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Synthesis, evaluation and molecular modeling
of cyclic tetrapeptide histone deacetylase
inhibitors as anticancer agents

Dawei Huang,? Xiaohui Li,>* Lei Sun,? Zhilong Xiu® and Norikazu Nishino®

Histone deacetylase inhibitors (HDACIs) are a promising class of anticancer agents. To examine whether a slight change in the
recognition domain could alter their inhibitory activity, we synthesized a series of cyclo(—L-Am7(S2Py)-Aib-.-Phe(n-Me)-p-Pro)
derivatives and evaluated their HDAC inhibitory and anticancer activities. The peptides exhibited potent HDAC inhibitory activity
and inhibited three human cancer cell lines with ICs, in the micromolar range. Docking and molecular dynamics simulation were
conducted to explore the interaction mechanisms of class | and Il HDACs with these inhibitors. It revealed that the zinc ion in the
active site coordinated five atoms of HDACs and the sulfur atom of the inhibitor. The metal binding domains of these compounds
interacted with HDAC2, and the surface recognition domains of these compounds interacted with HDAC4 through hydrogen
bonding. The hydrophobic interactions also provided favorable contributions to stabilize the complexes. The results obtained
from this study would be helpful for us to design some novel cyclic tetrapeptides that may act as potent HDACls. Copyright ©

2012 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Acetylation and deacetylation of &-amino groups of lysine
residues in the N-terminal domain of histone catalyzed by
histone acetyltransferase and histone deacetylase (HDAC) play a
fundamental role in gene expression because acetylation of
histone tails cirelates with an open chromatin configuration and
transcriptional activation, and deacetylation induces transcrip-
tional repression through chromatin condensation [1]. In general,
HDAC activity correlates to transcriptional repression, and
abnormal increase in HDAC activity has been associated with the
development of some human cancers [2]. HDACs are classified into
four different phylogenetic classes according to their cellular locali-
zations, structural and functional differences: class | (HDAC1-3 and
HDACS) is closely related to yeast Rpd3; class Il (HDAC4-7, HDAC9
and HDACT10) have domains that are similar to yeast Hda1; class
IV (HDAC11) displays properties of both class | and class Il HDACs
[3,4]. All the aforementioned HDACs are zinc-dependent proteases
and are referred to as ‘classical’ HDACs. There are seven members of
class Il HDACs in mammals, and these have been identified on the
basis of sequence homology with Sir2, a yeast transcription repres-
sor, and require NAD" for their deacetylase activities [5]. The crystal
structures of human HDACs (HDAC2 [6], HDAC4 [7] and HDACS [8])
show that all have a deep narrow pocket, and a zinc ion is
positioned near the bottom of the pocket.

Some studies have shown that inhibition of HDACs produces
anticancer effects in several tumor cell lines. Normal cells are
more resistant to the cell-death-inducing effect of HDAC inhibi-
tors (HDACIs) than cancer cells [9,10]. HDACIs have been
developed for anticancer chemotherapy in the recent years.
Some natural and synthetic compounds have been reported to
act as HDACIs, such as trichostatin A (TSA) [11], vorinostat (suber-
oylamilide hydroxamic acid) [12] and some cyclic tetrapeptides,

such as apicidin [13], FK228 [14-16] and chlamydocin [17]
(Figure 1). The zinc-binding site of FK228 is the sulfhydryl group,
and FK228 is converted to its active form (RedFK228) by cellular
reducing activity. FK228 (Romidepsin international nonpropri-
etary name, trade name Istodax (Gloucester Pharmaceuticals,
Cambridge, Mass., USA)) was approved by the U.S. Food and Drug
Administration for the treatment of cutaneous T-cell lymphoma,
after 5years in the agency’s fast track development program.

Chlamydocin was originally isolated from the fungus Diheterospora
chlamydosporia. It contains Aib («z-aminoisobutyric acid), .-Phe, b-Pro
and L-Aoe (L-amino-8-ox0-9,10-epoxydecanoic acid), which react and
inhibit HDACs [18]. Hydrophobicity at the surface recognition domain
of HDACIs is crucial for their activities, and the cyclic tetrapeptide
framework has a significant structural role in the specific hydro-
phobic interaction with the surface of HDACs. The role and the
appropriate position of the aromatic ring of -Phe in the chlamy-
docin macrocycle have been investigated, and the data indicated
that 1-Phe was important for interacting with the surface binding
region of HDACs [19].

