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Histone deacetylase 1: a target of 9-hydroxystearic acid
in the inhibition of cell growth in human colon cancer
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Abstract Recent studies have shown that an endogenous
lipoperoxidation product, 9-hydroxystearic acid (9-HSA),
acts in colon carcinoma cells (HT29) as a growth inhibitor
by inducing p21"AF! in an immediate-early, p53-indepen-
dent manner and that p21WAF! js required for 9-HSA-medi-
ated growth arrest in HT29 cells. It is conceivable, there-
fore, to hypothesize that the cytostatic effect induced by
this agent is at least partially associated with a molecular
mechanism that involves histone deacetylase 1 (HDAC1) in-
hibition, as demonstrated for sodium butyrate and other
specific inhibitors, such as trichostatin A and hydroxamic
acids. Here, we show that, after administration, 9-HSA causes
an accumulation of hyperacetylated histones and strongly
inhibits the activity of HDACI. The interaction of 9-HSA
with the catalytic site of the enzyme has been highlighted by
computational modeling of the human HDACI, using its
homolog from the hyperthermophilic Aquifex aeolicus as a
template.fil Consistent with the experimental data, we find
that 9-HSA can bind to the active site of the protein, show-
ing that the inhibition of the enzyme can be explained
at the molecular level by the ligand-protein interaction.—
Calonghi, N., C. Cappadone, E. Pagnotta, C. Boga, C. Ber-
tucci, J. Fiori, G. Tasco, R. Casadio, and L. Masotti. Histone
deacetylase 1: a target of 9-hydroxystearic acid in the inhibi-
tion of cell growth in human colon cancer. J. Lipid Res.
2005. 46: 1596-1603.
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9-Hydroxystearic acid (9-HSA) belongs to the class
of endogenous lipid peroxidation by-products that are
greatly diminished in tumors and therefore become un-
able to exert their normal controlling functions on cell di-
vision (1). Indeed, in HT29 cells, exogenous administra-
tion of 9-HSA at micromolar concentrations results in a
significant inhibition of proliferation rate as well as a sig-
nificant increase of p53-independent p21WAFl expression

Manuscript recetved 26 October 2004 and in revised form 25 January 2005.

Published, JLLR Papers in Press, February 16, 2005.
DOI 10.1194/jlr. M400424-JLR200

1596 Journal of Lipid Research Volume 46, 2005

(2). The expression of the cell cycle kinase inhibitor
p21WAFL js induced in neoplastic cells by histone deacety-
lase 1 (HDACI) inhibitors such as phenyl butyrate, so-
dium butyrate, trichostatin A (TSA), and suberoylanilide
hydroxamic acid (SAHA). Increased expression of p21WAF!
may play a critical role in the growth arrest induced in
transformed cells by these agents, and it can be regulated,
at least in part, by histone acetylation of the chromatin as-
sociated with the p2I"AF! gene. Histone acetylation and
gene activation induced by HDACI inhibitors would con-
sequently be selective (3). The mode of action of 9-HSA is
similar to that of HDAC inhibitors.

Crystallographic studies performed using TSA and SAHA
indicate that these compounds inhibit HDAC activity by
interacting with the catalytic site, thereby blocking sub-
strate access (4, 5). Short-chain fatty acids, such as phenyl
butyrate and phenyl acetate, inhibit HDAC activity and af-
fect the expression of numerous genes with disparate cel-
lular functions (6-8). These agents have been tested in
the clinic, but they suffer from a short plasma halflife as
well as from the relatively high (millimolar) concentrations
that are required for their action. On the other hand, hy-
droxamic acids such as TSA, SAHA, m-carboxycinnamic
acid bishydroxamic acid, and oxamflatin can be used at
micromolar and nanomolar concentrations and generally
have in vivo longer half-life and bioavailability than the
short-chain fatty acids. The anticancer potential of HDAC
inhibitors stems from their ability to affect several cell pro-
cesses that are deregulated in neoplastic cells. For the
most part, the activation of differentiation programs, inhi-
bition of the cell cycle, and induction of apoptosis are the
key antitumor activities of such molecules (3, 9). The re-
markable tumor specificity of these compounds, and their
potency in vitro and in vivo, underscore the potential of
HDAC inhibitors as exciting new agents for the treatment
of cancer (10, 11).
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To date, the mode of action of 9-HSA on cancer cells
has not been explored. Here, we have investigated whether
the effects of 9-HSA on the proliferation of HT29 cells can
be related to the inhibition of HDACI through a direct
ligand-enzyme interaction.

