potency was obtained with the synthesis of 8 and 9,
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Figure 1. Schematic representation of hydroxamate-based
inhibitors—HDLP catalytic core interactions

in which the benzene ring of the 1 C4-benzoyl moiety is
spaced from the carbonyl group through a methylene
(8) or an ethenyl (9) link. Compounds 8 and 9 were 38-
and 3.8-fold more effective than 1 in inhibiting HDAC
enzyme, respectively.

Influence of N;-Substituent at the Pyrrole Ring.
To study the effect of pyrrole Ni-substituent on enzyme
inhibition we prepared and tested N;-H, Nj-isopropyl,
and N;-phenyl analogues of 1 (compounds 10—12). The
N;-H derivative 10 retained the anti-HDAC activity
showed by 1 resulting only 1.3-fold less potent than the
Ni-methyl counterpart, while 11 and 12 carrying sub-
stituents bulkier than a methyl showed a decrease of
inhibitory activity of 14 and 29 times, respectively.
These data confirm our observations about the binding
mode of 1 into the modeled HDAC1 catalytic core,> with
the hypothesis of a steric hindrance exerted by pyrrole
N;-substituent of APHA derivatives into the binding
pocket. However, the lack of increasing of activity from
N;-methyl compound 1 to Ni-H counterpart 10 can be
explained through the display of unfavorable electronic
and hydrophilic effects exerted by the NH group into
the catalytic pocket. In fact, the calculated logP value
for 10 (1.54) is lower than that calculated for 1 (1.85),
and this difference accounts for an higher energy that
10 needs to passage by its solvated state to the receptor
bound state during the complex formation.

Replacement of Hydroxamic Acid Moiety. Crys-
tal structures of HDLP/TSA and HDLP/SAHA com-
plexes revealed that hydroxamic acid-based inhibitors
bind the deacetylase core by inserting their aliphatic
chains into the HDLP pocket and by making multiple
contacts to its tubelike hydrophobic portion.>* Particu-
larly, their hydroxamic acid group reaches the polar
bottom of the pocket, where it coordinates the zinc ion
in a bidentate fashion (through CO and OH groups) and
also contacts active-site residues (forming two hydrogen-
bonds between its NH and OH groups and the two
charge-relay systems His131/Asp166 and His132/Asp173,
and another one between its CO and the Tyr297
hydroxyl group) (Figure 1). Moreover, hydroxamic acid
function replaces the zinc-bound water molecule of the
active structure with its OH group.>*

This mechanism of action underlines the importance
of the presence of the CO+NH-+OH (or similar, metal
ion-complexing structure) for the enzyme inhibiting
activity. From these data, we prepared some hydroxamic
acid-like derivatives 13—20 bearing an O-methylhy-
droxamate (13, 17), hydrazide (14, 18), 2-hydroxyethyl-
amide (15, 19), and 2'-hydroxyanilide (16, 20) moieties

Mai et al.

Table 2. Maize HD2 and Mouse HDACL1 Inhibitory Activity of
8

compd HD2 ICs £ SD (uM)

HDAC1 ICsp & SD (M)

8 0.1 + 0.004 0.51 +£0.02

12 3.8+0.15 49+0.15
TSA2 0.007 £ 0.0003 0.002 + 0.00006
SAHA?2 0.05 4+ 0.0015 0.112 + 0.0045

Table 3. Experimental vs VALIDATE and Autodock Predicted
HDAC1 Inhibitory Activities of TSA, SAHA, 1, and 8

expt pICso  VALIDATE predicted pK;

Autodock
compd HDAC1 HD2 SAD DOCK Autodock predicted pK;
TSA 8.70 8.15 8.61* 7.26 7.92 7.41
SAHA 695 7.30 6.69% 6.79 7.15 6.21
1 531 542 5762 476 7.31 5.65
8 6.29 7.00 6.30 6.98 6.37 5.98

a See ref 53.

instead of the hydroxamate. Moreover, the monophos-
phonic acids 21, 22, the (thio)barbiturates 23—26, the
nitriles 27, 28, and the amidine 29 were synthesized
and tested as HDAC inhibitors because such chemical
functions are able to chelate metal ions.

Unfortunately, all attempts to obtain non-hydroxam-
ate compounds active as anti-HDAC agents produced
only weakly potent (18, 25—27, 29) or totally inactive
(13—17, 1924, 28) derivatives. In fact between 1
analogues, the nitrile 27 and the amidine 29 were 7-
and 6-fold less potent than their reference compound.
With regard to 8 analogues, the hydrazide 18 was 3-fold
less effective than 8 in inhibiting the enzyme at fixed
dose, and the (thio)barbiturates 25, 26 were 1000- and
850-fold less active than 8, respectively.

Docking and Binding Mode Inspection of 1h into
the Modeled HDAC1 Catalytic Core. Chemical ma-
nipulations performed on APHA lead compound 1
highlighted that enzyme inhibiting potency of aroylpyr-
role-hydroxyalkylamides is strongly increased by con-
verting the Cs-benzoyl into Cs-phenylacetyl moiety at
the pyrrole ring, being 3-(1-methyl-4-phenylacetyl-1H-
2-pyrrolyl)-N-hydroxy-2-propenamide 8 38-fold more
active than 1 in in vitro HD2 inhibitory assay (Table
1).

Binding mode analysis of 8 was first investigated
using the modeled HDAC1 X-ray structure analogously
to that reported for 152 using a semiautomatic dock
(SAD) procedure. ICsg value of 8 against mouse HDAC1
enzyme was determined (Table 2), and its pK; was
predicted using the in house refined VALIDATE
model®7:53 (Table 3). In parallel experiments, docking
studies into the HDACL1 catalytic core were also per-
formed on 1, 8, TSA, and SAHA structures by the mean
of the DOCK 4.0.2% and Autodock 3.0.5% programs.