In order to find some specific inhibitors, we designed and
synthesized several novel cyclic tetrapeptides with methyl L-Phe
in their macrocyclic frameworks. The importance of -Phe has
stimulated our interest to study whether slight change to the
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Figure 1. Structures of some HDACIs.

aromatic ring of -Phe could alter the inhibitory activity of
inhibitor against HDAC. The metal binding domain of these com-
pounds was the sulfhydryl group that was protected as disulfide
hybrid (Figure 2), but it could be reduced to sulfhydryl group by
intracellular L-glutathione.

Cyclic tetrapeptides are the most structurally complex HDAClIs,
but the interaction between these inhibitors and HDACs is only
partly known. Studies analyzing the binding between HDAC-like
protein (HDLP), which shares 35% sequence identity with human
HDACT1, and the cyclic tetrapeptides, FR235222 and azumamide
E, have been published [20,21], but the detail of interaction
between human HDACs and cyclic tetrapeptide type HDACIs is
still not available.

Conformational analysis of HDACs with their inhibitors is
very helpful for elucidating the structure-activity relationship
behavior between enzyme and inhibitor, and for designing new
drug candidates. Molecular dynamics (MD) simulation is a very
useful technique for exploring the structure and the dynamic
behavior of molecules of biochemical interest. To explore the
mechanism by which HDACs interact with these sulfur-containing
cyclic tetrapeptide inhibitors and to compare the different
modes by which these inhibitors bind to class | and Il HDACs,
docking and MD simulations were conducted for HDAC2, which
shares 82% sequence identity with HDAC1, and HDAC4 with
these inhibitors.
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1. Ry=H, Ry=H, R3=H, R,;=H cyclo(-L-Am7(S2Py)-Aib-L-Phe-D-Pro-)

2. Ry=CHjs, Ry=H, Rz=H, R,=H cyclo(-L-Am7(S2Py)-Aib-L-Phe(2-Me)-D-Pro-)

3. Ry=H, Ry=H, R3=CHs, R4;=H cyclo(-L-Am7(S2Py)-Aib-L-Phe(4-Me)-D-Pro-)

4. Ry=H, Ry;=CHs, R3=H, R4;=CH; cyclo(-L-Am7(S2Py)-Aib-L-Phe(3,5-2Me)-D-Pro-)

Figure 2. Structures of synthesized cyclic tetrapeptides.

Experiments and Computational
Methodology

Synthesis

Synthesis of Boc-L-o-amino-7-bromoalkanoic (Boc-.-Ab7-OH) and
Boc-L-methylphenylalanines (Boc-L-Phe(n-Me)-OH)

Boc-L-Ab7-OH and Boc-L-Phe(n-Me)-OH were synthesized according
to the procedure reported in [22], and the overall yield was
35%-40%.

Synthesis of cyclo(—L-Am7(S2Py)-Aib-L-Phe-p-Pro)