MATERIALS AND METHODS

Synthesis of 9-HSA and 9-deutero-9-hydroxystearic acid

Methyl 9-oxooctadecanoate and methyl 9-hydroxyoctadecanoate
were prepared according to the literature (12). 'H- and '*C-NMR
spectra were recorded on a Gemini 300 spectrometer (Varian, Palo
Alto, CA) at 300 and 75.46 MHz, respectively. Chemical shifts
were measured in 8, and, if not specified, referenced to CDCl;
(7.27 ppm for '"H-NMR and 77.0 ppm for '*C-NMR). Jvalues are
given in Hz. Signal multiplicities were established by Distortion-
less Enhancement by Polarization Transfer experiments. Mass
spectrometry was performed using a VG-7070E spectrometer at
an ionization voltage of 70 eV. Infrared (IR) spectra were re-
corded using a Perkin-Elmer FI-IR MOD.1600 spectrophotome-
ter. Melting points were determined with a Buchi apparatus and
are uncorrected. Silica gel, 230-400 mesh, and silica gel-coated
plates (Kieselgel 60 F254) were purchased from Merck (Darm-
stadt, Germany) and were used for flash chromatography and
TLC, respectively, the spots being developed with an aqueous
solution of (NH4)¢MoO, (2.5%) and (NH,4),Ce(SOy4), (1%) in
10% HySO,. Sodium borodeuteride was purchased from Sigma-
Aldrich (Milan, Italy).

Methyl 9-deutero-9-hydroxyoctadecanoate
(9-deutero-9-hydroxystearic acid methyl ester)

To a solution of methyl 9-oxooctadecanoate (0.200 g, 0.64 mmol)
in methanol (10 ml), 0.05 g (1.28 mmol) of sodium borodeu-
teride was added. After stirring at room temperature for 6 h, the
mixture was treated with water (2 ml) and extracted with ethyl
acetate (3 X 5 ml). The organic layer was dried over anhydrous
NaySO, and filtered, and the solvent was removed on a rotary
evaporator. Flash chromatography of the residue (petroleum
light/Et,O, 7:3) gave 0.18 g (89.6%) of pure methyl 9-deutero-
9-hydroxyoctadecanoate. Melting point, 49-51°C (from metha-
nol). 'TH-NMR (CDCly): 3.67 (s, 3H, OCHj), 2.30 (t, 2H, | = 7.4
Hz, CH,COO), 1.62 (t, 2H, J = 7.4 Hz, CH,CH,COO), 1.55-1.15
(m, 27H, incl. OH), 0.88 (t, 3H, J = 6.6 Hz, CH3). '*C-NMR
(CDCly): 174.3, 71.5 (t, / = 21.4 Hz, C-D), 51.4, 37.4, 37.3, 34.1,
31.9, 29.7, 29.6, 29.56, 29.5, 29.3, 29.2, 29.1, 25.6, 25.5, 24.9, 22.7,
14.1. IR (CHCIs): 3,389, 1,739 cm™1. MS (m/e): 316 (M™ + 1),
298, 284, 265, 188, 156.