Among the minimized ligand/HDAC1 complexes ob-
tained, the most stable ones were those proposed by
Autodock (see minimized complex steric energies in
Table 4). To compare the four docked molecules (1, 8,
TSA, and SAHA), in Figure 2 are reported their binding
conformations obtained from the Autodock run. Simi-
larly to that observed for the complexes, also the
Autodock conformations showed to be more stable than
those obtained with DOCK or SAD procedures (ligand
bound steric energies, Table 4).
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Table 4. Minimized Complex and Ligand Bound Steric
Energies (AMBER force field) Relative to 1, 8, SAHA, and TSA
Obtained by DOCK, Autodock, and SAD Procedures

docking method 1 8 SAHA TSA
minimized complex steric energy (kJ/mol)
DOCK —7174.81 —9077.85 —7369.18 —8909.93
Autodock —8913.90 —9405.68 —10363.13 —9976.13
SAD —7828.92 —9142.08 ND? ND
Ligand Bound Steric Energy (kJ/mol)
DOCK -12.25 —49.03 —0.53 —48.20
Autodock —25.11 —53.02 —13.38 —52.74
SAD —11.50 —54.90 ND ND

2 ND, not determined.

Figure 2. Superimposition of the Autodock docked conforma-
tions of 1 (green), 8 (red), TSA (yellow), and SAHA (blue). The
gray ball represents the mean position of the zinc ion. HDAC1
pocket is not shown for the sake of clarity

Interestingly, DOCK and Autodock results were in
good agreement each other and with those obtained by
either the SAD procedure (1 and 8) or experimental
values (TSA and SAHA) (see Figure 3, and Table C in
Supporting Information). The found different binding
conformations of 1 (Figure 3A) likely represent three
different bound states of the ligand, confirming the low
tightness of the HDAC1/1 complex. On the other hand,
for structures endowed with higher activities, the dock-
ing methodologies led to almost the same results,
reflecting that more stable and unique complexes are
achieved for 8, TSA, and SAHA (Figures 3B—D) (see
Experimental Section).

Inspection of 8 binding mode into the HDAC1 cata-
lytic core, compared with that described for 1,53 revealed
that the enhancement of inhibitory activity can be
mainly attributed to the higher flexibility of the pyrrole
Cg4-substituent of 8. Generally, an increase in flexibility
is unfavorable, due to the increase in the entropy of
binding. Nevertheless, the introduction of a methylene
connection between the phenyl and the carbonyl group
of the 1 benzoyl moiety disrupts the extended phenyl-
CO-pyrrole m-conjugation. As a consequence of this
flexibility, 8 fits considerably better than 1 into the
HDAC1 pocket, showing an higher average steric fit%’
(Laverage steric fit = 1.7; Baverage steric fit = 2.0) (Table D in
Supporting Information) and providing a more favorable
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enthalpy of binding that offsets the slightly more
unfavorable entropy (Table 4). Furthermore, this en-
hanced fitting allows a closer positioning of 8 hydrox-
amate moiety to the zinc ion (1: average CO---Zn =4.0
A, average OH---Zn = 4.7 A; 8: average CO---Zn = 3.1
A, average OH:--Zn = 3.5 A).

In Figure 4 the SAD conformation of 8 into the
HDACL1 catalytic core is reported. Tyr297 hydroxyl
group is placed at hydrogen-bond distance from the 8
hydroxamate moiety (Tyr297-OH--COnydroxamate = 3.25
A; Tyr297-OH-+*OHnydroxamate = 2.42 A). Positive z-stack-
ing interactions can be observed between the pyrrolyl-
ethylene chain and the Phel41 and Phel98 residues of
the site. The pyrrole Ni-methyl group, contrary to that
of 1,58 makes favorable interactions with the a-carbon
atom of Gly140 and partially with the Phel4l side
chain. This switched position of the 8 Ni-methyl group
with respect to that of 153 allows the molecule to get
closer to the catalytic zinc ion. Finally, in the pyrrole
Cs-phenylacetyl portion the ketone points toward the
Tyr91 hydroxyl group, probably making a hydrogen
bond by the mean of a water molecule (not shown), and
the benzene ring points to a hydrophobic region of the
enzyme (i.e., Phe200).

In Vivo Histone Hyperacetylation Induced by 8.
To examine whether in vitro HDAC inhibition by 8
correlates with increased acetylation level of core his-
tones in vivo, we treated exponentially growing A20 cells
with 8 (40 uM) together with TSA (200 nM) and SAHA
(11 uM) as reference drugs. After isolation of nuclei, the
effects on histone acetylation were analyzed by AUT-
PAGE (acid-urea-triton polyacrylamide gel electrophore-
sis) followed by staining with Coomasie brilliant blue
R-250. The effect of 1 (800 M) on histone acetylation
on mouse A20 cells is also reported for a direct com-
parison with that of 8. AUT-PAGE allows separation
of individual subspecies of core histones with the
different extent of acetylation, because of slower migra-
tion rates of the acetylated species. Figure 5 shows that
8 induced the accumulation of highly acetylated histone
H4 subspecies (mono- to tetraacetylated) compared to
control cells where no toxin wax added, with decreases
in the most rapidly migrating bands of each histone
species.

The effect of 8 on acetylation patterns of histone H4
by an antibody against acetylated H4 peptide was also
studied. This antibody recognizes di-, tri-, and tet-
raacetylated H4, but not nonacetylated H4. In Western
Blot experiments isolated histones of Figure 5A were
subjected to SDS—PAGE and immunoblotting. Treat-
ment of cells with 8 as well as with 1, TSA and SAHA
led to a highly increased acetylation level of H4 with
significant immunoreaction, compared to control his-
tones which show only a faint signal (Figure 5B). Joined
to AUT-gel results, these data clearly demonstrate that
8 inhibits HDAC not only in vitro but also in the cells.
Moreover, 8 is endowed with higher histone hyperacety-
lating activity than the APHA prototype 1, still resulting
less potent than TSA and SAHA.

