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The natural cyclopeptide FR235222 is a potent HDAC inhibitor displaying relevant multiple anticancer
effects and is considered an attractive lead compound for the generation of new and more effective anti-
tumor therapeutics. Recently, we have synthesized a small collection of FR235222 simplified analogues
which showed interesting biological activities. These results encouraged us to further explore the struc-
tural determinants responsible for the activity of this class of HDAC inhibitors in order to gain guidelines
for the rational design of new derivatives with putative higher affinity for this target. In the present paper,
we report the results obtained, docking these ligands in the binding pocket of HDLP, an HDAC homologue.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Modification of histone acetylation level, promoted by HAT and
HDAC enzymes, has been recognized to play an important role in
the epigenetic modulation of gene expression; in fact this well-
known post-translational mechanism is highly involved in the
modulation of chromatin plasticity and in the regulation of tran-
scriptional factors accessibility to DNA1; therefore the disruption
of histone acetylation pattern is supposed to determine transcrip-
tional disorders and is related to several malignant diseases.2 Inhi-
bition of HDAC enzyme has proven to induce antiproliferative
effects and to promote cellular differentiation. For these reasons,
the discovery of new agents targeting HDAC enzyme is considered
of great interest for the development of anticancer drugs.3 As part
of our efforts to investigate new synthetic targets useful for the dis-
covery of novel anticancer therapeutics, we focused our attention
on the natural product FR2352224 (Scheme 1), a potent cyclopep-
tide inhibitor of HDAC.5

We used this metabolite as lead compound to design new cyclo-
peptide structures, taking into account the FR235222 binding
mode with the active site of HDAC.5a Recently, we performed the
synthesis of a small collection of FR235222 analogues (1–10,
Scheme 2) with the aim to simplify some crucial synthetic features
connected with the natural product as well as to explore the effects
ll rights reserved.

+39 089969602.
on the activity of some punctual aminoacidic substitutions of the
tetrapeptidic core.6

The analogues 1–5 conserved the absolute configuration of
natural progenitor to the C9 (Scheme 1), whereas 6–10 presented
an inverted configuration to the same carbon. The a hydroxy-ke-
tone function was fundamental to inhibit the enzyme, because it
coordinated the zinc ion that was the prosthetic group of the
HDAC. Thus, we synthesized analogues 6–10 with an inverted
configuration to analyze the influence on biological enzymatic
inhibition.

On the basis of the biological behavior of these products,6 we
realized that it is possible to modulate the potency of these ligands
by increasing the lipophilicity of some AA residues within the cycle
and by leaving unchanged the Ahoda residue representing the Zn
chelating element. These findings confirmed us that the cyclopep-
tide cap group is highly involved in selective hydrophobic binding
interactions at the rim of the catalytic pocket, and is able to project
the Zn chelating element at an optimal distance in the tube-like
cavity, to interact with prosthetic group.

Compounds 1, 2, and 3 showed a better pharmacological profile
compared to the parent compound, for these reasons we decided to
gain new detailed molecular insights into their inhibitory action,
taking advantage from docking calculations. In a recent study, on
other bioactive tetrapeptide ligands, we also invested many efforts
to refine more accurately factors affecting the calculated binding
energy value reaching a good qualitative accordance between the-
oretical KD and biological essays results.7 In particular, we refined
some enzyme calculation parameters related to the electrostatic
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Scheme 2. Molecular structures of compounds 1–10.
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Scheme 1. Molecular structure of FR235222. The skeleton used for the synthesis of 1–10, is also sketched highlighting the points of synthetic modifications.
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and van der Waals terms of binding energy. About the electrostatic
contribution, we calculated the charges of HDLP8 active site at
quantum mechanical (QM) level and used for van der Waals term
the well depth and zinc radius proposed by Stote and Karplus. 9 In
the present study, we utilized our defined protein model, encour-
aged by good results obtained in our previous work.7
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Moreover, the fully elucidated solution structures of our prod-
ucts were obtained by 2D NMR spectroscopy, then, on the basis
of QM approach their energies and conformations were optimized
and were used in the docking studies as starting conformations. On
so QM refined geometries, we also calculated the point charges at
DFT/B3LYP level and used for docking calculations.