9-Hydroxyoctadecanoic acid (9-HSA)

A portion (0.200 g, 0.64 mmol) of methyl 9-hydroxyocta-
decanoate was dissolved in 10% KOH/CH3OH (4 ml) and stirred
at room temperature overnight. The solvent was removed on a
rotary evaporator, the residue was dissolved in water and ex-
tracted with ethyl acetate, and the organic layer was eliminated.
The aqueous solution was treated with 6 N HCI until pH = 3-4,
then was extracted with ethyl acetate. The organic layer was
washed with “brine,” dried over anhydrous Nay,SOy, filtered, and
concentrated at reduced pressure. 9-HSA (0.16 g, 83%) was ob-
tained. Melting point, 77-79°C (from methanol) (13): 76-77°C.
TH-NMR: 12.00-10.50 (b.s., 1H, COOH), 3.60-3.53 (m, 1H, CHOH),
2.35 (t, 2H, J = 7.5 Hz, CH,COO), 1.50-1.20 (m, 27H, incl. OH),
0.87 (¢, 3H, J = 6.8 Hz, CH). '*C-NMR: 178.7, 72.0, 37.5, 37 .4,
33.5, 31.9, 29.7, 29.6 (two signals), 29.4, 29.3, 29.2, 29.0, 5.7,
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95.5, 24.7, 22.7, 14.1. IR (CHCly): 3,427, 1,707 cm~'. MS (m/e):
983, 282 (M*+ — Hy0), 264, 155.

9-Deutero-9-hydroxyoctadecanoic acid
(9-deutero-9-hydroxystearic acid)

This compound was prepared from 9-deutero-9-hydroxystearic
acid methyl ester with the same procedure described for the
preparation of 9-HSA. Melting point, 77-78°C (from methanol).
TH-NMR (CDCls): 6.40-6.20 (b.s., 2H, COOH and OH, disappear
after the addition of D,0O), 2.34 (t, 2H, J = 7.4 Hz, CH,COO),
1.55-1.10 (m, 26H), 0.88 (t, 3H, J = 6.4 Hz, CH;). "*C-NMR
(CDCly): 179.4, 71.6 (t, J = 22.1 Hz, C-D), 37.3, 37.2, 34.0, 32.0,
29.7, 29.6 (two signals), 29.4, 29.3, 29.2, 29.0, 25.6, 24.6, 22.7,
14.1. IR (CHCIs): 3,378, 1,711 cm~!. MS (m/e): 284, 265, 156.

Cell culture and treatments

The colon cancer cell line HT29 was purchased from the
American Type Culture Collection (Manassas, VA). HT29 cells
were maintained in RPMI 1640 medium (Labtek Eurobio, Milan,
Italy) supplemented with 10% fetal calf serum (Euroclone, Mi-
lan, Italy) and 2 mM r-glutamine (Sigma-Aldrich, St. Louis, MO)
at 37°C and 5% COy. HT29 cells were seeded at 2 X 10% cells/
cm? in a plastic well (60 cm?) and allowed to grow for 1 day be-
fore being exposed to 100 pM 9-HSA or 9-deutero-9-hydroxy-
stearic acid (9-HSA-d).

LC-electrospray ionization-MS and data analysis

The nuclei of HT29 cells treated for 2, 6, 12, 24, or 48 h with
9-HSA-d were extracted according to Amellem et al. (14). Nu-
clear lipids were extracted according to Folch, Lees, and Stanley
(15). LC-MS analyses were performed on a PU-1558 liquid chro-
matograph (Jasco, Tokyo, Japan) interfaced with a LCQ Duo
(ThermoFinnigan, San Jose, CA) mass spectrometer equipped
with an electrospray ionization (ESI) source (4.5 eV) and oper-
ated with an Ion Trap analyzer. HPLC separation was carried out
on a Waters XTerra™ MS C18, 3.5 pm (3.0 X 150 mm inner di-
ameter) column using a mobile phase consisting of methanol-
0.05% acetic acid in water (80:20, v/v) at a flow rate of 0.2 ml/
min and an injection volume of 20 wl.

