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Introduction

The reversible acetylation of histones and other proteins has
emerged over the last 10 years as an important mechanism for
cell proliferation and has been identified as a valuable target
for anticancer drug design. Acetylation is executed and main-
tained by the histone acetyltransferases and is reversed by
their counterparts, the histone deacetylases (HDACs). The first
HDAC inhibitor has been approved for therapeutic use, and
many additional clinical studies are underway.[1, 2–5]

HDACs are zinc-dependent amidohydrolases, and 11 human
subtypes are known.[6] Among the dozens of nonhistone sub-
strates of HDACs, tubulin has attracted a lot of attention be-
cause it is a bona fide target for established anticancer drugs,
such as the vinca-alkaloids and their derivatives and taxanes.
Tubulin is deacetylated by a single zinc-dependent HDAC sub-
type, HDAC6,[7–9] and deacetylated by the NAD+-dependent
histone deacetylase Sirt2.[10] Inhibitors of HDAC6,[11] but also
unselective HDAC inhibitors,[12] synergize with the proteasome
inhibitor bortezomib (Velcade), which makes HDAC6 an inter-
esting target for inhibitor development. Reports thus far on
HDAC6-selective inhibitors are limited[8, 13, 14] relative to unselec-
tive or class I selective inhibitors.[15] Following up our initial re-
ports on phenylalanine-derived hydroxamic acids as HDAC in-
hibitors,[16, 17] we synthesized HDAC6-selective inhibitors with a
bromophenylalanine or biarylalanine structure 1 that show se-
lectivity up to 11-fold for HDAC6 over HDAC1 in vitro (see
Figure 1).

Taking the phenylalanine compounds as lead structures, we
sought to further modify the amino acid component of the se-
lective inhibitors, and we report herein the synthesis and bio-
logical testing of analogues that contain a pyridylalanine ele-
ment. An initial compound 5 d from that series displayed
HDAC6 selectivity.[18] This study showed a difference in the bio-
logical effects of an siRNA-mediated knockdown of HDAC6 and
competitive inhibition of the enzyme. The major difference
was that the protein is still expressed during enzymatic inhibi-
tion and thus may still exert signaling effects through protein–
protein interactions that go beyond its catalytic activity. The
HDAC6-selective inhibitors led to a growth arrest of SKBR3
cancer cells that overexpress the ERBB2 oncogene. Similar to
pan-HDAC inhibitors, they induce decay of ERBB2 transcripts,
but they do not affect ERBB2-dependent transcription. Con-
versely, HDAC6 knockdown does not induce ERBB2 transcript
decay.

We synthesized hydroxamic acids with a pyridylalanine substruc-
ture and identified them as selective inhibitors of human re-
combinant HDAC6. The in vitro selectivity was up to 25-fold for
HDAC6 over HDAC1 and was confirmed by Western blotting to
assess tubulin versus histone acetylation in cancer cells. Docking
studies with an HDAC6 homology model suggested that the hy-
drophobic cap group of the inhibitors interacts with aromatic

residues that form a sub-pocket near the entrance of the sub-
strate binding channel. The HDAC6-selective compounds have
less cytotoxicity toward cancer cells than do pan-HDAC inhibi-
tors. The synergistic antiproliferative activity we showed with the
proteasome inhibitor bortezomib suggests the potential for com-
bination anticancer therapy with less general toxicity.

Figure 1. Biarylalanine HDAC inhibitors 1.
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In this study, to obtain struc-
ture–activity relationships con-
cerning HDAC inhibition, we syn-
thesized a small series of pyridyl-ACHTUNGTRENNUNGalanines. As before, we studied
the influence of the spacer
length and also analyzed the
relevance of the stereochemistry.
For the investigation of subtype
selectivity, HDAC1 and HDAC6
were used in in vitro assays. To
elucidate the potential binding
mode of the inhibitors, docking
studies were performed using
established homology models of
HDAC1 and HDAC6. The selectivities observed in vitro were va-
lidated by comparing histone and tubulin hyperacetylation in
cancer cells. The antiproliferative properties of the new inhibi-
tors were studied on MCF7 breast cancer cells and synergy
studies with bortezomib were performed, and revealed syner-
gy at nontoxic concentrations of bortezomib.

Results and Discussion

Chemistry

The synthesis of the inhibitors was carried out starting with
the protected hydroxamates 2 and pyridylalanine methyl
esters 3, in analogy to previous syntheses from our research
group[16, 17] (see Scheme 1). The hydroxamic acids 5 were re-
leased from the O-benzyl precursors 4 by hydrogenation.