2. Results and discussion

2.1. Solution structure determination

The DMSO solution-state structures were obtained by 2D NMR
spectroscopy and were used as the initial conformations in the
docking study (see next section).

The NMR spectra of all compounds showed a double pattern of
resonances due to cis–trans conformational equilibrium of peptide
bond formed by amine and carboxylic groups of proline and phen-
ylalanine residues, respectively (Scheme 3).

We have performed a complete assignment of the 1H and 13C
resonances of both isomers by the analysis of homo and heteronu-
clear 2D NMR experiments (for the chemical shifts values, see Ta-
ble S1–S10). In particular 1H–13C HSQC and 1H–13C HMBC NMR
sequences were helpful to group the double networks of reso-
nances very similar between them. Successively, the two isomers
were distinguished by searching for typical dipolar couplings ob-
served in 2D-ROESY NMR experiments.10 In detail, the trans -iso-
mers were characterized by dipolar couplings between Ha of
phenylalanine and Hd of proline (Fig 1a), whereas the cis-isomer
showed ROEs contacts between Ha of proline and Hb of phenylala-
nine (Fig. 1b).
Trans

N
O

HN

N
O

HN

O

O

Cis

Scheme 3. trans and cis conformations of peptide bond between amine and
carboxylic groups of proline and phenylalanine residues, respectively.

Figure 1. Expanded spectral regions of ROESY spectrum (600 MHz, 300 K, tmix = 100 m
respectively.
For each cis- and trans-isomers of 1–7 and 10 structures, a set of
distance restraints (see Supporting information, Table S11–S18)
were collected from 2D-ROESY NMR experiments (tmix = 100 ms)
and used in the molecular dynamics calculations (500 K). Details
for setting upper and lower bound distances for the ROE con-
straints are given in Section 5. Thus, we obtained the solution
structures for both cis- and trans-isomers of 1–7 and 10.

The NMR structure backbone analysis of 1–7 and 10 cis/trans-
isomers did not reveal the presence of any identifiable turns or de-
fined secondary structure, and allowed to trace the differences
among all the analogues with regard to their peptide bond spatial
arrangements. For what concerns the cis conformation (Fig. 2) of
compound 1, the amide NHs of Ahoda and Trp residues point above
the plane delimited by the peptide backbone and in the opposite
direction with respect to the NH of phenylalanine. On the other
hand, in the cis-isomers of 2, 3, 4, and 6, the NHs groups of Phe
and Ahoda residues are above the cyclopeptide plane, while the
position of the remaining NH functions is inverted compared to 1.

It is noteworthy that diastereoisomers 2 and 6, only differing for
the C9 configuration, present high superposition of the 3D struc-
tures (Fig. 2). Compound 5 differs from two preceding spatial
arrangements described, projecting all amide NHs above the plane
delimited by peptide backbone. Structure 7 keeps a similar amide
bond spatial arrangement of Ahoda residue found for 1–6, and
positioned down the NHs of Phe and Acc residues, with respect
to the macrocycle. Analogue 10, different from the above-described
cis conformations, is characterized by a parallel alignment of the
Ahoda NH group with the same function of Phe residue.

The analysis of the solution structure of the trans-isomers (Fig 2)
revealed that in 1 the NHs of Trp and Ahoda residues are projected
upon the peptide ring and in opposite direction with respect to the
NH of Phe. Different from 1, compounds 2, 3, 4, and 6 conserved the
topological peculiarity of the cyclopeptide bonds found for the cis-
isomers. It is noteworthy that the trans-epimers 2 and 6 present the
same 3D arrangement, as already found for the cis conformations.

Analogue 5, compared to 1, shows inverted arrangement of the
NHs of Ahoda and Phe (bound to Pro), while 7 and 10 differ from
the solution structures above described, as the NH groups point to-
ward the same side of the macrolactame moiety.