LC-MS analyses were conducted operating in both full scan
and single ion monitoring (SIM) modes (negative polarity). The
mass spectra were recorded over the m/z range 50-450 (3 micro-
scans/s), providing the total ion current (TIC) chromatograms.
SIM chromatograms were also obtained at m/z 300 [M — H]~,
the base peak of the deuterated 9-HSA-d. Capillary temperature
was 220°C. A calibration graph was obtained for the quantitative
assay of deuterated 9-HSA-d. A standard solution of the hydroxy
acid was prepared by dissolving the appropriate weight of the
pure substance in methanol to obtain a final concentration of
43.2 mM. Standard solutions for the calibration graph construc-
tion were prepared by diluting appropriate volumes of the work-
ing standard with mobile phase to give final concentrations of
0.86, 4.32, 8.64, 14.4, and 21.6 pM. Deuterated 9-HSA solutions
were analyzed (SIM mode) by 20 pl loop injections, and the lin-
earity of the response was checked before each deuterated
9-HSA quantitative assay.

Preparation of [SH]acetyl histones

To obtain [3H]acetyl-1abeled histones as the substrate for the
HDAC assay, 1 X 107 HT29 cells were incubated in 30 ml of
medium containing 0.5 mCi/ml [3H]acetate for 1 h, cultured
with or without 100 wM 9-HSA for 6 h, and the labeled histone
fraction was immediately extracted. Cells were harvested using
0.11% trypsin and 0.02% EDTA, washed twice with 10 mM so-
dium butyrate in PBS, and nuclei were isolated according to
Amellem et al. (14). Sodium butyrate (5 mM) was added to nu-
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clear isolation buffer to prevent histone deacetylation. The nu-
clear pellet was suspended in 0.1 ml of ice-cold water using a Vor-
tex mixer, and concentrated HySO, was added to the suspension
to give a final concentration of 0.4 N. After incubation at 4°C for
1 h, the suspension was centrifuged for 5 min at 14,000 g, and
the supernatant was taken and mixed with 1 ml of acetone. After
overnight incubation at —20°C, the coagulate material was col-
lected by microcentrifugation and air-dried. This acid-soluble
histone fraction was dissolved in 50 pl of water. Proteins were
quantified using a protein assay kit (Bio-Rad, Hercules, CA).

Immunoprecipitation of HDAC1

The nuclei of HT29 cells were isolated, and the nuclear pellet
was suspended in HDA buffer (20 mM Tris-HCI, pH 8.0, 150 mM
NaCl, 10% glycerol, 10 pg/ml each of aprotinin, leupeptin, pep-
statin, and antipain, and 0.5 mM pamidinophenol methane-
sulfonylfluoride), sonicated, and then centrifuged at 12,000 g for
20 min at 4°C. The protein concentration of the extracts was de-
termined using a protein assay kit (Bio-Rad). A sample contain-
ing 500 pg of protein was incubated overnight at 4°C with 5 wg of
anti-HDACI polyclonal antibody (Upstate Biotechnology, Lake
Placid, NY) in HDA buffer. Fifty microliters of protein A-Sepha-
rose (50%, v/v; Amersham, Uppsala, Sweden) was added to each
sample, incubated for 1 h, centrifuged at 12,000 g for 20 min at
4°C, and finally washed four times with HDA buffer, pH 8.0. Sam-
ples were then divided for assay of deacetylase activity against
[®*H]acetate-labeled HT29 histones and for electrophoresis and
Western blotting analysis against HDACI.