Enzyme inhibition

The inhibitors 5 a–g were tested in our homogeneous assay
with purified rat liver extract as the source of HDAC activity
and a small-molecule substrate. All compounds showed inhibi-
tion in the low-micromolar range (Table 1). Next, all inhibitors
were assayed for the inhibition of HDAC activity with immuno-
precipitated FLAG–HDAC1 and FLAG–HDAC6 as reported.[19]

We also compared the IC50 values obtained with the isolated
subtypes with those obtained with subtype-selective sub-
strates[20] and a mixture of subtypes (rat liver extract) (Table 1
and Table 2).

The compounds were all predicted to be selective for
HDAC6 with the subtype-selective substrates, and indeed for

all pyridylalanines, pronounced HDAC6 selectivity
was found. For the spacer with six methylene groups,
the S enantiomer 5 a was more potent toward
HDAC6 than the R compound 5 b. With the seven-
carbon spacer chain, the R-configured inhibitor 5 d
was more selective than its S enantiomer 5 c. An in-
crease to a spacer with eight methylene groups in
5 e led to a loss of selectivity. The inhibitors with the
racemic methyl-substituted pyridylalanines 5 f–g also
showed decreased selectivity.

To confirm the in vitro selectivity, we compared
histone to tubulin hyperacetylation for selected in-
hibitors 5 a and 5 d in MCF7 breast cancer and
HCT116 colon cancer cell lines (see Supporting Infor-
mation). HDAC1 activity can be correlated to histone
deacetylation, and HDAC6 inhibition should lead
mainly to tubulin hyperacetylation. For both cell lines

Scheme 1. Synthesis of pyridylalanine-containing HDAC inhibitors. Substituents for 4 and
5, see Table 1.

Table 1. HDAC-inhibitory activity of 5 a–g.

IC50�SE [mm]
Enzyme: Rat liver HDAC HDAC1 HDAC6

Subtype selectivity of substrate
Compd n Config -R: None HDAC1 HDAC6 None None

5 a 6 S -H 1.52�0.22 33.88�3.98 6.12�0.15 100.46�12.33 3.97�0.74
5 b 6 R -H 2.16�0.37 20.46�1.92 5.97�0.15 109.90�13.61 8.48�1.81
5 c 7 S -H 1.38�0.09 4.11�0.39 1.58�0.10 67.30�6.09 4.06�1.77
5 d 7 R -H 1.55�0.16 11.38�1.60 1.64�0.20 82.60�4.96a 4.01�1.61[a]

5 e 8 S -H 1.38�0.15 12.08�2.86 2.67�0.42 54.70�7.39 6.00�0.89
5 f 6 R,S -CH3 4.49�0.34 20.00�3.38 6.70�0.27 75.16�15.42 6.27�1.43
5 g 7 R,S -CH3 1.02�0.15 12.22�3.27 2.17�0.24 73.45�2.19 8.33�0.30

[a] Data are from reference [18] .

Table 2. Selectivity indices and cytotoxicity.

Compd Substrates[a]

HDAC1/HDAC6
Subtypes[b]

HDAC1/HDAC6
GI50 [mm][c]

5 a 5.54 25.3 104
5 b 3.43 13.0 95
5 c 2.60 16.6 85
5 d 6.94 20.6 73
5 e 4.52 9.12 48
5 f 2.99 12.0 92
5 g 5.63 8.82 42

[a] The predicted selectivities are determined by dividing the IC50 values
obtained with rat liver HDAC and the subtype-selective substrates
(HDAC1/HDAC6). [b] The measured selectivities are determined by divid-
ing the IC50 values obtained with immunoprecipitated subtypes and a
nonselective substrate (HDAC1/HDAC6). [c] Cytotoxicity is measured as
discussed in the Experimental Section (MCF-7 cell line).
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and both compounds, tubulin
hyperacetylation was already
visible at 1 mm and increased at
higher concentrations. In MCF7
cells, 5 a was much more selec-
tive for tubulin versus histone
hyperacetylation. In HCT116
cells, some histone hyperacetyla-
tion was noted for 5 a at 10 mm,
but the level of hyperacetylated
histone was significantly in-
creased only at 100 mm.

