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Chemotherapy in the last century was characterized by cytotoxic drugs that did not discriminate between
cancerous and normal cell types and were consequently accompanied by toxic side effects that were often
dose limiting. The ability of differentiating agents to selectively kill cancer cells or transform them to a
nonproliferating or normal phenotype could lead to cell- and tissue-specific drugs without the side effects
of current cancer chemotherapeutics. This may be possible for a new generation of histone deacetylase
inhibitors derived from amino acids. Structuractivity relationships are now reported for 43 compounds
derived from 2-aminosuberic acid that kill a range of cancer cells, 26 being potent cytotoxins against MM96L
melanoma cells (1§20 nM—1 uM), while 17 were between 5- and 60-fold more selective in killing MM96L
melanoma cells versus normal (neonatal foreskin fibroblasts, NFF) cells. This represents a 10- to 100-fold
increase in potency and up to a 10-fold higher selectivity over previously reported compounds derived from
cysteine J. Med. Chem2004 47, 2984). Selectivity is also an underestimate, because the normal cells,
NFF, are rarely all killed by the drugs that also induce selective blockade of the cell cycle for normal but
not cancer cells. Selected compounds were tested against a panel of human cancer cell lines (melanomas,
prostate, breast, ovarian, cervical, lung, and colon) and found to be both selective and potent cytotoxins
(ICs0 20 NM—1 uM). Compounds in this class typically inhibit human histone deacetylases, as evidenced
by hyperacetylation of histones in both normal and cancer cells, induce expression of p21, and differentiate
surviving cancer cells to a nonproliferating phenotype. These compounds may be valuable leads for the
development of new chemotherapeutic agents.

Introduction trogens), and angiogenesis inhibitors, to name a few. Typically,

The 20th century saw a wide range of cytotoxic chemothera- such antitumor agents were nonselective cytotoxins, Kkilling
pies used to treat human cancer, the most effective being,”o”_nal cells along with tumor cells and,. consequently: rggulted
combinations of drugs (e.g., cyclophosphamide, fluorouracil, I side effects that were often cumulative and dose limiting.
doxorubicin, and vincristine). Maximum therapeutic outcomes  An important goal of the early 21st century cancer medicine
were obtained for synergistic combinations of drugs that had is the development of selective cancer chemotherapeutics that
different mechanisms of cell killing and included antimetabolites Specifically destroy malignant tumors without damaging normal
(e.g., folate, purine, and pyrimidine antagonists), covalent DNA- tissues. A promising approach toward this objecti¢es the
binding drugs (nitrogen mustards, alkyl sulfonates, aziridine use of differentiating agents that can selectively affect tumor
derivatives, and platinum complexes), noncovalent DNA- growth, either by killing cancer cells or transforming them to a
binding drugs (anthracyclines and bleomycins), inhibitors of nonproliferating or more normal phenotype. Such an approach
chromatin function (topoisomerase and microtubule inhibitors), has the potential to be tissue-specific and to avoid the side effects
regulators of endocrine function (glucocorticords and anties- of current drugs. Among early compounds known to differentiate
cancer cells in cell culture were histone deacetylase inhibitors

* Corresponding author: Phone:61-7-33462989. Faxt-61-7-33462990. like butyrate, retinoic acid, HMBA, ABHA, SBHA, SAHA,
E_T?iyl]:eggﬂﬂﬁg?&ﬂﬂ}gﬂgu‘; Lal scriptaid, sirtinol, and so of1,° which were all of low potency,

* University of Queensland. quay: not very selectivein vivo, and differentiation was usually

§ The Queensland Institute for Medical Research. reversible. More potent HDAC inhibitors that have shown more

lﬁ%blfre\/_iatiogﬁ/:légc,lageéyl; Dﬂ?lxl/tl), quthlqromeéhaDrll\i;FDcIiPEAtF\dlifisopm- promising anticancer propertign vitro include trichostatin
pylethylamine; , 1,3-dimethylbarbituric acid; , dimethylforma- 10,11 ; 12 apicidinl3 14-18

mide; DMSO, dimethyl sulfoxide; EtOAc, ethyl acetate; Fmdd;fuoren- @, trapoxin Q)’ apicidin; ",ind anaIOgueé' Such
9-ylmethoxycarbamate; Fmoc-OSu, 9-fluorenylmethyloxycarbdyl- ~ COmpounds are typically cytotoxic to both normal and cancer