Conclusion

We designed and performed structural modifications
on 3-(4-benzoyl-1-methyl-1H-2-pyrrolyl)-N-hydroxy-2-
propenamide 1, the representative member of aroyl-
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Figure 3. Superimposition of the docked conformations of 1 (A), 8 (B), TSA (C), and SAHA (D) obtained from the three docking
procedures (see text). The minimized experimental (TSA ans SAHA) and the semiautomatic docked (SAD) (1 and 8) conformations
are in green. Autodock conformations are in red. DOCK conformations are in blue. The gray sphere indicates the Zn ion position

into the HDAC1.

Figure 4. Stereoview of the semiautomatic docked conformation of 8 (in white) into the HDAC1 catalytic core. Residues 4 A
from the ligand are displayed in orange. In transparent cyan is the ligand available volume.

pyrrole-hydroxy-alkylamides (APHAs) recently de-
scribed by us as a new class of synthetic HDAC
inhibitors. In the 1 structure, pyrrole Ni-substitution
with groups larger than methyl decreased HDAC in-
hibiting activity, and replacement of hydroxamate func-
tion with various non-hydroxamate, metal ion-complex-
ing groups yielded low active or totally inactive com-
pounds. On the contrary, proper substitution at the Cs-
position of the pyrrole ring favorably affected enzyme

inhibiting potency, leading to 3-(1-methyl-4-phenylacetyl-
1H-2-pyrrolyl)-N-hydroxy-2-propenamide 8 and 3-[1-
methyl-4-(2-phenylethenyl)-1H-2-pyrrolyl]-N-hydroxy-
2-propenamide 9 which were 38- and 3.8-fold more
potent than 1 in in vitro anti-HD2 assay, respectively.
In comparison with reference drugs, in our enzyme
assay 8 showed a 1280-fold higher inhibitory potency
than sodium valproate; moreover, it was as active as
HC-toxin, and was 14-, 2-, and 10-fold less potent than
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Figure 5. Effects of 1, 8, TSA, and SAHA on histone
acetylation in mouse A20 cells. (A) Analysis of histone hyper-
acetylation by AUT-PAGE and Coomassie blue staining.
Positions of mono- to tetraacetylated H4 subspecies are
indicated. (1) control, (2) 1, (3) 8, (4) TSA, (5) SAHA, (6)
hyperacetylated MELC (murine erythroleukemia cells) his-
tones. (B) Analysis of H4-acetylation by immunoblotting.
Position of acetylated H4 is indicated. Data reported in lines
1, 2, 4—6 are the same used in ref 53.

TSA, SAHA, and trapoxin, respectively. Against mouse
HDAC1, 8 showed an IC5p = 0.5 uM, 10 times more
efficient than 1 and 4.5- and 255- fold less potent than
SAHA and TSA, respectively. Also in cell-based assay
8 was endowed with higher histone hyperacetylating
activity than 1 on mouse A20 cells. Such enhancement
of inhibitory activity of 8 with respect to that of 1 can
be explained by the binding mode analysis of 8 into the
HDAC1 catalytic core. The higher flexibility of the
pyrrole Cs-substituent of 8 accounts for a considerably
better fitting into the HDACL1 pocket compared to 1 and
allows a closer positioning of 8 hydroxamate moiety to
the zinc ion. These findings were supported by extensive
docking studies (SAD, DOCK, and Autodock) performed
on both APHASs and reference drugs (TSA and SAHA).
We are currently investigating the effect of chemical
modifications at the unsaturated chain connecting pyr-
role ring with the hydroxamate function in APHA
compounds and the capability of 8 to induce antiprolif-
erative effects and terminal cell differentiation.

Experimental Section

Chemistry. Melting points were determined on a Buichi 530
melting point apparatus and are uncorrected. Infrared (IR)
spectra (KBr) were recorded on a Perkin-Elmer Spectrum One
instrument. *H NMR spectra were recorded at 200 MHz on a
Bruker AC 200 spectrometer; chemical shifts are reported in
o (ppm) units relative to the internal reference tetramethyl-
silane (Me,Si). All compounds were routinely checked by TLC
and 'H NMR. TLC was performed on aluminum-backed silica
gel plates (Merck DC—Alufolien Kieselgel 60 F,s4) with spots
visualized by UV light. All solvents were reagent grade and,
when necessary, were purified and dried by standards meth-
ods. Concentration of solutions after reactions and extractions
involved the use of a rotary evaporator operating at a reduced
pressure of ca. 20 Torr. Organic solutions were dried over
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anhydrous sodium sulfate. Analytical results are within
+0.40% of the theoretical values. A SAHA sample for biological
assays was prepared as previously reported by us.5” All
chemicals were purchased from Aldrich Chimica, Milan (Italy)
or Lancaster Synthesis GmbH, Milan (Italy) and were of the
highest purity.

General Procedure for the Synthesis of 4-Aroyl-1H-
2-pyrrolecarboxaldehydes 30—40. Example: 4-Benzoyl-
1H-pyrrole-2-carboxaldehyde (39). A 20 mL 1,2-dichloro-
ethane solution of oxalyl chloride (29.7 mmol, 2.6 mL) was
added to a cooled (0—5 °C) solution of N,N-dimethylformamide
(29.7 mmol, 2.3 mL) in 1,2-dichloroethane (20 mL) over a
period of 5—10 min. After being stirred at room temperature
for 15 min, the suspension was cooled (0—5 °C) again and
treated with a solution of 1H-pyrrole (29.7 mmol, 2.0 g) in 1,2-
dichloroethane (20 mL). The mixture was stirred at room
temperature for 15 min and then treated with aluminum
trichloride (65.3 mmol, 8.7 g) and benzoyl chloride (29.7 mmol,
3.5 mL). After 3 h, the reaction mixture was poured onto
crushed ice (100 g) containing 50% NaOH (20 mL) and stirred
for 10 min. The pH of the solution was adjusted to 4 with 37%
HCI, the organic layer was separated, and the aqueous one
was extracted with chloroform (2 x 20 mL). The combined
organic solutions were washed with water, dried, and evapo-
rated to dryness. The residual oil was purified by column
chromatography on silica gel eluting with ethyl acetate:
chloroform 1:10. The solid obtained was recrystallized from
cyclohexane/benzene to give pure 39. IR 3220 (NH), 1677
(CHO), 1630 (CO) cm ™. *H NMR (CDCl3) ¢ 7.45 (m, 4 H,
pyrrole -proton and benzene H-3,4,5), 7.69 (m, 1 H, pyrrole
a-proton), 7.81 (m, 2 H, benzene H-2,6), 9.58 (s, 1 H, CHO),
10.70 (s, 1 H, NH). Anal. (C12HoNO,) C, H, N.