We investigated compounds 8 and 9 through molecular
dynamics calculations without experimental restraints. The full
exploration of their conformational space suggested that the
s) of 6. In (a and b) are circled typical dipolar couplings of trans- and cis-isomers,



Figure 2. NMR solution-state conformations for cis (a) and trans (b) isomers of 1–7 and 10 obtained by restrained MD calculations, using ROESY (tmix = 100 ms, 300 K) data
collected at 600 MHz in DMSO-d6. The representative conformations of 8 and 9, found by MD calculations without experimental distances, are also shown.
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cis- and trans-isomers of compound 8 are comparable to the mini-
mum energy conformers of 2, 3, 4, and 6 (Fig. 2). Finally, the cis-
conformer of 9 presents the same arrangements of the cyclopeptide
bonds of 5, whereas the trans-isomer shows the NHs group arrange-
ment as in 7 and 10 (Fig. 2).

3. Docking studies

As there was no 3D structure of HDAC1 available, in the docking
calculations we used the homologous protein HDLP as target mod-
el.8 Docking studies were performed on the cis- and trans-isomers
of 1–10, with the HDLP8 binding pocket, using AutoDock 3.0.5 soft-
ware,11 which has been successfully used in the interpretation of
the inhibitory activity of several HDAC ligands.7,12 We analyzed
the cis- and trans-isomers of 1–10 to evaluate if one or both isomers
could be interacting with the biological target.

The partial charges of cis- and trans-isomers of ligands were cal-
culated at DFT/B3LYP level and 6-31+G(d) basis set using the
ChelpG13 method for population analysis, and were used in the
subsequent docking calculations. As described in an our previous
paper,7 the partial charges for the zinc ion and for the amino acids
belonging to the catalytic center (A169, H170, D168, D258) were
also obtained using the above-described procedures. For sake of
simplicity, we will describe in this section only the detailed dock-
ing results for both isomers of compound 1, as it showed the most
interesting biological activity.

The analysis of cis-conformer revealed that the a-hydroxyl ke-
tone is of primary importance for its interactions with catalytic
site: it coordinates the zinc ion in a monodentate fashion by its car-
bonylic oxygen and establishes a hydrogen bond with He2 of H131
through the same oxygen. The hydroxyl group forms two hydrogen
bonds, one with the carboxylate function of D168 and one with the
side chain of H131.

Moreover, the C2 eight carbon aliphatic chain establishes
appropriate hydrophobic contacts with the zinc-containing tubular
pocket.

The macrolactam portion is accommodated in a shallow groove,
formed by residues H170, F198, L265, and F141 (Fig. 3). It estab-
lishes van der Waals interactions and hydrogen bonds with H170
and F198 by the peptide carboxylic oxygen belonging to the Ahoda
residue. The tetrapeptide core extends its hydrophobic contacts,
thanks to the side chains of Phe, Pro, and Trp residues. In detail,
the proline moiety is placed in a small hydrophobic cavity delim-
ited by Y91, E92, and G140, whereas the phenylalanine residue



Figure 3. 3D model of the interaction between 1 (cis) and the HDLP binding site.
The protein is represented by molecular surface, and sticks and balls. 1 is depicted
by sticks (green) and balls (by atom type: C, gray; polar H, sky blue; N, dark blue; O,
red). The figure highlights essential interactions: the side chains of phenylalanine,
proline, and tryptophan are located in a hydrophobic pocket and the tetrapeptide
core interacts with a shallow cavity on the protein surface. The Ahoda side chain
establishes interactions with the 11 Å hydrophobic channel, with the zinc ion
contained at the bottom and with amino acids of catalytic site.