hydroxysuccinimide ~ HATU, O-(7-azabenzotriazol-1-yl)-1,1,3,3-  cells and are ineffectivan vivo due to low bioavailability and

tetramethyluronium hexafluorophosphate; HBTU, [(benzotriazolyl)oxy]- ; ; . S TH
N',N',N',N'-tatramethyluronium hexafluorophosphate; rpHPLC, reversed rapid metabolism. Up to a 5:1 selectivity in killing cancer cell

phase high performance liquid chromatography; LRMS, low-resolution mass tYPES over nqrmal cell types has been observed, fo'r e)_(amplﬁ
spectroscopy; Pro, proline; TFA, trifluoroacetic acid; THF, tetrahydrofuran. for 1, suggesting that a more intensive study of HDAC inhibition
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might lead to potent antitumor agents with even higher
selectivity for cancer cell lines. More recently, it was reported
that a cinnamic acid based HDAC inhibitor NVP-LAQ824 had
some selective toxicity toward cancer cell lines, while inducing
growth arrest in normal fibroblast8.

There are 18 human genes kno@rio encode histone

deacetylase enzymes (HDACs) and eleven HDACs have been

isolated and identified to date. They can be divided into two

Kahnberg et al.

overexpressed in a particular cancer cell line. Class || HDACs
are found in both the nucleus and the cytoplasm and have been
shown to be more tissue specific in some cases. This observation
may enable the SAR of HDAC inhibitors to be potentially
examined by antiproliferative cytoselectivities over a range of
differing tissue specific cancer cell lines.
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classes based on their similarity to the yeast histone deacety-

lased! Rpd3 (class I, HDAC%3 and 8) and Hdal (class I,
HDAC4—7 and 9-11). The two classes share a highly

conserved catalytic domain of amino acids, but class Il proteins

are two to three times larger in size than class I. While limited

structural information is available for these human proteins, an

X-ray crystal structure of a bacterial HDAC (HDLP, 1c3r) has
been solved in complex with the HDAC inhibitdr?2 HDLP
shares~32% homology with HDACL1, deacetylates histores
vitro, and is inhibited by known HDAC inhibitor&. There is

high sequence homology between the bacterial and the huma

HDACs within the catalytic core of the enzyme, which the
crystal structure reveals to be ar11 A deep hydrophobic tube
that narrows to~4 A at the active site and contains a catalytic

divalent zinc cation, water molecule, and histidine-aspartate
charge-relay system. Most of the residues in the HDLP structure

that interact directly withL are highly conserved among all the

HDACS, but there is less conservation in adjoining residues and
considerable differences between the HDAC classes. Most
notably, there is significant deviation on the enzyme surface,

which has a number of shallow pockets adjacent to the deep
active site pocket. The considerable diversity within this region

suggests that it should be possible to develop specific inhibitors
of each of the known HDACs. Recently, two reports appeared

on the crystal structure of human HDAC8 complexed with a
variety of hydoxamic acid inhibitor$:?*These crystal structures

suggest that the active site of HDAC8 is more malleable than

that of the HDLP crystal structure, containing structural vari-
ability in loop regions about the active site surface.

Current HDAC inhibitors in clinical trials are regarded as
broad spectrum HDAC inhibitors with moderate anticancer
effects that are well tolerated. Ultimately, it would be desirable

n

Recently, we investigaté®lstructure-activity relationships
for two classes of-cysteine-derived anticancer agents (€3g.,
and4) with combinatorial variations at the N- and C-termini of
cysteine. Some of those compounds were orally active and
cytotoxic at~100 nM concentrations against various cancer cell
lines, with cytoselectivities of up to 6:1 for cancer cells over
normal cells. We wondered, however, whether the tweSC
bonds in those compounds, being longer than the analogeus C
C bonds in lysine side chains of natural HDAC substrates, might
provide too much conformational freedom to the enzyme-bound
inhibitor at the rim of the tubular active site. The consequence
of pushing the inhibitor branch point (the chiral carbon) further
from the tubular enzyme active site entrance might diminish
inhibitor interactions at the surface. We therefore decided to
reduce the freedom of the bound inhibitor at the rim of the active
site by replacing—S— with —CH,— to more closely mimic
the L-lysine side chain, while maintaining the analogous
S-stereochemistry. Herein, we report a structurally diverse series
of aliphatic analogues likes, designed with the aid of a
homology model and synthesized using enzymatic enantiose-
lection. Some of these compounds show higher potencies (10
100-fold higher) and higher selectivities (up to 10-fold higher)
than 3 or 4 in Kkilling cancer cells of various types. The
aminosuberic acid component 8fhas now been used as a
template to undertake structuractivity studies of anticancer
potency and cytoselectivity. This work represents an important
step toward more selective chemotherapeutics that might either
specifically destroy malignant tumors without damaging normal
tissues or selectively differentiate cancer cells to a nonprolif-
erating phenotype, an approach that has the potential to be tissue-
specific and to avoid side effects of current anticancer drugs.