Assay for HDAC activity

Immunoprecipitates were incubated with [®H]acetate-labeled
HT29 histones (12,000 dpm/2 ng) for 2 h at 37°C. HDACI in-
hibitory activity of 9-HSA was estimated in 50 wl of a reaction
mixture containing immunoprecipitated HDACI, [*H]acetate-
labeled HT29 histones (12,000 dpm), and 5 uM 9-HSA dissolved
in HDA buffer at 37°C for 2 h. The reaction was stopped by
the addition of 50 pl of 1 M HCI and 0.16 M acetic acid. The re-
leased [*H]acetic acid was extracted with 0.5 ml of ethyl acetate,
and the solvent layer was taken into 5 ml of toluene scintillation
solution for the determination of radioactivity. Histones were ex-
tracted from HT29 cells (both control and treated with 9-HSA)
and examined by 15% SDS-PAGE and Western blot analysis against
acetylated lysines using anti-acetylated lysine (Cell Signaling Tech-
nology, Beverly, MA).

Mass spectrometry

The procedure for in-gel digestion originally developed by
Shevchenko et al. (16) was used with some modifications. Briefly,
Coomassie Blue-stained bands were excised from the gel and
washed with 100 mM ammonium bicarbonate and acetonitrile,
reduced with DTT at 56°C for 45 min, and then alkylated by io-
doacetamide in the dark for 30 min. The gel was incubated in 50
wl of a 12 ng/pl trypsin solution in 50 mM ammonium bicarbon-
ate, pH 8.0, and incubated at 4°C for 1 h. Then, the supernatant
was removed and fresh buffer was added to cover gel pieces dur-
ing the enzymatic cleavage at 37°C overnight. The resulting pep-
tides were extracted first with a 1:1 solution of 25 mM ammo-
nium bicarbonate and acetonitrile and then with a 1:1 solution
of 5% formic acid and acetonitrile.

The extracted tryptic peptides were lyophilized and resus-
pended with 10 pl of 0.2% trifluoroacetic acid (TFA) for Matrix
Assisted Laser Desorption Ionization-MS (Voyager-DE PRO; Ap-
plied Biosystems). One microliter was mixed with 1 ul of a solu-
tion of a-cyano-4-hydroxycinnamic acid in CH3CN, 0.1% TFA
was applied (10 mg/ml), and the mixture was loaded on the
stainless-steel sample target. The sample and the matrix were al-
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lowed to air-dry before spectra were collected. Mass spectra were
generated from the sum of 50 laser shots. Spectra mass calibra-
tion was performed using trypsin autodigestion fragments and
a-cyano-4-hydroxycinnamic acid dimmer as internal standards.

Homology modeling of HDAC1

The three-dimensional model of HDACI was modeled by
comparison with the three-dimensional structure of an HDAC
homolog from Aquifex aeolicus, bound to TSA [Protein Data Bank
(PDB) code 1C3R], and known with a 0.2 nm resolution (4).
Alignment of the target with the template was performed with
CLUSTAL W (17), constraining the conservation of residues in-
volved in metal coordination (Matrix Blosum 62) and gap pen-
alty. The last 100 C-terminal residues of the template were ex-
cluded from the alignment, because the coverage with 1C3R is
shorter than the actual sequence length of the target. Modeling
was performed with the program Modeller 6.2 (18). For a given
alignment, 10 model structures were built and were evaluated
with the PROCHECK suite of programs (19).

Docking of 9-HSA with HDAC1

Molden (http://www.cmbi.kun.nl/index.html) was used to build
the three-dimensional model of 9-HSA. The docked molecule
was the charged form of 9-HSA to better mimic the environmen-
tal conditions at pH 8. Flexibility was constrained in C9, consid-
ering both the left and rectus enantiomers of the molecule. Flex-
ible docking was performed with Autodock version 3.0, which
allows flexible docking by means of a Lamarckian genetic algo-
rithm (20). Fifty independent runs were performed, each one
processing a population of 100 conformations for 27,000 genera-
tions, with rates of mutation and crossover set to 0.02 and 0.8, re-
spectively. The elitism parameter was set to 2. The docked con-
formation with the lowest value of estimated free binding energy
was retained for further analysis. To compute the parameters to
be used in docking 9-HSA to HDACI, the molecule was placed in
the pocket overlapping the corresponding zinc-containing bind-
ing site in the template (1C3R), where TSA is bound.