General Procedure for the Synthesis of Ethyl 3-(4-
Aroyl-1H-2-pyrrolyl)propenoates 41—-51. Example: Ethyl
3-(4-Benzoyl-1-phenyl-1H-2-pyrrolyl)propenoate (51). A
suspension of 40 (5.7 mmol, 1.6 g) in absolute ethanol (20 mL)
was added in one portion to a mixture of triethyl phospho-
noacetate (6.8 mmol, 1.4 mL) and anhydrous potassium
carbonate (17.1 mmol, 2.4 g). After being stirred at 70 °C for
2 h, the reaction mixture was cooled to room temperature,
diluted with water (50 mL), and extracted with ethyl acetate
(3 x 30 mL). The organic layer was washed with water, dried,
and evaporated to dryness, and the solid residue was recrys-
tallized to furnish pure 51. IR 1705 (COOC;Hs), 1633 (CO)
cm~L. IH NMR (CDCls) 6 1.24 (t, 3 H, CHs), 4.13 (q, 2 H, CHy),
6.16 (d, 1 H, CH=CHCO), 7.21 (s, 1 H, pyrrole -proton), 7.31—
7.44 (m, 10 H, CH=CHCO, pyrrole a-proton, N-benzene H,
and CO-benzene H-3,4,5), 7.81 (m, 2 H, CO-benzene H-2,6).
Anal. (C22H19NO3) C, H, N.

Ethyl 3-[4-Benzoyl-1-(1-methylethyl)-1H-2-pyrrolyl]-
propenoate (52). A mixture of 50 (19.3 mmol, 5.3 g) and
2-iodopropane (38.6 mmol, 3.9 mL) in N,N-dimethylformamide
(10 mL) containing anhydrous potassium carbonate (38.6
mmol, 5.3 g) was heated at 90 °C while stirring overnight.
After being cooled, the mixture was poured onto water (300
mL) and extracted with ethyl acetate (3 x 50 mL). The organic
layer was washed, dried, and evaporated to dryness. The
residue was purified by column chromatography on silica gel
eluting with ethyl acetate:chloroform 1:10. IR 1705 (COOC;Hs),
1627 (CO) cm™t. *H NMR (CDClg) 6 1.34 (t, 3 H, CH,CH3),
1.53 (d, 6 H, CH(CHz)y), 4.29 (q, 2 H, CH,CHs), 4.56 (m, 1 H,
CH(CHs3),), 6.31 (d, 1 H, CH=CHCO), 7.09 (s, 1 H, pyrrole
p-proton), 7.55 (m, 4 H, pyrrole a-proton and benzene H-3—
5), 7.64 (d, 1 H, CH=CHCO), 7.84 (m, 2 H, benzene H-2,6).
Anal. (C19H21NO3) C, H, N.

General Procedure for the Synthesis of 3-(4-Aroyl-1H-
2-pyrrolyl)propenoic Acids 53—64. Example: 3-[1-Meth-
yl-4-(2-phenylethenyl)-1H-2-pyrrolyl]propenoic Acid (61).
A mixture of 49 (5.7 mmol, 1.8 g), 2 N KOH (22.9 mmol, 11.4
mL), and ethanol (15 mL) was heated at 70 °C for 3 h. After
being cooled, the solution was poured into water (50 mL) and
extracted with ethyl acetate (2 x 20 mL). To the aqueous layer
was added 2 N HCI until the pH was 5, and the precipitate
was filtered and recrystallized from benzene giving the pure



520 Journal of Medicinal Chemistry, 2003, Vol. 46, No. 4

compound 61. IR 3450 (OH), 1705 (COOH), 1640 (CO) cm™1.
IH NMR (DMSO-ds) 6 3.73 (s, 3 H, NCH3), 6.25 (d, 1 H, CH=
CHCOOH), 7.10—7.56 (m, 8 H, pyrrole g-proton, PhCH=CH,
pyrrole a-proton, and benzene H), 7.77 (m, 1H, PhCH=CH),
7.99 (m, 1 H, CH=CHCOOH), 12.10 (s, 1 H, OH). Anal. (C17H1s-
NOs) C, H, N.

General Procedure for the Synthesis of 3-(4-Aroyl-1-
methyl-1H-2-pyrrolyl)-N-hydroxypropenamides 1—-12. Ex-
ample: 3-(1-Methyl-4-phenylacetyl-1H-2-pyrrolyl)-N-hy-
droxypropenamide (8). Ethyl chloroformate (5.0 mmol, 0.5
mL) and triethylamine (5.4 mmol, 0.8 mL) were added to a
cooled (0 °C) solution of 60 (4.2 mmol, 1.1 g) in dry THF (10
mL), and the mixture was stirred for 10 min. The solid was
filtered off. The filtrate was added to a freshly prepared
solution of hydroxylamine, obtained by reaction between
hydroxylamine hydrochloride (6.2 mmol, 0.4 g) and KOH (6.2
mmol, 0.35 g), in methanol (10 mL). After being stirred at room
temperature for 15 min, the mixture was evaporated under
reduced pressure, and the residue was recrystallized from
benzene to give the pure compound 8. IR 3444—3215 (NHOH),
1640 (CONH), 1616 (CO) cm™1. 1H NMR (DMSO-dg) 0 3.74 (s,
3 H, NCHs3), 4.01 (s, 2 H, CHy), 6.26 (d, 1 H, CH=CHCO), 6.92
(s, 1 H, pyrrole g-proton), 7.27 (m, 6 H, CH=CHCO, pyrrole
o-proton, and benzene H-2,3,5,6), 7.85 (m, 1 H, benzene H-4),
9.01 (s, 1 H, NH), 10.66 (s, 1 H, OH). Anal. (C16H1sN203) C, H,
N.