clinically to have much more potent anticancer drugs that are
well tolerated. Of various approaches to achieve this, one is to
produce inhibitors that are specific for a particular HDAC that
is overexpressed in cancer. However, the specific HDAC Model of Histone DeacetylasesBased on sequence homol-
enzyme inhibition approach to develop HDAC inhibitors has ogy, most human histone deacetylases are either in class |
to date been problematic, as commercially available HDAC (HDAC1-3, 8) or Class Il (HDAC4-7, 9)27 Both classes have
assay kits have previously been mixtures of class | HDACs, an essentially conserved catalytic domain, but class Il enzymes
recombinant expression of individual HDACs was difficult and are substantially larger than class | and their catalytic domain
expensive to commercially exploit, and cell/tissue distributions is at the C-terminus of the protein. HDACs2@nd 1£° have

of HDACs remain unknowr® A second approach which we also been categorized as class 2 and, while similar to one
have employed here is to use cell-based antiproliferative assaysanother, differ from the other HDACs. HDAC11 has its catalytic
to screen for drugs that are both selective and potent cancerdomain at the N-terminus of the protein. HDAC10 has similar
cell killers relative to normal cells. Furthermore, by screening sequence homology to HDACG6 but is larger (669 residues).
a range of cancer cell lines, tumor-selective drugs may be found Sirtuin deacetylases make up class 3, while a group of new
that may in turn be more selective for HDAC enzymes proteins are class 4, though similar to human HDAGY1.

Results and Discussion
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Figure 1. HDAC1 homology model. Lowest energy GOLD docked conformations of (left) TSA (yellow), trapoxin B analogue (orange), and
(right) hydroxamic acid (colored by atom type) in the solvent-accessible active site of the HDAC1 homology model (colored by hydrophobicity:
red hydrophobic to blue hydrophilic).

When the present work reported herein was conducted, thereand basic) could span acro2sand allow functional mimicry
were no crystal structures for human HDAC enzymes, so a of these surface interactions using a greatly simplified system.
homology model of HDAC1 was created based on alignment
of sequences of class | HDACs. The model was then used in |
docking studies on known and potential new HDAC inhibitors N w ©
that were designeth silico. Subsequently, a crystal structure N\)J\N
of human HDACS8 complexed with TSA has appeaté@The o ¢ H/\©
homology model and the crystal structure of human HDACS8
were structurally aligned with an overall backbone rmsd of 0.50 H
A, indicating high structural similarity. The greatest variability N
between the two structures occurred at the surface active site
loop regions, as expected, so the homology model used in the 6
docking studies herein is retrospectively considered to be valid.

Inhibitor Design. Trichostatin () was initially docked into To test the validity of this approach, we examined a hybrid
the active site of our HDAC1 homology model using a genetic of 1 and2, namely,6, and docked it into the homology structure.
docking algorithm (GOLDY! and two tight binding conforma-  This incorporates the dimethyl aminobenzoyl and hydroxamic
tions were identified. These conformations differ most notably acids groups ofl, a benzyl substituent similar to the Phe side
in the position of the dimethyl aminobenzoyl group, which can chain of2, a pentamethylene aliphatic side chain extending from
dock into either of two shallow surface pockets adjacent to the the chiral carbon of the amino acid to the putative zinc-binding
deep active site pocket. One of these conformations (Figure 1)hydroxamate. Tight binding conformations were identified that
is very similar to the enzyme bound conformatioriafbserved closely mimicked those observed for the hydroxamate analogue
in the HDLP crystal structuré In both conformations, zinc  of 2 (Figure 1). The aromatic groups projected into the shallow
coordination to the hydroxamic acid was observed in addition surface pockets of the enzyme and suggested numerous potential
to hydrophobic interactions between the rigid diene and the deephydrogen bonding, ionic, and hydrophobic interactions that could
tubular cavity. be accessed from this general model. We, therefore, decided to