Statistical analysis

In some cases, a paired Student’s ttest was used to determine
whether treated and untreated samples were significantly differ-
ent. P < 0.05 was considered significant and evidence of popula-
tion differences.
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Fig. 1. Time course of 9-deutero-9-hydroxystearic acid (9-HSA-d)
in HT29 nuclear lipid fractions for 48 h after dosing. Data points in-
dicate means of three separate experiments = SD.
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Fig. 2. Typical LC/MS chromatograms obtained for real-sample analysis of the content of treated nuclei. A: Single ion monitoring chro-
matogram at m/z 300. B: Total ion current chromatogram, m/z 50-450 mass range. C: MS spectrum of 9-HSA-d. D: MS/MS spectrum of the
precursor ion at m/z 300.3. Chromatographic conditions were as follows: C18 column; mobile phase of methanol and 0.05% acetic acid in

water (80:20, v/v); flow rate of 0.2 ml/min.

RESULTS

Synthesis of 9-HSA and 9-HSA-d

These compounds were synthesized by selective reduc-
tion with sodium borohydride and sodium borodeuteride,
respectively, of methyl 9-oxooctadecanoate, followed by al-
kaline hydrolysis of the methyl ester with methanolic
KOH solution.

Nuclear localization of 9-HSA

The concentration-time profile of 9-HSA-d in the HT29
nuclear fraction for 48 h after dosing is shown in Fig. 1.
Nuclear lipids from HT29 cells exposed for 2, 6, 12, 24, or
48 h to 9-HSA-d were extracted, and LC/ESI/MS analysis
was performed as described. The y axis units are expressed
as nanomoles of 9-HSA-d per 10° cells. 9-HSA-d nuclear
concentration reached a maximum at 6 h and declined
below the limit of detection at 48 h.

The mass spectra recorded in SIM and TIC chromato-
grams of the nuclear lipid fraction are shown in Fig. 2A, B,
respectively. The TIC MS spectrum (Fig. 2C) and the MS/
MS spectrum of the precursor ion at m/z 300.3 (Fig. 2D)
were also acquired to confirm the peak identity. The quan-
titative assays were performed in SIM mode on the basis of
a calibration graph.

HDAC activity is inhibited by 9-HSA

To assess HDAC activity, the nuclear proteins were im-
munoprecipitated and assayed using [*H]acetyl histones
as the substrate. The results in Fig. 3 show that equivalent
levels of HDAC in the reaction mixture resulted in a sig-
nificant inhibition of enzyme activity in the presence of
9-HSA. HDACI enzymatic activity was monitored by mea-
suring the amounts of [*H]acetic acid released from the
[®*H]acetylated histones. As shown in Fig. 3, 5 pM 9-HSA

Calonghi et al.

inhibited ~66.4% of the enzyme activity. Figure 4A shows
the profiles of histones extracted from HT?29 cells, control
and treated, and separated by 15% SDS-PAGE. The addi-
tion of 9-HSA to the cell culture resulted in the accumula-

P=0.02

Ctrl +9-HSA

| >
56‘3' M e HDAC
55.4 . .. le

WB: anti-HDACI

Fig. 3. Effect of 9-hydroxystearic acid (9-HSA) on histone deacetylase
1 (HDACI) activity. HDACI1 was IP, and immunocomplexes were di-
vided and assayed for deacetylase activity against [*H]acetyl-labeled
HT29 histones (upper) and analyzed by anti-HDACI Western blot (lane
1, protein marker; lanes 2, 3, with and without 9-HSA) (lower). Enzyme
activity is expressed as cpm/mg histone. Reported values represent
means * SD of six independent experiments (P = 0.02). Ctrl, control.
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Fig. 4. Hyperacetylation of nuclear histones caused by 9-HSA. A:
Histones were stained by Coomassie Blue to reveal the amount of
histones loaded on the blots. B: The histones were isolated from
nuclei of control and treated HT29 cells, analyzed by 15% SDS-
PAGE, and immunoblotted with antibody specific for acetylated
lysine. Ctrl, control.

tion of acetylated histones in total cellular chromatin (Fig.
4B). In particular, the band at 10 kDa corresponding to
histone H4 MW was more acetylated in treated cells than
in control cells.