Figure 5. 3D model of the interaction between 1 (trans) and the HDLP binding site.
The protein is represented by molecular surface, and sticks and balls. 1 is depicted
by sticks (green) and balls (by atom type: C, gray; polar H, sky blue; N, dark blue; O,
red). The figure highlights essential interactions: the side chains of proline and
tryptophan are located in a hydrophobic pocket, and the tetrapeptide core interacts
with a shallow cavity on the protein surface. The Ahoda side chain establishes
interactions with the 11 Å hydrophobic channel, with the zinc ion contained at the
bottom and with amino acids of catalytic site.
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interacts with a bigger enzymatic counterpart formed by N20, P22,
Y264, L265, and F338. The tryptophan side chain is accommodated
in a deep pocket delimited by the Q192, Y186, A197, F200, and
K267 residues, enveloping the indole ring and strongly increasing
the stability of the complex. Moreover, the NH group of the indole
forms a hydrogen bond with the oxygen in the side chain of Q192.

Our docking studies on trans-isomer indicated that tetrapeptide
core and Ahoda side chain of both docked isomers fill equivalent
spaces, and the proline and tryptophan residues invert their posi-
tions (Fig. 4). In detail, the tryptophan side chain has hydrophobic
interactions with residues N20, H221, P22, Y91, and F141 (Fig. 5).

The proline ring occupies the same hydrophobic cavity of tryp-
tophan side chain observed in the cis-isomer, but exerting weaker
contacts. In this case, the Phe side chain points outside the protein.
Figure 4. cis and trans of 1 superimposition in the zinc-binding site. The white
mesh represents the hydrophobic pocket of the protein. The Zn2+ is represented by a
CPK sphere in dark orange. trans is depicted by sticks (yellow) and balls (by atom
type: C, gray; polar H, sky blue; N, blue; O, red); cis is shown by sticks (green) and
balls (by atom type: C, gray; polar H, sky blue; N, blue; O, red). The figure highlights
the similar interactions with the 11 Å deep hydrophobic channel of the Ahoda side
chains, whereas the indole and proline groups of cis and trans are located on
opposite sides of the protein surface hydrophobic pocket.
Moreover, the Ahoda side chain encounters the same set of
interactions found for the cis-isomer with the tubular hydrophobic
pocket. The a-hydroxyl ketone group forms a hydrogen bond with
He2 of H131 and coordinated the zinc ion in a bidentate fashion.
The macrolactam establishes van der Waals interactions with
F141, H170, P198, and L265 amino acids.

The different arrangement of the trans-isomer, the suboptimal
hydrophobic interactions, and the lack of some hydrogen bonds
were responsible for a predicted decrease in the binding affinity
to the target of about eightfold (Ki of cis 9.87 � 10�10 vs Ki of trans
-isomer 7.77 � 10�9).

Our docking studies revealed that, for 2–4, cis- and trans-isomers
show a comparable target affinity, giving a similar contribution to
inhibit the enzymatic activity. Moreover, 2–4 established less
hydrophobic interaction compared to 1, because they have small
alkyl substituents in place of an indole ring (see Supporting infor-
mation), justifying a lower calculated Ki. Different results were ob-
tained for compound 5, where only one of the two isomers shows a
predictable affinity expecting a lower biological activity than pre-
ceding analogues. In contrast with a single and defined family of
conformations representing the efficient binding mode for 1–3,
trans -isomer of 5 shows three different conformation families,
accounting for three independent, low affinity, binding modes.
We established a bioactive conformation for the cis -isomer (see
Supporting information). Also in this case there were two with aro-
matic side-chained amino acids, but the predicted Ki results were
lower than the value calculated for 1, although the predicted bio-
active conformations of 1 and 5 were very similar between them.
The two phenyl rings of 5 occupied the same hydrophobic cavities
of aromatic rings observed for 1, revealing the bulky non-polar
groups as proper substituents interacting with these receptor
hydrophobic counterparts. The lower calculated Ki of 5 was due
to the loss of effective interactions by peptide backbone and of pro-
line ring. Moreover, the indole moiety is bigger than a phenyl ring,
and it establishes, together with a significant hydrogen bond, more
efficient hydrophobic interactions with the target counterparts.
The docking outcomes were confirmed by biological essays,6 show-
ing a good qualitative agreement between calculated and experi-
mental data (Table 1).