This compound was synthesized according to conventional solu-
tion phase method. H-p-Pro-OBzl (2 mmol), Boc-t-Phe-OH
(2.2 mmol), HOBt-H,0 (2 mmol) and DCC (2 mmol) were added
in DMF (4 ml), and the solution was stirred overnight. After evapo-
ration of DMF, the residue was extracted and purified using silica
gel chromatography (CHCl3:MeOH=99:1) to yield Boc-L.-Phe-p-
Pro-OBzl (1.91 mmol). Boc group was then removed using 4N
HCl/dioxane (6 ml) and then the N-terminus free dipeptide
(1.91 mmol), Boc-Aib-OH (2.2mmol), HBTU (2.2mmol) and
HOBt-H,0 (2 mmol) were added in DMF (4 ml) and stirred overnight.
Boc-Aib-L-Phe-p-Pro-OBzl (1.18 mmol) was obtained in the same
manner as described earlier. The N-terminus of the tripeptide was
deprotected using 4 N HCl/dioxane (3.6 ml), and the N-terminus free
tripeptide (1.18 mmol) was coupled with Boc-.-Ab7-OH (1.3 mmol)
using HOBt-H,O (1.3 mmol) and DCC (1.3 mmol) to yield tetrapep-
tide. Boc-L-Ab7-Aib-L-Phe-p-Pro-OBzI (0.84 mmol) was obtained after
purification using silica gel chromatography (CHCl;:MeOH=99:1).
After the C-terminal benzyl protection was removed using catalytic
hydrogenation, the N-terminal Boc group was removed using treat-
ment with TFA (2.5 ml). Cyclization reaction was carried out in DMF
(840 ml), the linear tetrapeptide (0.84 mmol), HATU (1.3 mmol) and
DIEA (2.1 mmol) was added, and the solution was stirred for 3 h.
The yield of cyclic tetrapeptide was 61% (0.51 mmol) after purifica-
tion using silica gel chromatography (CHCl;:MeOH=99:1). The
cyclic tetrapeptide (0.51 mmol) containing -Ab7 was reacted with
potassium thioacetate (0.75 mmol) for 5h to convert the bromide
to thioacetate ester, cyclo(—L-Am7(SAc)-Aib-L.-Phe-p-Pro) (0.47 mmol).
To a solution of cyclo(—L-Am7(SAc)-Aib-L.-Phe-d-Pro) in DMF (2 ml)
under argon atmosphere, the 2,2'-dipyridyl disulfide (0.9 mmol)
and 40% NH,CH;/MeOH (2.5 mmol) were added and stirred for
5h. The target compound, cyclo(—L-Am7(S2Py)-Aib-L-Phe-p-Pro)
was obtained after purification using silica gel chromatography
(CHCI3: MeOH=99:1). Its overall yield was 7.4%. (High resolution)
HR-FAB-MS [M+H]* 5982478 for C5oH3504NsS, (calculated
598.2522); "H NMR (CDCl5, 400 MHz, §, ppm) 1.27 (2H, m), 1.34
(3H, s), 142 (2H, m), 1.61 (2H, m), 1.71 (2H, m), 1.77 (3H, s), 1.88
(2H, m), 2.17 (1H, m), 2.25 (1H, m), 2.78 (1H, m), 2.96 (1H, m), 3.23
(2H, m), 419 (2H, m), 466 (2H, d, J=6.2Hz), 5.17 (1H, m), 6.06
(TH,s), 7.11 (1TH, m), 7.21 (1H, d, J=4.1 Hz), 7.25 (5H, m), 7.51 (1H, d,
J=99Hz), 766 (1H, m), 773 (1H, d, J=80Hz), 847(1H, d,
J=56Hz); *C NMR (CDCl5, 400 MHz, §, ppm) 23.57, 24.75, 25.02,
25.09, 2647, 28.06, 28.61, 28.83, 35.82, 38.66, 46.99, 53.43, 54.30,
57.78, 58.81, 119.62, 120.55, 126.72, 128.62, 128.62, 129.04, 129.04,
137.01, 137.04, 149.60, 160.54, 171.85, 172.84, 174.33, 175.63.

Synthesis of cyclo(—L-Am7(S2Py)-Aib-.-Phe(2-Me)-p-Pro)

This compound was synthesized according to cyclo(—L-Am7(S2Py)-
Aib-.-Phe-p-Pro) using Boc-.-Phe(2-Me)-OH instead of Boc-L-Phe-
OH. Its overall yield was 8.2%. HR-FAB-MS [M+H]" 612.2722 for
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C31H4104NsS, (calculated 612.2679); 'H NMR (CDCl;, 400 MHz,
3, ppm) 1.08 (1H, m), 1.32 (1H, m), 1.34 (3H, s), 1.37 (3H, m), 1.60
(1H, m), 1.66 (3H, s), 1.70 (2H, m), 1.77 (2H, s), 1.93 (2H, m), 2.31
(1H, m), 2.39 (3H, s), 2.78 (1H, t), 2.96 (1H, m), 3.23 (1H, m), 3.44
(1H, m), 3.84 (1H, m), 4.18 (1H, m), 4.68 (1H, m), 5.19 (1H, m), 6.01
(1H, s), 711 (1H, m), 7.13 (1H, m), 7.26 (4H, s), 7.52 (1H, d,
J=10.1Hz), 7.65 (1H, m), 7.71 (1H, m), 8.46 (1H, d, J=4.3Hz); '°C
NMR (CDCls, 400 MHz, §, ppm) 19.72, 23.70, 24.86, 25.08, 26.46,
28.17, 28.72, 29.35, 33.02, 34.08, 38.72, 46.97, 52.35, 54.44, 57.87,
58.87, 119.69, 120.20, 126.20, 126.91, 129.43, 130.55, 135.35,
136.60, 137.15, 149.71, 160.62, 171.97, 173.03, 174.53, 175.80.