Antiproliferative activities

We next tested the effect of the
observed selectivities on cyto-
toxicity in MCF7 breast cancer
cells. HDAC6 is a marker of poor
prognosis in estrogen receptor-
positive cancers, and the HDAC6
inhibitor tubacin inhibits cell mi-
gration in MCF7 cells.[21] As in
our previous work on the biary-
lalanines,[19] we saw a correlation
between HDAC6 selectivity and
diminished cytotoxicity (Table 2).
In general, this could be caused
by poor cellular penetration, but
we showed that inhibitors 5 a
and 5 d induce tubulin hyperace-
tylation at much lower concen-
trations.

Because of the known syner-
gism of HDAC inhibitors with
the proteasome inhibitor borte-
zomib, we also investigated the
effects of our new HDAC6 inhibi-
tors on the antiproliferative
action of bortezomib. We ob-
tained a GI50 value for bortezo-
mib of about 20 nm in MCF7
cells. Significant cytotoxicity was
only observed at concentrations
of 10 nm or greater (see Fig-
ure 2 A). Cell viability curves
were obtained using increasing
concentrations of the HDAC6 in-
hibitors 5 d and 5 g with and
without bortezomib (2, 5, and
10 nm) (Figure 2 B, C). For 5 d,
only at the highest bortezomib
concentration was a pronounced
leftward shift of the viability
curve observed. In the case of
5 g, a clear synergy was seen
with 5 nm bortezomib. This con-

Figure 2. HDAC6 inhibitors and bortezomib in combination show enhanced antiproliferative activity. MCF-7 cells
were seeded into 96-well plates; 24 h later, they were treated with HDAC6 inhibitors and bortezomib. Antitumor
activity was assessed three days later by MTT assay. A) Antiproliferative effect of bortezomib alone after three days
of exposure. B) Viable cells after treatment with 5 d alone, or in combination with bortezomib at 2, 5, and 10 nm

for three days. C) Viable cells after treatment with 5 g alone, or in combination with bortezomib at 2, 5, and
10 nm for three days. Cell viability is shown as percentage of control ; &: HDAC inhibitor alone; ~: HDAC inhibitor
+ bortezomib (2 nm) ; !: HDAC inhibitor + bortezomib (5 nm) ; ^: HDAC inhibitor + bortezomib (10 nm).
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centration of the cytotoxic agent is basically ineffective at de-
creasing cell viability (see Figure 2 A). The GI50 value of 5 g was
reduced from 42 mm to about 30 mm.

An alternative way to look for synergy is to determine the
cooperativity index (CI). The Chou–Talalay method[22, 23] was
used for these combination studies. By looking at the effect
each of the two compounds elicits alone and by using a mix-
ture of both agents, we determined if the same effect can be
obtained with decreased concentrations of the two agents.
The formula for calculation of the CI is given in the Experimen-
tal Section. A CI of <1 indicates synergy, and such selectivity
was obtained for compound 5 g in a specific dose range
(Figure 3).

Analysis of the HDAC binding sites and inhibitor binding
modes

The X-ray crystallographic analysis of bacterial HDAC-like pro-
teins (HDLP and FB188 HDAH),[24–27] as well as HDAC7 and
HDAC8[26, 28] complexes with trichostatin A (TSA) or suberoylani-
lide hydroxamic acid (SAHA), showed that the HDAC catalytic
domain consists of a narrow tube-like pocket spanning a
length equivalent to a straight chain of four to six methylene
units. Two conserved aromatic residues (Phe152 and Phe208 in
FB188 HDAH, Phe152 and Phe208 in HDAC8) located in the
tube-like pocket of the HDAC enzymes fix the position of the
flexible alkyl spacer of the inhibitors. The catalytic zinc ion,
which is buried near the bottom of the active site, is coordinat-
ed to His and Asp residues and the hydroxamic acid function
of the inhibitors. A similar architecture and interaction pattern
are assumed for the related HDAC1 and HDAC6 enzymes.