General Procedure for the Synthesis of 3-(4-Aroyl-1-
methyl-1H-2-pyrrolyl)-N-methoxypropenamides 13, 17.
Example: 3-(1-Methyl-4-phenylacetyl-1H-2-pyrrolyl)-N-
methoxypropenamide (17). To a cooled (0 °C) solution of
60 (1.11 mmol, 0.3 g) in dry THF (10 mL) were added
triethylamine (1.45 mmol, 0.21 mL) and ethyl chloroformate
(2.33 mmol, 0.13 mL) in succession. After being stirred for 10
min, the mixture was filtered and the filtrate was added to a
freshly prepared solution of O-methylhydroxylamine, obtained
by reaction between O-methylhydroxylamine hydrochloride
(2.66 mmol, 0.14 g) and KOH (1.66 mmol, 0.1 g), in methanol
(5 mL). The resulting mixture was stirred at room temperature
for 15 min and then was evaporated under reduced pressure,
and the residue was recrystallized from benzene to furnish
pure 17. IR 3190 (NH), 16550 (CONH), 1625 (CO) cm™t. 'H
NMR (CDCls) 6 3.71 (s, 3 H, NCHs3), 3.82 (s, 3H, OCHg3), 4.02
(s, 2 H, CHy), 6.31 (m, 1 H, CH=CHCO), 7.04 (s, 1 H, pyrrole
p-proton), 7.29 (m, 6 H, pyrrole a-proton and benzene H), 7.65
(d, 1 H, CH=CHCO), 9.16 (s, 1 H, NH). Anal. (C17H1sN,03) C,
H, N.

General Procedure for the Synthesis of 3-(4-Aroyl-1-
methyl-1H-2-pyrrolyl)propenylhydrazides 14, 18. Ex-
ample: 3-(1-Methyl-4-phenylacetyl-1H-2-pyrrolyl)pro-
penylhydrazide (18). A cooled (0 °C) solution of 60 (1.1 mmol,
0.3 g) indry THF (10 mL) was treated with triethylamine (1.4
mmol, 0.21 mL) and ethyl chloroformate (1.3 mmol, 0.13 mL)
while stirring. After 10 min, the solid was filtered off, and
hydrazine hydrate (1.7 mmol, 0.08 mL) was added to the
filtrate. The resulting mixture was stirred at room tempera-
ture for further 15 min and then was evaporated, and the
residue was recrystallized to furnish pure 18. IR 3200 (NHNH),
1650 (CONH), 1620 (CO) cm™%. 'H NMR (CDCl3) 6 3.73 (s, 3
H, NCHa), 4.03 (s, 2 H, CH,), 6.24 (d, 1 H, CH=CHCO), 7.02
(s, 1 H, pyrrole g-proton), 7.30 (m, 6 H, pyrrole a-proton and
benzene H), 7.51 (d, 1 H, CH=CHCO). Anal. (C16H1;Ns0,) C,
H, N.

General Procedure for the Synthesis of 3-(4-Aroyl-1-
methyl-1H-2-pyrrolyl)-N-(2-hydroxyethyl)propen-
amides 15, 19. Example: 3-(1-Methyl-4-phenylacetyl-1H-
2-pyrrolyl)-N-(2-hydroxyethyl)propenamide (19). A solu-
tion of 2-ethanolamine (5.28 mmol, 0.32 mL) and ethyl 3-(1-
methyl-4-phenylacetyl-1H-2-pyrrolyl)propenoate 48 (1.32 mmol,
0.3 g) was stirred for 2 h a 140 °C. After being cooled, the
mixture was poured onto water (100 mL) and extracted with
ethyl acetate (3 x 50 mL). The organic layer was washed,
dried, and evaporated to dryness to furnish a solid residue (19)
which was purified by crystallization (benzene/acetonitrile).
IR 3280 (NH, OH), 1645 (CONH), 1605 (CO) cm™%. *H NMR
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(CDCl3) 6 1.65 (s, 1 H, OH), 3.58 (m, 2 H, CH,CH,0H), 3.71
(s, 3H, NCHj3), 3.84 (m, 2 H, CH,CH,0H), 4.02 (s, 2 H, PhCHy,),
6.28 (m, 2 H, CH=CHCO and NH), 6.70 (d, 2 H, benzene
H-3,5), 7.01 (m, 1 H, pyrrole g-proton), 7.30 (m, 6 H, pyrrole
a-proton and benzene H), 7.53 (d, 1 H, CH=CHCO). Anal.
(C18H20N203) C, H, N.

General Procedure for the Synthesis of 3-(4-Aroyl-1-
methyl-1H-2-pyrrolyl)-2'-hydroxypropenylanilides 16, 20.
Example: 3-(1-Methyl-4-phenylacetyl-1H-2-pyrrolyl)-2'-
hydroxypropenylanilide (20). Triethylamine (2.9 mmol, 0.4
mL) and ethyl chloroformate (2.68 mmol, 0.26 mL) were added
to an ice-cooled solution of 60 (2.23 mmol, 0.6 g) in dry THF
(10 mL). After being stirred for 10 min, the obtained suspen-
sion was filtered, and 2-aminophenol (3.34 mmol, 0.36 g) was
added to the filtrate. The resulting mixture was stirred at room
temperature for 15 min and then was evaporated under
reduced pressure to give crude 20 which was purified by
crystallization (benzene/acetonitrile). IR 3120 (NH, OH), 1650
(CONH), 1590 (CO) cm™%. *H NMR (DMSO-ds) 6 3.50 (s, 3 H,
NCH3), 3.96 (m, 2 H, CHy), 6.10 (m, 1 H, CH=CHCO), 6.67
(m, 1 H, pyrrole S-proton), 6.85 (m, 4 H, anilide H-3,4,5 and
NH), 7.08 (m, 1 H, anilide H-6), 7.25 (m, 5 H, pyrrole a-proton
and benzene H), 7.74 (m, 1 H, CH=CHCO), 9.2 (s, 1 H, OH).
Anal. (C22H21N203) C, H, N.