Synthesis of cyclo(—L-Am7(S2Py)-Aib-L-Phe(4-Me)-p-Pro)

This compound was synthesized according to cyclo(—L-Am7
(S2Py)-Aib-L-Phe-p-Pro) using Boc-L-Phe(4-Me)-OH instead of
Boc-L-Phe-OH. Its overall yield was 9.5%. HR-FAB-MS [M+H]*
612.2680 for C5;H4,04NsS, (calculated 612.2679); "H NMR (CDCl5,
400 MHz, 6, ppm) 0.86 (1H, m), 1.28 (3H, m),1.34 (3H, s), 1.42 (2H, m),
1.70 (3H, m), 1.78 (3H, s), 1.80 (2H, m), 2.17 (1H, m), 2.26 (3H, s), 2.33
(1H, m), 2.78 (1H, 1), 2.88 (1H, m), 3.17 (1H, m), 3.27 (2H, m), 4.17
(TH, m), 4.66 (1H, d, J=6.1Hz), 5.15 (1H, m), 5.96 (1H, s), 6.84
(3H, s), 7.09 (2H, m), 7.27 (1H, s), 749 (1H, d, J=10.2Hz), 7.66
(1H,1),7.72 (1H, d, J=8.2 Hz), 8.46 (1H, d, J= 4.1 Hz); "*C NMR (CDCl,,
400 MHz, 5, ppm) 21.05, 23.57, 24.76, 25.04, 25.1, 26.53, 28.08, 28.62,
28.79, 35.37, 38.67, 47.00, 53.49, 54.26, 57.78, 58.84, 119.61, 120.54,
128.88, 128.88, 12930, 129.30, 133.89, 136.21, 136.99, 149.62,
160.56, 171.85,172.90, 174.29, 175.63.

Synthesis of cyclo(—L-Am7(S2Py)-Aib-L-Phe(3,5-2Me)-b-Pro)

This compound was synthesized according to cyclo(—L-Am7
(S2Py)-Aib-L-Phe-p-Pro) using Boc-L-Phe(3,5-Me)-OH instead of
Boc-L-Phe-OH. Its overall yield was 8.7%. HR-FAB-MS: [M+H]*
626.2814 for C3,H4304NsS, (calculated 626.2835); 'H NMR (CDCls,
400 MHz, 3, ppm) 0.80 (1H, m), 1.28 (2H, m), 1.34 (3H, s), 1.42 (2H,
m), 1.60 (1H, m), 1.69 (3H, m), 1.77 (3H, s), 2.17 (1H, m), 2.30 (6H, s),
2.33 (1H, m), 2.78 (2H, t), 2.90 (1H, m), 3.22 (2H, m), 3.87 (1H, m),
4.17 (1H, m), 4.65 (1H, s), 5.14 (1H, m), 5.92 (1H, s), 6.84 (3H, s),
7.09 (1H, m), 7.27 (2H, s), 749 (1H, d, J=10.4Hz), 7.66 (1H, t),
7.72 (1H, d, J=8.2Hz), 846 (1H, d, J=4.4Hz); *C NMR (CDCl,,
400 MHz, 3, ppm) 21.26, 21.26, 23.57, 24.76, 25.05, 25.09, 26.53,
28.07, 28.62, 28.79, 35.64, 38.68, 47.01, 53.40, 54.25, 57.79, 58.84,
119.62,120.53, 126.82, 128.82, 128.33, 136.9, 136.97, 137.99,
137.99, 149.61, 160.57, 171.84, 17291, 174.29, 175.57.

Conformation Studies using CD and NMR

The CD spectra of all compounds were carried out in methanol
with peptide concentration of 0.1 mm. The solution conformation
of compound 2 was studied using '"H NMR in CDCl;. Complete
assignments were made using COSY and NOESY spectra. The
InH-He Values were obtained from NMR charts. The structure
of compound 2 with minimum energy was generated using
molecular operating environment (MOE) program.

HDAC Inhibition Assay

The disulfide bond of each compound was reduced using dithio-
threitol (DTT) to give a sulfhydryl group that acts as metal binding
domain before the assay. Compound 1 (598 mg) and DTT
(385 mg) were added to a mixture of water (10 ml) and acetoni-
trile (3 ml), and the mixture was left at room temperature for
24 h. The acetonitrile was removed via evaporation. The mixture

was then purified using preparative HPLC, and the yield of
reduced compound 1 was 25.7%. Reduced compounds 2, 3 and
4 were obtained using the same method, and their yields were
27.8%, 26.1% and 25.2%, respectively.

The HDAC inhibitory activities of all compounds were assayed
with the HDAC Fluorometric/Drug Discovery Assay Kits (AK511
and AK500; BioMol (Farmingdale, NY 11735, USA)) according to
the manufacturer’s instructions. Each compound was assayed in
triplicate, and the assay was repeated three times. The ICs values
were calculated using spss 17.0 (SPSS Inc., Chicago, IL, USA).