Figure 6. The superimposition of 2 and 6 in the zinc-binding site. The green mesh represents the hydrophobic pocket of the protein. The Zn2+ is represented by a CPK sphere
in dark orange. Compound 2 is shown by sticks and balls (dark blue); Compound 6 is depicted by sticks and balls (yellow). The figure highlights the similar interactions with
the 11 Å deep hydrophobic channel of the Ahoda side chains, whereas the a-hydroxyl ketone groups of 2 and 6 coordinate the zinc ion in different fashion.

Table 1
The IC50 (nM, inhibition of histone H4 peptide deacetylation) values of inhibition constanta associated with the calculated complex between 1 and 10 and HDLP

Compound IC50 (nM) Ki (cis) Ki (trans)

FR235222 60 — 2.39 � 10�8

1 20 9.87 � 10�10 7.77 � 10�9

2 30 1.64 � 10�8 1.06 � 10�8

3 50 1.86 � 10�8 1.27 � 10�8

4c 90 6.04 � 10�8 4.58 � 10�8

5c 280 3.69 � 10�8 3.57 � 10�8d; 8.21 � 10�8; 2.8 � 10�7

6 330 2.78 � 10�8d; 2.81 � 10�8d; 1.94 � 10�7 1.18 � 10�8d; 2.60 � 10�8d; 5.28 � 10�8

7 670 3.93 � 10�9d; 1.83 � 10�8d; 2.54 � 10�8 3.91 � 10�9d; 6.74 � 10�9d; 6.785 � 10�9

8 1000 9.80 � 10�9d; 9.23 � 10�8d; 1.10 � 10�7 1.51 � 10�8d; 5.36 � 10�8; 5.41 � 10�8

9 �350 000 4.74 � 10�8d; 9.23 � 10�8; 3.42 � 10�8 6.99 � 10�9d; 2.00 � 10�8; 6.17 � 10�8

10 NDb 5.45 � 10�8d; 8.71 � 10�8; 1.02 � 10�7 6.10 � 10�9d; 1.23 � 10�8d; 2.34 � 10�8

a The inhibition constant is expressed as M and it is measured at 293.15 K.
b Not determined.
c Inhibition constants associated to three independent, low affinity, binding modes (see text).
d Compounds 6–10 inhibition constants values for complexes showing the Ahoda side chain outside the 11 Å deep hydrophobic channel (see text).
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For compounds 6–10, presenting an inverted absolute config-
uration of C9 compared to FR235222 and 1–5, the docking re-
sults revealed that both isomers show different possible
binding modes (as observed for 5). These docked conformations
do not efficiently interact with all the structural portions, giving
unstable complex with the target. Moreover, in most cases we
obtained good calculated Ki comparable with 2–4, but the Ahoda
side chain did not interact with the 11 Å deep hydrophobic
channel. In particular we observed, for 6–10, that the zinc ion
was coordinated only by one oxygen, but the second heteroatom
was not involved in hydrogen bonds pointing far away from
amino acids of catalytic site. In Figure 6, the superimposition
of the two diasteroisomers 2 and 6, only differing for the abso-
lute configuration of C9 is shown. The comparison of 2 and 6 in
the catalytic site shows that the configuration of C9 is determin-
ing for the different spatial arrangements of the oxygen atoms
approaching the zinc ion.

The a-hydroxyl ketone group, losing essential interactions with
the amino acids involved in the catalytic mechanism, let predict a
lower binding affinity as confirmed by biological assays (Table 1).6

The compounds 6–10 indeed presented higher IC50 values than 1–
5, even if 6 and 7 still inhibited the enzyme activity in nanomolar
range.
4. Conclusions

The natural cyclopeptide FR235222 has been used as lead com-
pound for the generation of new and more effective antitumor
therapeutics, because it showed a potent inhibition activity on
HDAC displaying relevant multiple anticancer effects. Recently,
we have synthesized a small collection of FR235222 simplified
analogues which presented interesting biological activities, in par-
ticular 1–3 had a better inhibition properties compared to the nat-
ural progenitor. These results encouraged us to further explore the
structural determinants responsible for the activity of this class of
HDAC inhibitors in order to gain guidelines for the rational design
of new derivatives with putative higher affinity for this target. The
structural investigations of the new compounds were performed
by solution structure determinations, through 2D NMR spectros-
copy, followed by docking studies.