The naturally occurring cyclic tetrapeptide HDAC inhibitor  synthesize compouné and analogues that varied the amide
trapoxin B @) was modified to include a hydroxamic acid zinc  terminal substituents. After most of the work below had been
binding group in place of the epoxy-ketone found in the natural completed, theR-enantiomer of6 (compoundl15) was also
product. That cyclic tetrapeptide was synthesized in house anddocked into the homology model using GOLD, ah#l was
found to be a potent killer of melanoma cells (MM96L skC- surprisingly found to have a slightly higher Gold Fitness score
30 nM). A randomized conformational search (Macromé&ilel  (65.9 vs 68.6, respectively). Compourd®d made better H-
of the cyclic tetrapeptide identified the most stable conformation bonding and Van der Waals interactions with the homology
to incorporate a bis-turn, essentially identical to the established enzyme structure, indicating the potential for conceivably more
solution structure® of related cyclic tetrapeptides. This con- potent enzyme inhibition and enhanced killing of cancer cells
formation was docked into the HDAC1 homology structure in witro.
using GOLD (Figure 1). Tight binding conformations were Before synthesis of the hydroxamic acid analogues was
identified that placed the Phe side chains in contact with the performed, the predicted lipophilicty was calculatedilico at
shallow pockets of the enzyme surface. The positions of thesepH 7 (logD 7.0 being the octanol/water partition coefficient)
aromatic side chains were very similar to those observed for using PALLAS24 with one compound having a Idg 0—1, 27
the dimethylaminobenzoyl group &f(Figure 1). The side chain  compounds with lod> 1—3, and sixteen compounds with log
of Pro is accommodated by a smaller pocket and may primarily D 3—5, in anticipation of suitable penetration of cell membranes.
be involved in stabilization of the tetrapeptide conformation.  Parallel Synthesis of Inhibitors. Alkylation of acetamido

The Phe side chains & are presumably important foliage malonate7 with 6-iodo-hexanoic acidert-butyl ester, and
on the cyclic tetrapeptide scaffold for tight enzyme binding subsequent hydrolysis afforded 2-acetylamino-octanedioic acid
because related naturally occurring cyclic tetrapeptide inhibitors 8-tert-butyl ester8, Scheme 1. Chiral resolution was achieved
include similar hydrophobic groups (Phe, Trp, Tyr) at these through the known enzymatic treatment of the racemic mixture
positions. Optimization of these surface interactions offers the of 8 with acylase | fromaspergillus melleyswhich selectively
greatest possibility of identifying features that deliver HDAC deacetylated theRenantiomer {24 h), after which the R-
selectivity. It was envisaged that a tripeptide analogue incor- enantiomer was deactetylated at a greatly reduced rate. Workup
porating similar groups to those observed in the potent naturally of the reaction after 24 h provided a 1:1 mixture 8&cetamide
occurring cyclic tetrapeptide inhibitors (hydrophobic, aromatic, 9 and Z-amine10. Amine 10 was protected with Fmoc-OSu
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Scheme 1.Parallel Synthesis of Antitumor Agents Based on HDAC Inhibition
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Reagents and conditions: (a) (1) NaH, DMF; (2) 6-iodo-hexanoic tectebutyl ester; (b) LiCl-HO, DMSO, 160°C; (c) LiOH, H,O/EtOH; (d) acylase
| (aspergillus melleus), Coglphosphate buffer pH 7.2; (e) (1) Fmoc-OSu, NalHQ®IF/H,0; (2) rpHPLC separation; (f) allyl bromide, NaHG@MDMF;
(g) TFA/DCM 9:1; (h) 2-(H-fluoren-9-ylmethoxycarbonylamino)-octanedioic acid 1-allyl ester, 2-chlorotritylnydroxylamine resin, HATU, DIPEA, DMF;

(i) PdP(Ph), DMBA, DCM; (j) R2 =

under basic conditions, and the two enantiomers were readily
separable by rpHPLC. After separation, recovered acetaénide
was hydrolyzed, and the resulting free amine was protected with
Fmoc-OSu, providing access to both enantiomers for the
remainder of the synthesis (Scheme 1). Compodbdsd16—
23 (racemic derivatives) were synthesized in a similar manner
utilizing a modified protection strategy (Supporting Information).