Inhibition Against Cancer Cell Growth

Growth inhibition was determined using the MTT 3-(4,5)-
dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide assay.
Human breast cancer cells MCF-7 (human breast cancer), Hela
(human cervix cancer) and 7721 (human liver cancer) cells were
all cultured in RPMI 1640 medium supplemented with 10%
fetal bovine serum. Cell cultures were incubated in a humidified
atmosphere of 5% CO, in air. Cells were diluted to 5-9 x 10*
cells/ml with the corresponding medium and were plated in 96-well
microplate. A serial dilution of the compound to be evaluated was
added, and the plate was incubated for 48 h. After incubation,
200 ul MTT (0.5mg/ml) reagent diluted in serum-free medium
(0.5 mg/ml) was added to each well, and the cells were incubated
for an additional 4 h followed by addition of 200 ul DMSO to dis-
solve the dark blue crystal (formazan). The optical density of the
plate was measured at 570 nm with a microplate spectrophotome-
ter. All experiments were performed in triplicate and repeated three
times. The 1Csq values were calculated using spss 17.0 (SPSS Inc.).

Docking Studies

Docking studies were conducted with AutoDock4.0 (The Scripps
Research Institute (TSRI), La Jolla, California, USA) program [23,24]
using a Lamarckian genetic algorithm. AutoDock docking proto-
col and scoring function have been successfully applied in the in-
terpretation of the inhibitory activity of several HDACIs [21,25].
Initial structure of HDAC2 and HDAC4 were modeled from the
atom coordinates of the X-ray crystal structure (protein data bank
(PDB) code: 3MAX and 2VQJ, respectively). The active site of
HDACs was covered using a grid box size of 70 x 70 x 70 points
with a spacing of 0.375A between the grid points. For the cyclic
tetrapeptides, all single bonds except the amide bonds and cyclic
bonds were treated as active torsional bonds. For each inhibitor,
200 independent dockings, i.e. 200 runs, were performed using
genetic algorithm searches. A maximum number of 250000 000
energy evaluations and a maximum number of 10 000 generations
were implemented during each genetic algorithm run. The default
non-bonded zinc parameters in AutoDock4.0 [23] were employed.
The LigPlot program (Wallace AC, Laskowski RA and Thornton JM,
London, UK) [26] was also employed to analyze the docking results
focusing on hydrogen bonds and hydrophobic contacts.

MD Simulation

All the molecular mechanics and dynamics calculations were car-
ried out with the Amber9 [27] package. The standard amber ff99
force field [28] was used as the parameters for the protein and
water atoms, and the general amber force field [29] and austin
model 1-bond charge correction (AM1-BCC) charges [30] were used
for the ligands. Zinc was modeled using the Stote non-bonded
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model (g=+2e~, r=1.7 A, =067 kcal/mol) [31]. Each initial struc-
ture for the simulation was prepared from the docked conforma-
tions of HDAC2-compound 3 and HDAC4-compound 3 complexes.
The local hydrogen bonding network around the histidine residues
was checked. His183 of HDAC2 and His198 of HDAC4 were
assigned as HIE (histidine with hydrogen on its epsilon nitrogen),
and other histidine residues as HID (histidine with hydrogen on its
delta nitrogen). The force field parameters of compound 3 were
prepared using Antechamber module [32] of Amber9 package.
Hydrogen atoms were added to the crystallographic protein with
the Amber9 Leap module. Sodium counterions were added to
neutralize the system. The system was then solvated with an
octahedral box of TIP3P water molecules [33]. The minimum
distance from the surface of the protein to the faces of the box
was 10 A. The particle mesh Ewald method [34] was used to treat
long-range electrostatic interactions. The cutoff distance for the
long-range electrostatic and the van der Waals energy terms were
set at 12.0A. All covalent bonds to hydrogen atoms were
constrained using the SHAKE algorithm [35].

Energy minimization was achieved in three steps. In the first
step, movement was allowed only for the water molecules and
ions. In the second step, the inhibitor and the enzyme residues
were all allowed to move and the water molecules, together with
ions, were constrained. In the final step, all atoms were permitted
to move freely. In each step, energy minimization was executed
by the steepest descent method for the first 5000 steps and the
conjugated gradient method for the subsequent 2500 steps.