To better understand the increased HDAC6 activity of the
phenylalanine derivatives, compounds 5 a–g were docked into
homology models of human HDAC1 and HDAC6. Their con-
struction is described elsewhere.[19] The derived HDAC1 and
HDAC6 protein models show high structural similarity in the
catalytic regions, whereas larger deviations are observed at the
entrance region of the binding pocket. In particular, the loop
regions forming the entrance of the binding cavity are dissimi-

lar in the different HDAC structures. This model is in accord
with other recently published modeling studies on HDAC sub-
types.[29, 30]

The docking was carried out using the programs GOLD 3.2
and ChemScore as the scoring function. Before docking the
novel inhibitors into the HDAC1 and HDAC6 homology
models, we first tested the docking program GOLD[31] to deter-
mine if it can reproduce the experimentally observed HDAC in-
hibitor binding modes. We used published X-ray crystallo-
graphic structures for HDAH, HDLP, HDAC7, and HDAC8 in
complex with different inhibitors from the Protein Data
Bank.[32] GOLD with ChemScore could reproduce the inhibitor
structures with RMSD values below 2.5 �.[19]

Next, the inhibitors 5 a–5 g were docked into the HDAC1 ho-
mology model. This showed that the hydroxamic acid interacts
with the zinc ion and polar residues (His141 and Tyr303) and
that Phe150 and Phe205 sandwich the hydrophobic alkyl chain
of the inhibitors. The cap group of 5 a/5 b and 5 c/5 d interacts
with several aromatic and hydrophobic residues at the en-
trance of the binding pocket (His28 and Pro29) (Figure 4
shows example docking results for 5 a and 5 c).

The analysis of the docking solutions obtained for the
HDAC6 homology model showed that His610 and Tyr782 form
hydrogen bonds to the hydroxamic acid of the inhibitors.
Phe620 and Phe680 in HDAC6 sandwich the alkyl chain linker
between their hydrophobic portions (Figure 5). Larger devia-
tions between HDAC1 and HDAC6 models were observed in
the interaction of the bulky cap groups. The HDAC6 model
shows a clearly defined hydrophobic binding cavity formed by
several aromatic and hydrophobic residues (His499, His500,
and Phe566). The docked inhibitors place the hydrophobic cap
group in this binding groove (Figure 4 A, B). The hydrophobic
cavity found in HDAC6 is composed of several aromatic resi-
dues, including Phe566 and His560. When looking at the hy-
drophobic potential of this cavity (Figure 5), the most hydro-
phobic region detected is near Phe566. Therefore, we suggest
that the optimal placement of the hydrophobic aromatic cap
group near Phe566 is important for high affinity toward
HDAC6. This is to some extent reflected by the high docking
scores for compounds that are able to make van der Waals in-
teractions between the cap group and Phe566 (e.g. , 5 a, 5 b,
5 c, and 5 d).

The differences in biological activity observed for HDAC1
and HDAC6 were partially clarified by the inspection of the
binding mode of the inhibitors. In the case of the HDAC6
model, favorable van der Waals interactions of the hydropho-
bic cap groups of 5 a/5 b and 5 c/5 d with well-defined binding
grooves are observed at the entrance of the pocket (His499,
His500, and Phe566). Importantly, the aromatic pyridine sys-
tems of 5 a/5 b and 5 c/5 d show favorable van der Waals inter-
action with Phe566 (Figure 5 A, B). Both R- and S-configured in-
hibitor series show a similar binding mode: the aromatic pyrid-
yl substituent interacts with the aromatic groove at the en-
trance of HDAC6 (see figure 3, Supporting Information). In con-
trast, the amide group shows a different binding mode and
faces in two different directions. These two orientations are
also observed in the different SAHA–HDAC7 crystal structures.

Figure 3. The cooperativity index (CI) was determined as outlined in the Ex-
perimental Section. CI<1.0 indicates a synergistic (more than additive)
effect. Synergy was observed for a combination of 5 g and bortezomib with
CI = 0.59 at 43.2 mm 5 g and 8 nm bortezomib and CI = 0.28 at 54 mm 5 g and
10 nm bortezomib (~: combination of 5 g and bortezomib).
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In the case of the HDAC1 model, the entrance is less hydro-
phobic (Figure 4 C) and does not show a well-defined groove
that accommodates the bulky cap groups. The cap groups are

Figure 4. A) GOLD docking solutions for 5 a (magenta) and 5 c (green) at
HDAC1. B) The favorable hydrophobic interaction map is shown in orange.
C) The surface of the HDAC1 binding pocket is colored according hydrophi-
licity (brown = hydrophobic, blue = hydrophilic).

Figure 5. A) GOLD docking solutions for 5 a (magenta) and 5 c (green) at
HDAC6. B) The favorable hydrophobic interaction map is shown in orange.
C) The surface of the HDAC1 binding pocket is colored according hydrophi-
licity (brown = hydrophobic, blue = hydrophilic).
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more solvent exposed, resulting in unfavorable binding charac-
teristics.