General Procedure for the Synthesis of Diethyl 2-(4-
Aroyl-1-methyl-1H-2-pyrrolyl)ethenylphosphonates 65,
66. Example: Diethyl 2-(4-Benzoyl-1-methyl-1H-2-pyr-
rolyl)ethenylphosphonate (65). A suspension of 30 (4.7
mmol, 1.0 g) in absolute ethanol (20 mL) was added in one
portion to a mixture of tetraethyl methylenediphosphonate (5.6
mmol, 1.4 mL) and anhydrous potassium carbonate (14.1
mmol, 1.9 g). After being stirred at 70 °C for 2 h, the reaction
mixture was cooled to room temperature, poured into water
(50 mL), and extracted with ethyl acetate (3 x 25 mL). The
combined organic solution was washed with water, dried, and
evaporated to dryness. The residual oil was purified by column
chromatography on silica gel eluting with ethyl acetate:
chloroform 1:1 to furnish pure 65. IR 1635 (CO), 1240 (P=0),
1025 (P(OC:Hs);) cm™ H NMR (CDCls) 6 1.27 (t, 6 H,
CH,CHz3), 3.68 (s, 3 H, NCH3), 4.04 (g, 4 H, CH,CH35), 5.97 (t,
1 H, CH=CHPO), 7.01 (s, 1 H, pyrrole g-proton), 7.42 (m, 5
H, CH=CHPO, pyrrole a-proton, and benzene H-3,4,5), 7.74
(m, 2 H, benzene H-2,6). Anal. (C1sH2,NO4P) C, H, N, P.

General Procedure for the Synthesis of Ethyl 2-(4-
Aroyl-1-methyl-1H-2-pyrrolyl)ethenylphosphonates 21,
22. Example: Ethyl 2-(1-Methyl-4-phenylacetyl-1H-2-
pyrrolylethenylphosphonate (22). A mixture of 66 (2.0
mmol, 0.8 g), 2 N KOH (16.1 mmol, 8.1 mL), and ethanol (15
mL) was heated at 70 °C for 3 h. After being cooled, the
solution was poured into water (50 mL) and extracted with
ethyl acetate (2 x 20 mL). To the aqueous layer was added 2
N HCI until the pH was 5. The precipitate was filtered and
recrystallized from benzene/acetonitrile to give pure 22. IR
3130 (OH), 1626 (CO), 1366 (P=0), 960 (POC,Hs) cm™2. 'H
NMR (CDClg) ¢ 1.34 (t, 3 H, CH,CHj3), 3.58 (s, 3 H, NCH3),
4.00 (s, 2 H, PhCHy), 4.10 (q, 2 H, CH,CHa), 6.06 (t, 1 H, CH=
CHPO), 6.07 (s, 1 H, OH overlapped signal), 6.98 (s, 1 H,
pyrrole -proton), 7.29 (m, 7 H, CH=CHPO, pyrrole a-proton,
and benzene H). Anal. (CisH20PNOs) C, H, N, P.

General Procedure for the Synthesis of 5-[2-(4-Aroyl-
1-methyl-1H-2-pyrrolyl)ethenyl]-1,2,3,4,5,6-hexahydro-
2,4,6-trioxopyrimidines 23, 25, and 5-[2-(4-Aroyl-1-methylI-
1H-2-pyrrolyl)ethenyl]-4,6-dioxo-1,2,3,4,5,6-hexahydro-2-
thioxopyrimidines 24, 26. Example: 5-[2-(4-Benzoyl-1-
methyl-1H-2-pyrrolyl)ethenyl]-1,2,3,4,5,6-hexahydro-2,4,6-
trioxopyrimidine (23). A suspension of barbituric acid (4.4
mmol, 0.56 g) in 15 mL of water was added to a solution of 30
(4.4 mmol, 1.0 g) in ethanol (25 mL), and the mixture was
stirred at room temperature for 2 h. The resulting solid was
filtered under reduced pressure, collected, and recrystallized
to furnish pure 23. IR 3193 (NH), 1784 (CONHCO),1670
(CONH), 1630 (CO) cm™*. *H NMR (DMF-d;) 6 4.16 (s, 3 H,
NCHg), 7.48 (m, 5 H, pyrrole H and benzene H-3,4,5), 8.44 (d,
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2 H, benzene H-2,6), 9.04 (s, 1 H, CH), 11.35 (s, 1 H, NH),
11.45 (s, 1 H, NH). Anal. (C17H13N30,) C, H, N.

General Procedure for the Synthesis of 3-(4-Aroyl-1-
methyl-1H-2-pyrrolyl)propenonitriles 27, 28. Example:
3-(4-Benzoyl-1-methyl-1H-2-pyrrolyl)propenonitrile (27).
A suspension of 30 (17.01 mmol, 4.47 g) in absolute ethanol
(20 mL) was added in one portion to a mixture of diethyl
cyanomethylphosphonate (20.41 mmol, 3.3 mL) and anhydrous
potassium carbonate (51.03 mmol, 7.05 g). After being stirred
at 70 °C for 2 h, the reaction mixture was cooled to room
temperature, diluted with water (50 mL), and extracted with
ethyl acetate (3 x 25 mL). The organic layer was washed with
water, dried, and evaporated to dryness. The residual oil was
purified by column chromatography on silica gel eluting with
ethyl acetate:chloroform 1:5. Compound 27 was obtained as a
solid which was then recrystallized from cyclohexane/benzene.
IR 2200 (CN), 1635 (CO) cm™*. 'H NMR (CDCl3) 6 3.79 (s, 3
H, NCHj3), 5.75 (d, 1 H, CH=CHCN), 7.15 (m, 1 H, pyrrole
p-proton), 7.31 (d, 1 H, CH=CHCN), 7.42 (m, 1 H, pyrrole
o-proton), 7.56 (m, 3 H, benzene H-3,4,5), 7.87 (m, 2 H, benzene
H-2,6). Anal. (ClsHlsNgo) C, H, N.