Periodic boundary conditions were used. The time steps were
2fs during the production dynamics. The temperature was
maintained by rescaling the velocities using the Berendsen
weak-coupling algorithm [36], with a time constant of 2 ps for
the heat bath. After the system was heated to 300K from the
initial temperature of 0K using the constant number, volume
and temperature (NVT) ensemble in 120 ps, molecular dynamics
were performed at a constant temperature of 300K. After a
50ps position-restrained dynamics, each simulation proceeded
for 2 ns under periodic boundary conditions with constant number,
pressure and temperature (NPT) ensemble at 101325 pascal and at
300 K. The convergence of energies, temperatures, pressures of the
systems and the atomic root mean square deviations (RMSD) of the
enzyme and the inhibitor, were used to verify the stability of the
systems. Trajectories were analyzed using the Ptraj modules [37].
In the present MD simulations, the overall structure of all complexes
appeared to be equilibrated after 1.5 ns. Hence, atom coordinates
were collected at an interval of 5 ps for the last 500 ps to analyze
the structure in detail. The series of snapshots between 1.5 and
2 ns of the equilibrium phase was used for further analysis.

Results and Discussion
Chemistry

In order to synthesize potent HDACIs that had the similar cyclic
framework to chlamydocin, we prepared the non-natural amino
acids Boc-L.-Ab7-OH and Boc-L-Phe(n-Me)-OH. Target cyclic tetra-
peptides were synthesized according to conventional solution
phase method. All the compounds shown were confirmed using
HR-FAB-MS, 'H NMR and ">C NMR.

Conformation Studies

The CD spectrum of each synthesized compound was similar at
190-260nm (Figure 3). These compounds had two negative
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Figure 3. CD spectra of compounds 1-4.

ellipticities at 210 and 245nm, and a weak positive ellipticity at
230 nm. Compound 4 had a sharp ellipticity because of containing
two methyl groups (L-Phe(3,5-Me)). These similarities on CD spectra
suggested that the peptide backbone of these compounds had
similar structures. This explained the fact that the change of methyl
positions in L-Phe(n-Me) could not affect their conformations. The
energy-minimized structure of compound 2 was shown in Figure 4.

HDAC Inhibition Assay

All compounds were tested for their HDAC inhibitory activity
in vitro, and TSA was used as positive control. The dose-response
curves of all synthesized compounds are shown in Figure 5, and
the 1Csp values of all compounds against HDAC1 and HDACs are
presented in Table 1. All compounds showed potent HDAC inhib-
itory activities that were comparable with the activity of TSA. The
similar HDAC inhibition abilities of all compounds revealed that
introduction of methyl groups on the aromatic ring of L-Phe in
this series of HDACIs did not interfere with the contacts between
inhibitors and enzymes.

Inhibition Against Cancer Cell Growth

Compounds 1-4 were tested for in vitro antiproliferative activity
against MCF-7, Hela and 7721 cell lines using MTT assays. As the
dose-response curves of all compounds (Figure 6) and the

Compound

I.-\-...___ -

Figure 4. The energy-minimized structure of compound 2 using NMR
calculation.
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Figure 5. Dose-response curves of all synthesized compounds for inhib-
itory activity against HDAC1 and HDACs.

ICso values (Table 1) showed, all compounds inhibited the prolif-
eration of these cancer cells at low concentration, thus exhibiting
good anticancer activity. There were no obvious differences in
antiproliferative activity among the different compounds, but all
seemed to exhibit about 20-fold more selectivity than 7721 in the
inhibition of Hela cells.

Docking Studies

The results of docking for compounds 1-4 into HDAC2 and
HDAC4 are shown in Figure 7. All compounds bound to the active
sites of HDACs with a similar pattern. The aliphatic chain occu-
pied the long and narrow channel, the sulfhydryl group was at
the bottom of this channel, and the large cap domain interacted
with the external surface of the enzyme. In HDAC2-inhibitor com-
plexes, the aromatic rings of L.-Phe were all at the groove formed
by Tyr209 and Phe210, and in HDAC4-inhibitor complexes, the
aromatic rings interacted with Phe227. The adjacent methylene
group caused the aromatic ring to move to the appropriate posi-
tion, so no difference in binding to HDACs was detected among
the compounds, though the introduced methyl groups could
enhance the hydrophobicity and steric hindrance of L-Phe.