Free acidl0 was protected as an allyl ester, yielding fully
protected compoundll. TFA was used to selectively remove
the tert-butyl protecting group fromi1, and the resulting acid
was coupled to chlorotritylhydroxylamine resin to yield resin-
bound intermediatd2. Deprotection of the allyl estek2 and
coupling of the appropriate amine gave derivath3on resin.
Removal of the Fmoc protecting group, followed by coupling
of a variety of acids, gave derivativd<l on resin. Cleavage
from resin with 5% TFA in DCM produced hydroxamic acids
6 and15—56, which were purified by rpHPLC and characterized
by mass spectrometry afti NMR spectroscopy.

Antiproliferative Activity Against MM96L Melanoma
Cells. Cytotoxicity of 44a-aminosuburic acid derived hydrox-
amic acids §, 15—57) was determined by clonogenic survival
of human cancer cells (MM96L and melanoma) and human
normal cells (NFF and neonatal foreskin fibroblasts), as
described previousl§é Twenty-seven compounds were potent
cytotoxins against MM96L melanoma cells, including com-
poundsl5—19, 24, 26, 29, 32, 33, 36, 37, 39—41, 44, 4649,
and 51-56, with 1Csg < 1 uM. Six of these compoundd7,
51-53, 55, and 56, were an order of magnitude more potent
(ICs0 20—80 nM) than the rest and of comparable potency to
1. This contrast with the very best of our previously reported
cysteine-derived compouné&which had 1Go ~ 0.2 uM and
little selectivity SI < 6.

Previously, we had shown that cysteine-derived antitumor
agents, like3 and4, had decreased potency with flexible alkyl
subsituents at the lRand R positions?® Therefore, we chose

acid, HBTU, DIPEA, DMF; (k) piperidine/DMF; (I) R= amine, HBTU, DIPEA, DMF; (m) TFA/DCM 95:5.

Figure 2. Highest ranked GOLD docked conformation26f(orange),

39 (purple), andb3 (green) in the solvent-accessible active site of the
HDAC1 homology model (colored by hydrophobicity: red hydrophobic
to blue hydrophilic) with three binding pockets indicated.

were less flexible at positions'Rnd R. The five most potent
compounds with 1g < 50 nM (51-53, 55, and56) all have a
rigid bulky 8-aminoquinoline substituent at thé jposition with
aromatic groups; dimethylamino benzoic add, 2-indole
carboxylic acid52, trans cinnamic acid53, or carbamate
substituents; benzyl carbamdib or isobutyl carbamat&6 at

RL These groups provide short rigid aromatic groups to bind
into the hydrophobic pocket at the! Rosition. Substitution of
the smaller, more flexible benzyl amine for 8-aminoquinoline
at R gave a 2-80-fold loss in potency.

Twenty-one compounds6( 15, 16, 18, 21, and 23—38)
contain a benzylamine substituent at, Rvith a variety of
aromatic groups at R Compounds with 165 < 1 uM were
para-substituted aromatic derivatives such as 4-dimethylamino
15and16, 4-trifluoromethyl32, but not 4-nitro23 or 4-bromo
25benzoic acids. Heterocyclic aromatic substituentslaRh
as 2-furanl8, 2-thiophene29, bulkier 2-indole24, 36, 37,
carboxylic acids, and 3-indolacetic ad8 were all potent (16
< 1 uM) cytotoxins against MM96L cells. However, introduc-
tion of flexibility to the side chain with two or more carbon
atoms between the carbonyl carbon and the aromatic heterocycle
(e.g.,34 and38) resulted in a loss of potency. Compourt
30, and 35 contain bulky aromatic substituents at &d are
less potent than the simpler aromatic substituents, such as in

to examine predominantly aromatic side-chain substituents that15 and 24. Replacing the benzyl amine group at Rith
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Table 1. Structure-Activity Relationships of Antitumor Agents
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analogous pyridine derivative#2—45 gave compounds with Docking of TSA @) and trapoxin B 2) into the homology