Mass spectrometry analysis

Mass spectrometry was used to evaluate the effect of
9-HSA treatment on histone H4 acetylation. The bands at
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10 kDa of control and 9-HSA-treated cells by 15% SDS-
PAGE were excised and subjected to enzymatic digestion
by trypsin. The resulting peptide mixtures were analyzed
by MALDI/time of flight (Fig. 5), and the obtained mass
spectra were used both to confirm the identity of the pro-
tein and to characterize the acetylation sites.

Many molecular masses corresponding to theoretical
tryptic peptides of histone H4 were detected in both spec-
tra, allowing the identification of the digested protein with
certainty. In addition, signals at m/z 877.218 and 1,240.6715
were observed only in the spectrum of the protein from
treated cells; these values did not match any canonic pep-
tide from the protein, whereas they exactly corresponded
to the molecular masses of the peptide 9-16 acetylated at
the e-amino group of Lys-12 and the peptide 1-8 acetylated
at the g-amino group of Lys-5. This finding led to the iden-
tification of this amino acid as one of the hyperacetylation
sites of histone H4 after 9-HSA cell treatment.

Can we explain these data at the molecular level?

The molecular interaction of 9-HSA with the HDAC was
investigated by a computational approach. First, a model
of the protein was computed using homology building. A
histone deacetylase homolog, solved at atomic resolution,
was present in the PDB database of structures (3). The
identity of the human sequence with the homolog was

HT29 +9-HSA

1475.7696

1240.6715

1241.6888

1476.7650 (1638.8093

1308.7377 1477.7654

1688.0

HT29

1477.5830 1638.6258

\_— 1688.0

Pep 9-16 ac-Lys12

Pep 1-8 ac-Lys5

Fig. 5. MALDI-time of flight spectra of histone H4 digested by trypsin. MS analysis of in-gel tryptic digest of histone H4 bands isolated by
15% SDS-PAGE from histone extract of control and 9-HSA-treated cells. The signals at m/z 877.218 and 1,240.6715, corresponding to the
molecular masses of peptide 9-16 acetylated on Lys-12 and peptide 1-8 acetylated on Lys-5, were observed only in the spectrum of protein

from treated cells.
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Fig. 6. Alignment between the target sequence (HDAC1_HUMAN) and the template [Protein Data Bank
(PDB) code 1C3R] with a sequence identity of 31.4% (upper). The four residues of the active site (H170,
D166, D168, and D256) are shown in red; residues stabilizing the active sites (P21, G90, H132, H133, G141,
F142, F197, 1263, and Y295) are shown in green. The last 103 residues in the C-terminal part of the protein
(~20% of the whole sequence) are not modeled because they do not have any counterpart in the target

(lower).

greater than 30%, and building by homology could be ap-
plied. The alignment between the target sequence and
the template is shown in Fig. 6 (upper), where residues
known to interact with TSA in the zinc ion-dependent
binding site of the known structure from A. aeolicus are
also highlighted. Indeed, although the global level of ho-
mology of the two chains was low, it is evident that resi-
dues interacting with the ligand were conserved. Our
analysis overall confirmed previous observations in the lit-
erature (3) and prompted us to create a three-dimen-
sional model for the human chain using building by ho-
mology. The model is shown in Fig. 6 (lower). The
computed model was rather similar to the original tem-
plate (Root Mean Square Deviation = 0.4 A) and similarly

Calonghi et al.

belongs to the o/f class, according to the Structural
Classification of Proteins classification (http://scop.mrc-
Imb.cam.ac.uk/scop/data/scop.b.d.ej.b.c.b.html). The
C-terminal portion of the chain was not modeled, because
the template can structurally cover only 375 residues. Like
the template, the modeled fragment contained 12 o-heli-
ces and 8 B-strands. The folding of the binding site in the
model was well conserved with respect to the template.
Zinc ion, as also predicted from sequence alignment, was
coordinated to residues Asp-166, Asp-168, His-170, and
Asp-256 (Fig. 6, lower).