The distances between sulfur atoms of all compounds and zinc
jon in the active site of HDAC2 were 2.5, 2.2, 2.4 and 2.3A,

Table 1. The ICso values of all synthesized compounds against
enzymes and cancer cell lines
Compound Enzymes (nw) Cell lines (um)

HDAC1 HDACs MCF-7 Hela 7721
TSA 8.19 1.77 — — —
1 4.30 2.85 3.60 0.54 11.51
2 4.90 3.52 3.86 0.51 11.17
3 4.57 2.56 412 0.46 12.08
4 4.08 281 3.30 048 11.76

T T 5
] i 20

Concenfration (M)

#7721
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L] s 10 15 E
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Figure 6. Dose-response curves of all synthesized compounds for anti-
proliferative activity against cancer cell lines.

respectively, and between sulfur atoms of all compounds and
zinc ion in the active site of HDAC4 were 2.7, 2.3, 2.2 and 2.3 A,
respectively.

Binding energy study showed that no real difference in binding
energy occurred between the complexes formed by inhibitor and
HDAC2 and those formed by inhibitor and HDAC4 (Table 2), and this
was in accordance with the fact that these compounds had similar
affinities for enzymes. It could be concluded that the introduction of
methyl groups on the aromatic ring of L-Phe did not affect the
ability of these compounds to bind to HDACs, so the slight changes
in hydrophobicity and steric hindrance on the large surface recogni-
tion domain of cyclic tetrapeptide HDACIs had little effect on their
interactions with the surface binding region of HDACs.

The interactions between all compounds and HDACs from
docking results were almost the same, so only one of the com-
pounds, compound 3, was chosen for further analysis. Hydrogen
bonds and hydrophobic contacts between HDACs and com-
pound 3 are shown in Figure 8. In HDAC2-compound 3 complex,
the sulfur atom of compound 3 established hydrogen bonds with
the OH atom of Tyr308 and the ND1 atom of His183, and in
HDAC4-compound 3 complex, the sulfur atom of compound 3
formed hydrogen bond with the NE2 atoms of both His158 and
His159. In docked HDLP-cyclic tetrapeptide inhibitor complexes,
the hydrogen bonds were formed between the carboxyl group
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Figure 7. Views of the active site regions of (a) HDAC2-Compound 3; (b) HDAC2-Compound 1-4; (c) HDAC4-Compound 3; (d) HDAC4-Compound

1-4 from docking results.

and hydroxyl group in the metal binding domain of the inhibitors
and the corresponding His131, His132, Asp168 and Tyr297 of
HDLP [20,21]. It suggested that the hydrogen bonds formed by
the metal binding domain were important for the cyclic tetrapep-
tide HDACIs with powerful inhibitory activity.

Compound 3 also made contact with some other amino acid
residues of HDACs, such as Phe155, Glu208, Tyr209, Phe210 and
Leu276 of HDAC2, His198, Phe226, Phe227, Pro298 and Leu299 of
HDAC4 via hydrophobic interaction. Hydrophobic interaction also
occurred between cyclic tetrapeptide HDACIs and HDLP [20,21],
and this interaction was also crucial for stabilizing the complexes.

MD Simulations

The MD simulations were performed for the HDAC2-compound
3 and HDAC4-compound 3 complexes. Both of the complexes

converged and were stable as indicated by their energetic and
structural properties. The potential energies and RMSD remained
stable during the last 500 ps of the simulations for the two
complexes. The RMSD between C,, C and N atoms of the
structures obtained during the trajectories and initial structures
are shown in Figure 9.

The root mean squared fluctuation (RMSF) of C,, C and N atoms
for these complexes showed that the structures of the two com-
plexes shared different RMSF distribution (Figure 10), but the con-
formational changes of the amino acid residues in the active site
were all very small, especially for those residues at the bottom of
the channel (His145, His146, Asp181, His183 and Asp269 of HDAC2,
His158, His159, Asp196, His198 and Asp290 of HDAC4) (Figure 11).
This indicated that binding modes of compound 3 in the active site
of HDAC2 and HDAC4 were similar, and the binding between
HDACs and the inhibitor directly caused the rigidity of the channel.

Table 2. Binding energies of all compounds to HDACs from docking
Energy (kcal/mol) HDAC2 HDAC4
1 2 3 4 1 2 3 4

Ebinding —5.66 —5.86 —5.74 —5.76 —5.75 —5.88 —5.94 —5.85
Eintermolecular —7.67 —-7.99 —-7.79 —7.87 —7.69 —7.65 —7.86 —7.71
Evaw + Hoond + desolv —7.26 —7.44 —7.29 —7.35 —7.33 —7.27 —7.51 —-7.39
Eclectrostatic —0.41 —0.55 —0.50 —0.52 —0.36 —0.38 —0.35 —0.32
Eotal internal —0.89 —0.62 —0.75 —0.72 —0.82 —-0.79 —0.88 —0.84
Ecorsional 220 220 220 2.20 2.20 220 2.20 2.20
Eunbound —0.61 —0.65 —0.61 —0.63 —0.62 —0.66 —0.60 —0.63
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Figure 8. Hydrogen bonds and hydrophobic contacts between (a) HDAC2 and (b) HDAC4 and compound 3. Blue, amino acids that create hydrogen

bonds; yellow, amino acids that form hydrophobic interaction.