The significance of the nonpolar interactions at the entrance
of the binding pocket was further analyzed by calculating the
nonbonded probability maps for HDAC1 and HDAC6 binding
pockets using the MOE software (Chemical Computing Group).
The purpose of this knowledge-based approach is to calculate,
from the 3D coordinates of the binding site, preferred loca-
tions for hydrophobic ligand atoms. As suggested from the
docking results, favorable locations for hydrophobic groups
are observed for the HDAC6 pocket, whereas the HDAC1 en-
trance is less hydrophobic (Figure 4 B, Figure 5 B).

Conclusions

Structure–activity studies on pyridylalanine inhibitors of HDACs
have led to the synthesis of selective HDAC6 inhibitors. We
gained insight into the structural requirements for the binding
of inhibitors to HDAC subtypes by docking the inhibitors into
homology models of HDAC1 and HDAC6. In general, the varia-
tion of the spacer length showed limited effect in the case of
HDAC6 (5 a, 5 c, and 5 e). The reason for the decreased HDAC1
activities is the diminished ability to bury the hydrophobic cap
group of the inhibitors. In HDAC6, the hydrophobic cap
groups show a better fit with the aromatic amino acids of the
rim of the channel. Regardless of the stereochemistry of the
amino acid, good HDAC6 selectivity was obtained. Introduction
of an a-methyl group in the pyridyl ring or a spacer length of
eight atoms led to a decrease in selectivity over HDAC1. This
study again underscores the value of subtype-selective HDAC
substrates as tools for the identification of candidate inhibitors
for subtype profiling. These HDAC6-selective inhibitors show
decreased general toxicity which makes them very promising
candidates for combination anticancer therapy (e.g. , with the
proteasome inhibitor bortezomib).

Experimental Section

General

Melting points are uncorrected and were measured by using an
SMP2 melting point apparatus (Stuart Scientific). Elemental analy-
ses were performed with a Vario EL elemental analyzer (Elementar
Analysensysteme GmbH, Hanau, Germany). ESI- and APCI-mass
spectra were recorded with a LCQ-Advantage mass spectrometer,
and EI- and CI-mass spectra with a TSQ700 mass spectrometer
(Thermo Electron). NMR spectra were obtained on a Unity 300
spectrometer (300 MHz) by Varian and an Avance DRX 400 spec-
trometer (400 MHz) by Bruker. Chemical shifts were registered in
ppm relative to tetramethylsilane. In some cases, not all signals in
the 13C NMR data were resolved (indicated with a footnote). The
rat liver HDAC preparation was purified with an �kta prime chro-
matography system from Amersham Biosciences. Fluorescence
assays were performed on microplate readers (BMG Fluostar
Optima and Molecular Devices FlexStation). The fluorescent small-
molecule substrates were prepared as reported.[20, 33, 34] The O-
benzyl-protected monohydroxamate 2 a was prepared as de-
scribed.[35] Compounds 2 b and 2 c were synthesized in an analo-
gous fashion from monomethyl nonanedioate and monomethyl

decanedioate acid chloride, respectively. The chiral pyridylalanines
(R = H) were purchased from Aldrich, the racemic compounds (R =
CH3)[36] were available at our institute. Amino acids were converted
into the methyl ester dihydrochlorides by standard procedures
with thionyl chloride in anhydrous methanol. Bortezomib was
taken from Velcade solutions for injection purchased at the hospi-
tal pharmacy of the University of Freiburg. In Velcade, bortezomib
is present as a freeze-dried mannitol ester prodrug. The stoichiom-
etry of the complex is not given in the specification, but liberates
bortezomib in solution (see prescription information at http://
www.velcade.com (accessed November 26, 2008)).

Method A: Amide formation with mixed anhydrides

Carboxylic acid (1 mmol) was dissolved in anhydrous THF (20 mL)
and 1 mmol N-methylmorpholine (NMM) was added to the solu-
tion. The reaction mixture was cooled to �15 8C and stirred for
5 min. Isobutylchloroformate (IBCF, 1 mmol) was added and stirred
continuously for another 10 min at �15 8C. Then, 1 mmol of the
amine and another 2 mmol of NMM were added, and the mixture
was stirred for a further 15 min at �15 8C, and then for 2 h at room
temperature. Finally, the mixture was poured into HCl (2 m) and ex-
tracted (3 � ) with EtOAc. The combined organic phases were
washed with H2O (3 � ), then a solution of NaHCO3 (5 %), and H2O
again. After final washing with brine and drying over Na2SO4, the
product was purified by flash column chromatography with EtOAc
as eluent. The product-containing fractions were evaporated, and
the residues were crystallized from petroleum ether (80–110 8C).
The solid was collected by filtration, and the product was dried
under high vacuum.