3-(4-Benzoyl-1-methyl-1H-2-pyrrolyl)propenylami-
dine (29). A solution of trimethylaluminum 2.0 M in n-hexane
(5.8 mmol, 2.9 mL) was slowly added to a 0 °C cooled
suspension of ammonium chloride (6.4 mmol, 0.34 g) in toluene
(30 mL). After being stirred at room temperature for 2 h, 3-(4-
benzoyl-1-methyl-1H-2-pyrrolyl)propenonitrile (27) (1.0 g, 3.5
mmol) was added, and the reaction mixture was stirred at 80
°C overnight. After the mixture was cooled at 0 °C, methanol
was added to the mixture, and the precipitate was filtered and
washed with methanol. The filtrate was evaporated and the
residue recrystallized from acetonitrile to afford pure 29. IR
3400 (NH, NH,), 1635 (CO) cm™*. 'H NMR (DMSO-ds) 6 3.84
(s, 3H, NCHs), 6.21 (d, 1 H, CH=CHC=NH(NH,)), 7.79 (m, 7
H, pyrrole H and benzene H), 8.04 (m, 1 H, CH=CHC=NH-
(NHz)), 11.80 (S, 2 H, NH) Anal. (C16H19N30) C, H, N.

Biological Assays. HD2 Enzyme Inhibition. Radioac-
tively labeled chicken core histones were used as the enzyme
substrate according to established procedures.*® The enzyme
liberated tritiated acetic acid from the substrate which was
guantitated by scintillation counting. 1Cso values are results
of triple determinations. Fifty microliters of maize enzyme (at
30 °C) was incubated (30 min) with 10 uL of total [*H]acetate-
prelabeled chicken reticulocyte histones (1 mg/mL). Reaction
was stopped by addition of 36 uL of 1 M HCI/0.4 M acetate
and 800 uL of ethyl acetate. After centrifugation (10 000g, 5
min), an aliquot of 600 uL of the upper phase was counted for
radioactivity in 3 mL of liquid scintillation cocktail. The
compounds were tested in a starting concentration of 40 uM,
and active substances were diluted further. Sodium butyrate,
sodium valproate, TSA, SAHA,®” trapoxin, and HC-toxin were
used as the reference compounds, and blank solvents were
used as negative controls.

Mouse HDAC1 Enzyme Assay. For inhibition assay,
partially purified HDAC1 from mouse A20 cells (ATCC: TIB-
208) (anion exchange chromatography, affinity chromatogra-
phy (Jesacher and Loidl, unpublished results)) was used as
enzyme source. HDAC activity was determined as described®®
using [*H]acetate-prelabeled chicken reticulocyte histones as
substrate. Fifty microliters of mouse HDAC1 was incubated
with different concentrations of compounds for 15 min on ice
and 10 uL of total [*H]acetate-prelabeled chicken reticulocyte
histones (4 mg/mL) were added, resulting in a concentration
of 41 uM. The mixture was incubated at 37 °C for 1 h. The
reaction was stopped by addition of 50 uL of 1 M HCI/0.4 M
acetylacetate and 1 mL ethyl acetate. After centrifugation at
10 000g for 5 min an aliquot of 600 uL of the upper phase was
counted for radioactivity in 3 mL of liquid scintillation cocktail.

In Vivo Histone Hyperacetylation Assay. Mouse A20
cells (ATCC: TIB-208) were maintained in RPMI 1640 me-
dium at 37 °C and 5% CO,. Exponentially growing cells were
incubated for 8 h with 8 at final concentration of 40 uM. As
references, cells were also treated with TSA (200 nM) and
SAHA (11 uM). After incubation, cells were washed and
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Figure 6. Semiautomatic docking procedure generating a
family of 748 conformations of 8. A represents the axis of
rotation passing through the center (x) of the benzene ring and
the hydroxamic carbon atom. 7;—7s indicate the five rotatable
bonds used for the grid searches.

harvested by centrifugation. Isolation of nuclei, extraction of
histones, and analysis of histone hyperacetylation by AUT-
PAGE (acid-urea-triton polyacrylamide gel electrophoresis)
followed by staining with Coomasie brilliant blue R-250 were
performed according to standard procedures.56° Hyperacety-
lation was also investigated by immunoblotting. For this
purpose, equal amounts of isolated histones (estimated by laser
densitometry) were electrophoresed in precast 14% SDS-
polyacrylamide gels and blotted onto nitrocellulose membrane.
Membrane strips were incubated with an antibody against
acetylated peptide corresponding to the amino acids 2—19 of
Tetrahymena histone H4 (Upstate Biotechnology). This anti-
body recognizes highly acetylated histone H4 isoforms (di-, tri,
and tetraacetylated). Immunodetection was performed using
secondary antibody alkaline phosphatase conjugates.

Molecular Modeling Studies. All molecular modeling
calculations and manipulations were performed using the
software packages Macromodel 7.1, MOPAC 2000,"*72 VALI-
DATE,> GOLPE 4.5.12,” XlogP 2,74 Autodock 3.0.5,%° DOCK
4.0.2,%6 and MIDAS 2.17° running on Silicon Graphics O2
R10000, IBM-compatible Intel Pentium 1V 1.4 GHz and AMD
Athlon 1.9 GHz workstations. For the conformational analysis
and for any minimization, the all-atom Amber force field?677
was adopted as implemented in the Macromodel package. As
previously reported,®® the crystal structure of TSA extracted
from the HDLP/TSA complex filed in the Brookhaven Protein
Data Bank™ (entry code 1c3r) was used. The HDAC1 model
was constructed from HDLP by mutating all the residues
comprised in a shell of 12 A from the cocrystallized TSA. Before
any docking studies the HDAC1 model was minimized in a
vacuum in the presence of TSA to relieve any steric contact
introduced by the mutated residue’s side chains.