The NMR spectra of all cyclotetrapeptides showed a double pat-
tern of resonances due to cis–trans conformational equilibrium of
peptide bond formed by amine and carboxylic groups of proline
and phenylalanine residues respectively. Thus, the solution struc-
tures of cis- and trans-isomers for 1–10 were elucidated and then
their energies and geometries were optimized at DFT level and
used as starting conformations in docking calculations. The out-
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comes of docking studies have revealed that structure 1, in cis and
trans conformation, presented the best affinity for the target. The
analysis of docked conformations indicated that hydrophobic
interactions contributed mostly to the stability of the complex. In
particular, the indole ring, structural portion of 1, was able to inter-
act efficiently with hydrophobic pockets located at the rim of zinc-
containing tubular cavity. Moreover, we found for 1–4 that both
isomers formed a stable complex with HDLP, whereas structure 5
presented only one isomer with a defined bioactive conformation
with a calculated binding affinity comparable with the values ob-
tained for 2–4. These docking data suggested that both effective
interactions with protein and the double contribution of two iso-
mers to bind the biological target affected the HDAC inhibition as
was confirmed by biological essays.

In agreement with experimental results, the analysis of 6–10
docked poses revealed different possible bioactive conformations,
predicting the formation of weak complexes with HDLP. Moreover,
the analogues 6–10 were designed and synthesized with an in-
verted absolute configuration to C9 respect to FR235222 and 1–5,
to evaluate the influence on the a-hydroxy-ketone zinc-chelating
function. Docking data indicated that analogues 6–10 coordinated
the zinc ion by only one of two oxygen of a-hydroxy-ketone group
and lost hydrogen bonds formed by the second oxygen with amino
acids of catalytic site.

The change in C9 configuration causes a lowering in the binding
affinities but does not lead to a complete loss of HDAC inhibition
activities, in particular for compounds 6 and 7. On the basis of this
theoretical results we cannot assess the interfering role of C9 con-
figuration with the enzymatic activity, so further studies are neces-
sary. A future step is to synthesize diastereoisomers of our small
collection of compounds (1–10), differing from preceding ana-
logues for the C9 configuration.

The collected data on structure–activity relationship suggest to
insert in the primary sequence more than one amino acid with
bulky hydrophobic side chains, like two tryptophan units. Such
units can provide both hydrophobic interactions and significant
hydrogen bonds. We also advise, to allow better interaction with
hydrophobic cavities on protein surface, to alternate amino acids
with bulky hydrophobic side chains in the primary sequence, as
highlighted by superimposition of both isomers of 1 in the active
site.

Our docking studies have been performed using, for the binding
energy calculation, protein parameters previously optimized in a
recent analysis on other bioactive tetrapeptide ligands, reaching
a good qualitative accordance between theoretical KD and biologi-
cal essays results. In particular, we calculated the partial charges of
HDLP catalytic center (formed by Zn and amino acids A169, H170,
D168, and D258) at quantum mechanical level and used for van der
Waals term the well depth and zinc radius proposed by Stote et al.
In the present contribution, we also obtained a calculated affinities
trend comparable with experimental one, validating our target
model.

5. Experimental methods

5.1. NMR experiments

All NMR experiments (1H, 1H–13C HSQC14, 1H–13C HMBC, TOC-
SY15, COSY, ROESY16) were recorded on a Bruker DRX600 spec-
trometer, fitted with cryoprobe, at T = 300 K. All spectra were
acquired in the phase-sensitive mode, and the TPPI method17

was used for quadrature detection in the x1 dimension. For the
2D spectra, the compounds were dissolved in 0.2 mL of DMSO-d6

99.95%. The spectra were calibrated using the solvent signal as
internal standard (1H, d = 2.50 ppm; 13C, d = 39.5 ppm).
The ROESY16 spectra were executed with a mixing time of
100 ms.