In the crystal structure of HDAC=inhibitor complex, the zinc ion
that lies at the end of the hydrophobic channel is bound to the
carboxylate oxygens of Asp181, Asp269 and the nitrogen atom
of His183 of HDAC2 and corresponding Asp169, Asp290, and
His198 of HDACA4. The other two coordination sites are occupied
by two atoms of the inhibitors [6,7]. The average distances be-
tween the zinc ion and the nearby atoms during the last 500 ps
in MD simulations are shown in Figure 12, where it can be seen
that the zinc atom coordinated with six atoms. In HDAC2-

compound 3 complex, the atoms included all carboxylate
oxygens of Asp181 and Asp269, a nitrogen atom of His183 and
a sulfur atom of the inhibitor; in HDAC4-compound 3 complex,
there were two carboxylate oxygens of Asp196, a carboxylate
oxygen of Asp290, nitrogen atoms of His158 and His198 and a
sulfur atom of the inhibitor. This showed that all the aspartic acid
and histidine residues in the bottom of active site of HDACs could
coordinate zinc ion in the MD simulation. The coordination states
of zinc ion in both HDAC2-compound 3 and HDAC4-compound

|
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Figure 11. RMSF for residues in the active site during the last 500 ps in MD simulations.

Figure 12. Average zinc ion coordination distances for (a) HDAC2-compound 3 and (b) HDAC4-compound 3 complexes.
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Table 3. Hydrogen bonds between compound 3 and HDACs in MD simulations
Enzyme Donor AcceptorH Acceptor Occupied (%) Distance (A)
HDAC2 Compound 3:S Tyr308:HH Tyr308:0H 100.00 2.89
HDAC4 Compound 3:0, His198:HE2 His198:NE2 44.57 3.08
Compound 3:03 Phe227:H Phe227:N 42.86 3.22
3 complexes were the same, the sulfur atom of compound 3  References

occupied one coordination site, and this may be the precondition
for the inhibitory activities of these sulfur-containing cyclic
tetrapeptide HDACIs.

Hydrogen bonding between ligand and protein play an essen-
tial role in stabilizing the complex. The hydrogen bonds formed
between compound 3 and HDACGs in the active pocket were in-
vestigated. As shown in Table 3, the sulfur atom of compound
3 was strongly hydrogen bonded to Tyr308 of HDAC2. The
corresponding amino acid residue of Tyr308 is a proline in
HDAC4, and there was no hydrogen bond established between
the sulfur atom of compound 3 and HDAC4, but the O, and Os
atoms in surface recognition domain of compound 3 formed
two weaker hydrogen bond to NE2 atom of His198 and N atom
of Phe227, respectively. The hydrogen bonds may be crucial for
stabilizing the complexes, and this may be the reason for the
similar inhibitory activities to class | and Il HDACs of these cyclic
tetrapeptides. (The ICso values of compound 1 were 3.9nm
against HDAC1 and 1.8 nm against HDAC4, respectively [38].)

Conclusions

We have successfully synthesized several sulfur-containing cyclic
tetrapeptides that can act as HDACIs, and all of them showed
potent HDAC inhibitory and anticancer activities. The slight
change of the surface recognition domain of these inhibitors by
introduction of methyl groups on the aromatic ring of the L-Phe
residue within the peptide appeared to have no obvious change
in their HDAC inhibitory and anticancer activities. The molecular
modeling studies gave us the information about how this series
of HDACIs interacted with class | and Il HDACs, and it showed that
all compounds bind to HDACs were almost in the same mode.
The interaction mechanisms of HDAC2 and HDAC4 with these
inhibitors were similar but had some differences. Coordinating
the zinc ion in the active site of HDACs by the sulfur atom of
these inhibitors was the precondition for their inhibitory activ-
ities. Both the surface recognition and metal binding domains
of these inhibitors could form hydrogen bond with HDACs, so
exhibiting similar affinity for class | and Il HDACs. The hydro-
phobic interactions between HDACs and these cyclic tetrapep-
tides were also very important for stabilizing the enzyme-inhibitor
complexes. The data generated from this study would allow us to
design some novel cyclic tetrapeptides with different surface
recognition and metal binding domains that may act as potent
HDACIs.
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