slightly less potency, except fe¥4, which is approximately model of HDACL1 identified three surface binding pockets. The
twice as potent a@5. The R-enantiomerl5 was surprisingly two larger surface pockets were filled with either the dimethyl
found to be 10 times more potent than the corresponding aminobenzoyl group df or the Phe side chains @f The third,
S-enantiomel6. The increased potency &b compared td is smaller pocket was filled by the Pro side chainzoénd was
consistent with the GOLD docking results, which showed that not expected to be targeted by our compounds. However,
15 made slightly better H-bonding and van der Waals interac- subsequent docking of a selection of compounds afteiirthe
tions with the homology model of the enzyme HDACL tt@an vitro trials indicated that the smaller pocket may be important
This was an intriguing result and indicated that compounds for potency and selectivity. This was illustrated by docking
derived fromp-amino acids might provide even more potent cinnamic acid derivative26, 39, and53 (Figure 2), with these
and stablen vivo anticancer compounds. We are examining compounds having I§ values of 460, 160, and 21 nM toward
antiproliferative and cytoselectivity propertiesRenantiomers MMO96L cancer cells and Sl values of 8.7, 1.5, and 59
and will report the results in a future publication. respectively (Table 1). Compour6, with moderate potency
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Table 2. Comparative Antiproliferative Potencies b6 against 17 A 120
Different Human Cancer Cell Lines vs a Normal Cell Line (NFF) 10
cell line? ICs0 (uM) Sl i
MM96L 0.13 6.7 K
MM229 0.60 15 'S
MM329 0.06 145 L
MM470 0.09 9.7 LI
MM604 0.01 87
Mel RM 0.95 0.9 20
Mel FH 0.08 10.9
SK-Mel-28 0.06 145 0
DO4 0.12 /3 00001 0001 001 ol 1
Bii 8%6 gg Concentration (ug/mL)
D17 0.06 14.5 B 12
LSP M2 0.45 1.9
AF-6 0.30 29 1
AO7 RM 0.18 4.8
A2058 0.10 8.7 08
HelLa 0.09 9.7 g
NFF 0.87 1 g 06
aMM96L, MM229, MM329, MM470, MM604, Mel RM and FH, SK- o
Mel-28, DO4, D11, D14, D17, LSP M2, AF-6, A07, A2059, melanoma; 04 A
Hela, cervical carcinoma; NFF neonatal foreskin fibroblasts. 02

and selectivity, docked into the homology model with the I
benzylamine group in pocket 1 (Figure 2) and the cinnamyl 0 50
substituent in pocket 2. Compou3® reversed the position of

Lhe ilr?r}amyll. group anq pIaCEdt I; Ir_‘;ﬂ. p?Ckgttl’.WIth th% Figure 3. Cytoselectivity and_CeII Regrowth. MM96L metastatic
imethyl aniline group In pocxet 2. This lead 1o INCreased \,qjanoma (squares) or NFF (circles) cells were treated 5@tfopen
potency but decreased selectivity. The cinnamyl group of sympols) or53 (closed symbols) for 24 h before removal of the
compounds3 again docked into pocket 2, whereas the 8-ami- compounds. (A) Cells were allowed to grow for 3 days before assay
noquinoline group docked into the smaller, narrower pocket 3. of clonagenic survival. (B) Cells were assayed immediately after
These results seemed to Suggest that pocket 2 was importan{emoval of the Compounds and at 72 and 144 h foIIowing to examine
for selectivity and, in combination with pocket 3, enhanced both Cell regrowth.

potency and selectivity in this series of compounds. Design of compounddl6, 47, 50—52, 54, and55 against a panel of other

100
time (hr)

150

future compounds that target all three pockets may provide a human cancer cell lines (Tables 2 and 3).
series of compounds with even greater potency and selectivity. Compoundl6 was found to be potent (kg < 1 uM) against

Cytoselectivity. Several compounds from Table 1 exhibited
selectivity in their cell killing of MM96L melanoma cells versus
normal NFF cells. Compounds that displaye®-fold selectivity
were6, 15—18, 24, 26, 29, 33, 37, 42, 44—46, 51-53, and55.
Compound$2 and55 were>10-fold more selective, compound
51 was >20 and compound3 was nearly 60 times more
selective in killing MM96L cells over NFF cells. This represents
a significant>10-fold increase in selectivity of cell killing over
our previous best cysteine-derived compoufiddased on these