The NMR data were processed on a Silicon Graphic Indigo2
workstation using UXNMR software.

5.2. Molecular mechanics and dynamics calculations

Molecular mechanics/dynamics (MM and MD) calculations
were performed on a Pentium IV 2800 MHz using the Macromodel
8.5 software18 package and the MMFFs force field.19 Monte-Carlo
multiple minimum (MCMM) method (50,000 steps) was first used
in order to allow a full exploration of the conformational space.
Subsequently, in order to refine the so-obtained structures, molec-
ular mechanics and dynamics were performed using a set of dis-
tance restraints obtained by the ROESY data (100 ms mixing
time). The ROEs intensities were pooled in strong, medium, and
weak, setting the upper bound to 2.7 Å for strong ROEs, 3.3 Å for
medium ROEs, and 5.0 Å for weak ROEs.20

Once the ROEs intensities were collected (as described above),
to obtain a better distance restraints distribution, a distance cali-
bration (r�6, two-spin approximation) was used to convert the
most intense and significant ROESY cross peak volumes in the dis-
tance restraints. A penalty of 50 kJ/Å2 was applied for the distance
violations. A temperature of 500 K was used during the dynamics
simulations and a standard constant temperature velocity-Verlet
algorithm was used to integrate the equations of motions. A con-
stant dielectric term (e = 48), mimicking the presence of DMSO,
was used in the calculations for reducing the artifacts derived from
the absence of the solvent. For structures 8 and 9, molecular
mechanics and dynamics were performed without a set of distance
restraints at a temperature of 500 K. All the structures were mini-
mized using a Polak-Ribiere Conjugate Gradient (PRCG, 50,00,000
steps, convergence threshold 0.005 kJ mol�1 Å-1).

5.3. Docking studies

Autodock 3.0.511 was used for all docking calculations. HDLP
(histone deacetylase-like protein) is a metalloprotein, so a non-
bonded model for metallic center according to the nonbonded
Zn parameters of Stote and Karplus9 (zinc radius = 1.10 Å, well
depth = 0.25 kcal/mol) was used. In order to have an accurate
weight of the electrostatics, we used the previously derived par-
tial charge of Zn = 1.175 and of the amino acids involved in the
catalytic center (A169, H170, D168, D258) by DFT as described
in our previous work.7 As for what concerns the ligands, the
NMR-derived geometries were optimized at the hybrid DFT
B3LYP level using the 6-31G(d) basis set (Gaussian 03 Software
Package).21 Subsequently, the charges of 1–10 cis- and trans-
structures were calculated with the ChelpG method13 at the
B3LYP/6-31G+(d) level. The above calculated charges were used
for docking calculations. For all the docking calculations, a grid
box size of 66 � 64 � 64 with spacing of 0.375 Å between the grid
points, centered between Zn2+ and H170, and covering the cata-
lytic center surface of HDLP was used. For all the docked struc-
tures, all bonds were treated as active torsional bonds except
the amide bonds. In order to achieve a representative conforma-
tional space during the docking calculations, six calculations con-
sisting of 256 runs were performed, obtaining 1536 structures
(256 � 6). The Lamarkian genetic algorithm was used for doc-
kings. An initial population of 150 randomly placed individuals,
a maximum number of 2.5 � 105 energy evaluations, and a max-
imum number of 2.7 � 104 generations were taken into account.
A mutation rate of 0.02 and a crossover rate of 0.8 were used. Re-
sults differing by less than 2 Å in positional root-mean-square
deviation (RMSD) were clustered together and represented by
the result with the most favorable free energy of binding.
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The selection criteria of bioactive conformation was the evalua-
tion of statistical relevance of clusters and the free energy of bind-
ing. Moreover, the interactions with 11 Å hydrophobic channel and
the zinc ion were taken into account.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmc.2008.08.003.
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