The protein-ligand interaction was characterized with a
docking procedure. To simulate the physiological envi-
ronment, both the R and S enantiomeric forms of 9-HSA
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Fig. 7. A: Docking of 9-HSA to zinc-dependent human HDACI. The zinc ion is shown in green (spacefill), and 9-HSA is shown in wire-
frame. The protein is shown in cartoon. The graphic representation is obtained with RasMol. B: The active site of HDACI. The residues in-
volved in zinc binding and the active site are shown in red (H160, D166, D168, and D256).

were docked in a flexible way to the zinc ion-dependent
binding site. The binding of 9-HSA is rather similar to that
of TSA in the template: the molecule interacts with con-
served residues in the ion-containing pocket: Pro-21, Glu-90,
His-132, His-133, Gly-141, Phe-142, Asp-173, Phe-197, and
Tyr-295 (Fig. 6, upper, and Fig. 7A, B).

DISCUSSION

Recent studies have demonstrated that the administra-
tion of 9-HSA to HT29 cells induces a proliferative arrest
mediated by direct activation of the p21WAF! gene, bypass-
ing p53 (2). These data correlate with the biological activ-
ities of the HDAC inhibitors, which can reactivate gene
expression and inhibit the growth and survival of tumor
cells (10). Six hours after administration to HT29 cells,
the nuclear content of 9-HSA was maximal; therefore, the
histone hyperacetylation was investigated at this time. The
accumulation of the hyperacetylated histones was more
evident in the case of histone H4 (Fig. 4B). The histone
H4 acetylation was further followed by mass spectrometry,
demonstrating that the protein is modified on Lys-5 and
Lys-12 (Fig. 5). The enzymatic activity assay showed that
9-HSA inhibited ~66.4% of the HDACI activity in vitro.
The molecular interaction of 9-HSA with HDACI1 was fi-
nally investigated with a computational approach, demon-
strating that the binding of 9-HSA to the active site of
HDACI1 was rather similar to that of TSA.

Recently, the crystal structure of an HDAC-like protein
from the hyperthermophilic A. aeolicus (PDB code 1C3R)
bound to the HDAC inhibitors TSA and SAHA was re-
ported (4). We performed the three-dimensional model-
ing of HDACI by using this homolog as a template. Such a
procedure affords an active site of the human enzyme sim-
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ilar to that of its homolog, characterized by seven loops
with a coordinated zinc ion. The interaction of 9-HSA
with the catalytic site of the model has been tested with a
docking procedure. Consistent with the experimental re-
sults, we find that 9-HSA can bind to the active site of the
three-dimensional model of the human protein, confirm-
ing that a possible explanation of our results at the molec-
ular level is the ligand-enzyme interaction. Notably, when
interacting with the site, the R9 enantiomer is more sta-
ble than the § enantiomer; in fact, the energy of interac-
tion is —8.45 and —1.97 kcal/mol for the R and Sisomers,
respectively, and the estimated free energy of binding is
—6.31 and +4.98 kcal/mol for the R and S forms, respec-
tively. Furthermore, the fact that an unnatural S enan-
tiomer of TSA is totally inactive suggests the involvement
of a target molecule with strict stereospecificity (21, 22).

In conclusion, we clearly indicate that the endogenous
lipoperoxidation product 9-HSA is an inhibitor of HDAC1
and that its effects on cancer cell proliferation and differ-
entiation can be attributed to the inhibition of the en-
zyme. 0l
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