Method B: Deprotection via hydrogenation

The O-benzyl-protected derivatives 4 were dissolved in a few mL
MeOH, and 10 % (w/w) Pd/C (10 %) was added under N2. The reac-
tion mixture was then treated with H2 at atmospheric pressure
unless otherwise indicated. After 4 h, the catalyst was filtered off,
and the solvent was evaporated. In the case of 5 a, 5 b, and 5 e the
crude product was purified by flash chromatography with EtOAc/
MeOH (95:5) as eluent. All crude end products were dissolved in a
few mL MeOH and then precipitated with Et2O. After cooling over-
night, the solid was collected by filtration, washed with a small
volume of Et2O, and dried under high vacuum. Data for most com-
pounds are given in the Supporting Information. A representative
inhibitor with its data is listed below.ACHTUNGTRENNUNG(R,S)-2-(8-Hydroxycarbamoyloctanoylamino)-3-(6-methylpyridin-
2-yl)propionic acid methyl ester (5 g). Method B, 4 g (500 mg,
1.06 mmol), Pd/C (50 mg), MeOH (20 mL). Yield: 206 mg white
solid (51 %), mp: 107 8C; 1H NMR ([D6]DMSO, 400 MHz): d= 10.33 (s,
1 H, HO-NH-CO), 8.67 (s, 1 H, HO-NH-CO), 8.23 (d, 1 H, 3J = 7.9 Hz,
NH-CH-CO), 7.59–7.56 (pt (dd), 1 H, 3J = 7.7 Hz, 3J = 7.7 Hz, 4’-H),
7.08 (m, 1 H, 3’-H), 7.04 (m, 1 H, 5’-H), 4.69–4.63 (m, 1 H, NH-CH-CO),
3.60 (s, 3 H, COOCH3), 3.10 (dd, 1 H, 2J = 13.9 Hz, 3J = 5.4 Hz, CH-CH2-
Ar), 2.98 (dd, 1 H, 2J = 13.9 Hz, 3J = 9.0 Hz, CH-CH2-Ar), 2.42 (s, 3 H,
6’-CH3), 2.03 (t, 2 H, 3J = 7.3 Hz, CO-CH2), 1.92 (t, 2 H, 3J = 7.4 Hz, CO-
CH2), 1.48–1.35 (m, 4 H, (CH2)2), 1.18–1.08 ppm (m, 6 H, (CH2)3) ;
13C NMR ([D6]DMSO, 100 MHz): d= 172.73, 172.66, 169.51 (CO),
157.64 (2’-C), 156.73 (6’-C), 137.06 (4’-C), 121.50, 121.01 (3’/5’-C),
52.39, 52.18 (COOCH3, NH-CH-CO), 39.24 (CH-CH2-Ar), 35.38, 32.66
(CO-CH2), 28.89, 28.87, 28.68, 25.53, 25.50 ((CH2)5), 24.45 ppm (Ar-
CH3); MS (APCI +): m/z = 380 [M+H]+ ; IR (ATR): ñ= 1747 (COOCH3),
1645 cm�1 (CO-NH, CO-NH-OH).
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Assays

Assays with rat liver extract

Enzyme inhibition was determined using standard reported meth-
ods.[19] First, we used a partially purified rat liver extract with a fluo-
rescent substrate (MAL)[33] that is unselective[20] for different sub-
types. In a second test series, we used the same enzyme prepara-
tion with subtype-selective substrates discovered in our research
group[20] to predict subtype selectivity. For HDAC1 prediction Z-
(propionyl)Lys-AMC was used, and for HDAC6 prediction Boc(Ac)-
Lys-(F3-AMC) was used.