16 melanoma cell lines and very potent4§& 0.14M) against
seven of these melanoma cells (MM329, MM470, MM604, Mel
RM, SK-Mel-28, D17, and A2058). This derivative was also
moderately selective (SI 10l5-fold) for four melanomas
(MM329, Mel FH, SK-Mel-28, and D17) and very selective
(SI 87) for the MM604 melanoma cell line. Compoub@was
also very potent (90 nM) against the cervical carcinoma HelLa
cells and moderately selective (S| 9.7) over normal NFF cells.
Six derivatives 47, 51-53, 55, and 56) were tested for

antiproliferative and cytoselective properties, we further tested potency and cytoselectivity against a range of 14 cell lines,

Table 3. Antiproliferative Potency (16 «M) and Cytoselectivity (SlI) for Compoundt?, 51-53, 55, and56 Against Cancer Cell Linés

a7 51 52 53 55 56
ICs0 ICs0 ICs0 ICs0 ICs0 ICs0

cell line (M) s (uM) sl (M) s (M) sl (uM) s (M) s
NFF 0.185 0.570 0.337 1.240 0.452 0.081
A549 0.335 0.6 0.148 3.9 0.069 4.9 0.073 17.0 0.248 1.8 0.291 0.3
DU145 0.149 1.2 0.061 9.4 0.022 15.2 0.030 40.8 0.131 3.4 0.130 0.6
HOP62 0.261 0.7 0.137 4.2 0.063 5.3 0.065 19.0 0.226 2.0 0.267 0.3
HT29 0.307 0.6 0.178 3.2 0.079 4.3 0.099 12.5 0.334 1.4 0.360 0.2
MCF-7 0.149 1.2 0.035 16.3 0.019 17.7 0.017 71.3 0.122 3.7 0.138 0.6
MM96L 0.121 15 0.051 11.1 0.018 18.8 0.020 63.4 0.056 8.0 0.116 0.7
SK-MEL-28 0.168 1.1 0.073 7.8 0.033 10.3 0.037 33.6 0.146 3.1 0.170 0.5
SK-MEL-5 0.102 1.8 0.032 17.6 0.018 18.2 0.029 43.1 0.070 6.5 0.100 0.8
H520 0.117 1.6 0.063 9.1 0.026 12.8 0.027 45.7 0.118 3.8 0.129 0.6
T-47D 0.197 0.9 0.045 12.7 0.019 17.7 0.020 63.4 0.093 4.9 0.198 0.4
Cl80-13S 0.158 1.2 0.065 8.8 0.020 16.8 0.028 43.9 0.124 3.6 0.149 0.5
JAM 0.182 1.0 0.085 6.7 0.048 7.1 0.049 25.4 0.194 2.3 0.221 0.4
PC-3 0.531 0.3 0.220 2.6 0.148 2.3 0.109 11.4 0.528 0.9 0.651 0.1
Colo205 0.272 0.7 0.223 2.5 0.102 3.3 0.141 8.7 0.122 3.7 0.395 0.2

a2 A549 (lung), DU145 (prostate), HOP62 (lung), HT29 (colon), MCF7 (breast), MM96L (melanoma), SK-MEL-28 and SK-MEL-5 (melanoma), Colo205

(colon), CI80-13S (ovarian), JAM (ovarian), H520 (lung), T47D (breast), and PC-3 (prostate).
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Figure 4. Acetylation of histones following treatment with compounds.
MMOI6L cells were treated with DMSO alone (lane 1 (at 0.05,

0.5, or 5ug/mL, lanes 2-4, respectively), or no treatment (lane 5) for

8 h. Histones were extracted and analyzed by TAU gel electrophoresis.
Shown are nonacetylated (A), monoacetylated (B), diacetylated (C),
triacetylated (D), and tetraacetylated (E) histone H4.