Binding mode of 8 was extensively analyzed by the mean
of three different docking procedures. A semiautomatic docking
(SAD) was conducted similarly to that reported for 1. A family
of 748 conformations of 8 was generated using the following
procedure: the initial conformation of 8 obtained from the
reported bound conformation of 1 was arbitrarily rotated by a
step of 10° along an axis passing through the center of the
benzene ring and the hydroxamic acid carbon atom. Each of
the obtained new 36 HDAC1/8 complexes was submitted to a
grid search rotating the five dihedral angles by a step of 30°
(Figure 6). By filtering out all of the complexes showing a
molecular clashing between 8 and the enzyme pocket, the final
conformation family of 748 complexes was achieved. After
minimization (Figure 6), the chosen binding conformation of
8 was that associated with the most stable complex (global
minimum).

The 8 starting conformation for the docking studies was
obtained using molecular dynamics with simulated annealing
as implemented in Macromodel version 7.1 and conducted as
following: 8 was energy minimized to a low gradient. The
nonbonded cutoff distances were set to 20 A for both van der
Waals and electrostatic interactions. An initial random velocity
to all atoms corresponding to 300 K was applied. Three
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subsequent molecular dynamics runs were then performed.
The first was carried out for 10 ps with a 1.5 fs time-step at a
constant temperature of 300 K for equilibration purposes. The
next molecular dynamic was carried out for 20 ps, during
which the system is coupled to a 150 °C thermal bath with a
time constant of 5 ps. The time constant represents ap-
proximately the half-life for equilibration with the bath;
consequently the second molecular dynamic command caused
the molecule to slowly cool to approximately 150 K. The third
and last dynamic cooled the molecule to 50 K over 20 ps. A
final energy minimization was then carried out for 250
iterations using conjugate gradient. The minimizations and
the molecular dynamics were in all cases performed in aqueous
solution. The atom charges automatically assigned by the
batchmin module were retained on 8 for the docking calcula-
tions.

For the second docking procedure the program Autodock
was used to explore the binding conformation of 8. For the
docking a grid spacing of 0.375 A and 58 x 52 x 48 number of
points were used. The grid was centered on the mass center
of the experimental bound TSA coordinates. The GA-LS
method was adopted using the default settings. Amber united
atom were assigned to the protein using the program ADT
(Auto Dock Tools). Autodock generated 100 possible binding
conformations for 8 grouped in 32 clusters.

The third docking was performed by the mean of the
program DOCK. First, a Connolly surface of each receptor
active site was generated by using a 1.4 A probe radius and
further used to generate a set of overlapping spheres that were
then clustered according to their spatial distribution. To
optimize docking accuracy, spheres located too far away from
the known ligand position were eliminated from the finally
selected cluster. To compute interaction energies, a 3-D grid
of 0.30 A resolution was centered on TSA experimental bound
conformation. The size of the grid box was chosen to enclose
all selected spheres using an extra margin of 6 A. The grid
had a size of about 36 x 31 x 33 A and was composed of about
1 400 000 grid points. Energy scoring grids were obtained by
using an all-atom model and a distance-dependent dielectric
function (e = 4r) with a 10 A cutoff. Amber atomic charges
were assigned to all protein atoms. The ligand was then docked
into the protein active site by matching sphere centers with
ligand atoms. A flexible docking (peripheral search and torsion
drive) with subsequent minimization was performed as fol-
lows: (i) automatic selection and matching of an anchor
fragment within a maximum of 10 000 orientations, (ii) itera-
tive growing of the ligand using at least 30 conformations
(peripheral seeds) for seeding the next growing stage with
assignment of energy-favored torsion angles, (iii) simultaneous
relaxation of the base fragments as well as of all peripheral
segments and final relaxation of the entire molecule. Orienta-
tions/conformations were relaxed in 100 cycles of 100 simplex
minimization steps to a convergence of 0.1 kcal/mol. The top
50 solutions corresponding to the best Dock energy scores were
then stored in a single multi mol2 file.

Because of neither Autodock nor DOCK are able to perform
any energy minimization of the generated complexes, the
selection of the binding conformation for 8 was not straight-
forward by using the first Autodock/DOCK scored conforma-
tion. The selection of the binding conformation was performed
by an energy-based rescoring of the 32 Autodock cluster
representants and the 50 best contact scored DOCK conforma-
tions. The program Macromodel was used to minimize the
corresponding 32 Autodock and the 50 DOCK HDACL1/8
complexes. The ligand (8) and an 10 A core of atoms of the
pocket were allowed to relax during the minimization. An
external fixed shell of 8 A was also included for the long-range
interactions. Because of the presence of a metal Zn ion in the
HDAC1 catalytic core and the intrinsic molecular mechanic
electrostatic limitation of the AMBER force field, the minimi-
zations were performed applying AM1 charges calculated with
the program MOPAC 2000. Furthermore for comparison
purpose Autodock and DOCK calculations were also performed
on the starting lead compound 1.

Mai et al.

To validate the use of the Autodock and DOCK programs,
analogue docking studies were performed on the reference
compounds SAHA and TSA. DOCK and Autodock successfully
reproduced the experimental binding conformations of the
reference drugs with acceptable root-mean-square deviation
(RMSD) of atom coordinates. In Table C

(see Supporting Information) are reported the RMSD values
of the most stable energy minimized complexes of TSA and
SAHA compared with the experimental bound structures
(SAHA PDB entry code: 1c3s).>

The VALIDATE procedure was used to estimate the binding
conformation of the docking studies as previously reported.
The partition coefficients were calculated using the program
XlogP.
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