Stock solutions of the inhibitors were prepared at 12 mm in DMSO
and further diluted with enzyme buffer (1.4 mm NaH2PO4, 18.6 mm

Na2HPO4, pH 7.9, 0.25 mm EDTA, 10 mm NaCl, 10 % (v/v) glycerol
and 10 mm 2-mercaptoethanol) to the desired concentration. Stock
solutions of the substrates were prepared in DMSO at 12.6 mm

and further diluted with enzyme buffer to a concentration of
126 mm for the assay. Rat liver extract (50 mL) was incubated with
5 mL of the inhibitor dilution and 5 mL of the substrate dilution at
37 8C. Incubation times were 90 min for the unselective substrates
and 180 min for the selective substrates. The reaction was stopped
by adding 190 mL of freshly prepared stop solution (trichostatin A
(TSA) 3.3 mm, borate buffer, pH 9.5, and naphthalene-2,3-dicarbox-
aldehyde (NDA, 16 mm in MeOH) at a ratio of 5:180:5). Fluores-
cence was detected at an excitation wavelength of 330 nm and an
emission wavelength of 390 nm except for the HDAC6-selective
substrate (lex : 340 nm, lem : 430 nm).

Immunoprecipitated FLAG-tagged HDAC1 and HDAC6

FLAG-tagged HDAC1 and HDAC6 were isolated from 293T cell lines
overexpressing either HDAC1 or HDAC6 with M2-agarose beads
(Sigma) as described.[19] We used the purified subtypes to deter-
mine the inhibitory potential with an unselective substrate (called
ZMAL)[34] that is suitable for these enzymes.

293T cell lines overexpressing FLAG-tagged HDAC1 and HDAC6
were cultured and lysed. M2-agarose was used at 25 mL mL�1 cell
lysate. The immunoprecipitated enzymes were washed in enzyme
buffer, diluted (1:10) and used as the enzyme source. Bead suspen-
sions of 50 mL were incubated with 5 mL of the inhibitor dilution
and 5 mL of the substrate dilution at 37 8C for 180 min. The reaction
was stopped by adding 190 mL of freshly prepared stop solution
(3.3 mm TSA, borate buffer, pH 9.5 and NDA (16 mm in MeOH) at a
ratio of 5:180:5). Fluorescence was measured at an excitation
wavelength of 330 nm and an emission wavelength of 390 nm.

Determination of IC50 values

The amounts of remaining substrate in the samples were calculat-
ed relative to two reference samples equivalent to 0 and 100 %
enzyme inhibition. For 100 % inhibition, we used 50 mL of the
enzyme source, 5 mL of a 3.3 mm TSA dilution, and 5 mL of the sub-
strate dilution. For 0 % inhibition, we used 50 mL of the enzyme
source, 5 mL of enzyme buffer, and 5 mL of the substrate dilution.
The IC50 values were determined by measuring the enzyme inhibi-
tion of a dilution series of the particular inhibitor relative to the
standards; this was followed by evaluation with the GraphPad
Prism software.

Western blot analysis

MCF-7 human breast adenocarcinoma cells were grown in RPMI-
1640 (Gibco Invitrogen) supplemented with 10 % fetal bovine

serum (FBS; PAA), 1 % 2 mm l-glutamine (Gibco Invitrogen) and
1 % penicillin–streptomycin (Gibco Invitrogen). HCT116 human
colon carcinoma cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Mediatech, Herndon, VA, USA) with 10 % FBS
(Gemini Bio-products, Woodland, CA, USA), 1 % penicillin–strepto-
mycin and 2 mm l-glutamine (GIBCO Invitrogen).

Both cell lines were treated with various concentrations of the in-
hibitors and TSA as a control for 6 h. Cells were lysed in 50 mm

Tris-HCl, pH 7.5, 0.5 mm EDTA, 150 mm NaCl, 0.5 % NP-40, and 1 �
complete protease inhibitors (Roche, Penzberg, Germany).

Protein concentrations of lysates of MCF-7 breast adenocarcinoma
cells were determined with the BCATM Protein Assay (Pierce). Pro-
tein samples were electrophoresed on 15 % SDS–polyacrylamide
gels and transferred to an Immobilon-P transfer membrane (Milli-
pore). Membranes were blocked with Roti-Block (Roth) and probed
with antibodies against acetylated a-tubulin (Sigma 6-11B-1)
1:2000, anti-a-tubulin (Sigma B-5-1-2) 1:2000, anti-acetylated his-
tone H3 (Upstate 06-599) 1:2000, and anti-acetylated histone H4
(Upstate 06-598) 1:2000.

Protein concentrations of lysates of HCT116 colon carcinoma cells
were determined with the DC Protein Assay (Bio-Rad). Protein sam-
ples were electrophoresed on 10 % and 15 % SDS–polyacrylamide
gels and transferred to a nitrocellulose membrane (Bio-Rad). Mem-
branes were blocked with 5 % nonfat dry milk in TBS–Tween
(10 mm Tris-HCl, pH 7.5, 150 mm NaCl, and 0.1 % Tween-20) and
probed with anti-acetylated a-tubulin (Sigma 6-11B-1) or anti-a-tu-
bulin (Sigma B-5-1-2) at 1:2000, anti-acetylated histone H3 (Upstate
06-599), and anti-acetylated histone H4 (Upstate 06-866).

Cytotoxicity assays

MCF-7 human breast tumor cells were obtained from Max-Del-
br�ck-Centrum MDC (BerlinBuch) and maintained in RPMI-1640
supplemented with 10 % FBS, 1 % 2 mm l-glutamine, and 1 % peni-
cillin–streptomycin (Invitrogen). The cells were incubated at 37 8C
in an atmosphere of 5 % CO2.
Cells were seeded at 5000 per well in 100 mL of growth medium in
96-well tissue culture plates. At 24 h after seeding, diluted com-
pounds or DMSO vehicle control were added to each well and in-
cubated for 72 h at 37 8C. Growth inhibition was determined using
the MTT assay. Data were plotted as a percentage of DMSO-treated
control against compound concentration using GraphPad
Prism 4.0. The 50 % growth inhibition (GI50) was calculated as the
compound concentration required to decrease cell number by
50 % relative to with control.

Analysis of synergism with bortezomib

The Chou–Talalay method[22, 23] was used for drug combination
studies. It uses the following equation: CI = (D)1/(Dx)1 + (D)2/(Dx)2,
for which (D)1 and (D)2 are respective doses of drugs 1 and 2 that
have the x effect used in combination, and (Dx)1 and (Dx)2 are the
doses of drugs 1 and 2 that have the same effect when used
alone. Synergy is present when CI<1.0. The combination is addi-
tive when CI = 1.0, and is antagonistic when CI>1.0.

Molecular modeling

All calculations were performed on a Pentium 1.8 GHz Linux clus-
ter. The molecular structures of the inhibitors were generated
using the MOE modeling package (Chemical Computing Group,
Montreal, Canada). The inhibitor structures were energy minimized
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using the MMFF94s force field and the conjugate gradient method,
until the default derivative convergence criterion of 0.01 kcal mo-
l�1 ��1 was met.

Docking of the inhibitors

Homology models were recently generated for HDAC1 and
HDAC6, with the COMPOSER module (as part of the Sybyl 7.2 pro-
gram[37]) and the available X-ray crystal structures of HDLP, HDAC8,
and HDAC as templates (for details, see reference [19]). Docking of
the known co-crystallized inhibitors, as well as the novel com-
pounds, was carried out using the crystal structures and the
HDAC1 and HDCAC6 homology models. Program GOLD 3.2 was
used for ligand docking. All torsion angles in each compound were
allowed to rotate freely. For each molecule, 30 docking runs were
carried out. The resulting solutions were clustered on the basis of
the heavy-atom RMSD values (1 �). We tested several docking
setups to reproduce the experimentally derived complexes of
HDAC inhibitors. The best agreement between the available crystal
structures and docking poses could be derived by applying the
ChemScore scoring function within GOLD. A hydrogen bond to the
active site histidine (His143 in HDAH, His141 in HDAC1, His216 in
HDAC6 CD I, His611 in HDAC6 CD II) was used as docking con-
straint. This docking setup resulted in good reproduction (RMDS<
2.5 �) of the experimentally derived structures of SAHA and TSA,
which were co-crystallized with several HDACs.[19] The top-ranked
poses for each ligand were selected and viewed graphically within
the MOE program.

Hydrophobic interaction fields

Interaction possibilities at the binding pockets were analyzed by
calculating the contact preferences with the MOE program (Chemi-
cal Computing Group). The purpose of this knowledge-based ap-
proach is to calculate, from the 3D coordinates of the binding site,
preferred locations for hydrophobic ligand atoms. The contact
preferences for hydrophobic atoms are calculated on the basis of
statistical data derived from experimental 3D structures (Chemical
Computing Group). The calculated hydrophobic contact preferen-
ces were then viewed superimposed on the crystal structure and
homology models using the MOE program.
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