I{A 2 RS

anti-p21

anti-GAPD

Figure 5. Induction of p21 expression. A549 cells were treated with
52 for 24 h and protein extracted from cells. Protein (3§) was
subjected to western blot analysis using antibodies specific for
p21WAF1Cipl gnd GAPD. Lane 1, vehicle only; lane 2, 0,88/mL; lane

3, 0.5ug/mL; and lane 4, 3g/mL.

including melanoma, lung, prostate, colon, ovarian, and breast
cancers (Table 3). These compounds were all potent anticance
drugs with 1Go values< 1 uM for all cancer types tested. In
particular, compound82 and 53 had 1G, < 20 nM against
MM96L, SK-Mel-5 (melanomas), MCF-7, T-47D (breast),
CI80-13S (ovarian), and MCF-7, MM96L, respectively. Com-
pound52 was generally the more potent but with only 18-fold
selectivity over the normal cells, whered3 was slightly less
potent but shows better selectivity over normal cells (at least
twice that of52, i.e., SI > 40), being in some cases greater
than three times more selective than compobad.e., MCF-7

(SI = 71.3), MM96L (SI= 63.4), and T-47D (SE 63.4)).
Compounds47, 51, and 55 show good anticancer potency
against a range of cell lines but with more modest cytoselec-
tivities for cancer cells over normal cells (S118) compared

to that of 52 and 53. Compound56 was also potent against
cancer cells, but lacked selectivity, possibly due to a smaller
nonaromatic group at thelRposition.

It was observed, when measuring the antiproliferative potency
of the compounds, that the normal cells NFF rarely showed
complete cell death. This was indicated by relatively high
absorbance readings following clongenic cell survival assays,
approximately 30% of untreated cells (Figure 3A). In contrast,
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MMO6L cells show almost complete killing by the compounds
tested, as indicated by very low absorbance values% of
untreated cells; Figure 3A). To further investigate this, a
regrowth assay was performed. Both MM96L and NFF cells
were treated with 0.3ug/mL of 52 or 53 for 24 h. The
compounds were then removed, and cells were either fixed
immediately or allowed to grow for a further 72 or 144 h. The
MMO6L cells were unable to maintain any further growth even
after 6 days, indicating that all cells were dead or nonprolifer-
ating following a 24 h treatment (Figure 3B). In contrast, NFF
cells showed growth as evidenced by an increase in staining
with sulfarhodamine B following removal of the compounds.
The increase in growth is most likely due to the cell cycle block
induced in normal cells by similar compoun@$Given that the
normal NFF cells that are being released from the cell cycle
block are still rapidly growing, it is probable that the cytose-
lectivity value (Sl) indicated for the compounds is an under-
estimation. The selectivity of this class of compounds for cancer
cells compared to normal cells is possibly more stringent.

Histone Hyperacetylation. Illustrative of histone hyper-
acetylation experiments conducted on the above compounds,
Figure 4 shows that compourid induces hyperacetylation of
histones, consistent with inhibiting HDACs. The increase in
hyperacetylated histones was found to be dose-dependent (Figure
4), consistent with results observed with HDAC inhibitors
reported elsewher€.

p21 Expression Expression of p21 was examined following
treatment with compounB2 (Figure 5). Induction of p21 was
observed in all cell lines examined, including the normal NFF
cells (data not shown) and A549 lung adenocarcinoma cells
(Figure 5). The metastatic melanoma cell line MM96L, which
has very low constitutive expression of p21, showed a minimal
increase in expression (data not shown). It has been reported
that cells that do not up-regulate p21 are hypersensitive to
apoptotic killing by HDAC inhibitor compound®. However,
it is clear that the increase in p21 expression is not limited to
either normal or cancer cells.

Morphological Reversion Malignancy is often associated
with a phenotype characterized by morphological distortion of
normal cytoskeleton and cell shape. Compounds that can revert
the transformed morphology of malignant cells to that of a
normal phenotype may be valuable new classes of antitumor
drugs. For example, hydroxamic ack) like many of the
compounds herein, was found to induce dramatic changes in
cellular shape in MM96L cells, photographed after a 24 h
treatment with 3ug/mL of the drug (Figure 6). Compourgl
profoundly alters the spherical morphology of surviving mela-
noma cells, making them more dendritic like normal melano-
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Figure 6. Morphological transformation after 24 h. (left) Untreated melanoma cells (MM96L); (right) MM96L treatedbw@tixg/mL) for 24 h.
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cytes. We have reported this result before for HDAC inhibitors inhibition. We have previously reported that ABHA triggers a

like ABHA” and cysteine-derivéfl anticancer compounds. G2 checkpoint in normal cells that is defective in tumor célls,
and this is an important factor in comparing selectivities for
Conclusions normal versus cancer cells.

There are also a number of chemical and biological advan-
differentiation and/or apoptotic cell death in a variety of human t29es for suberoyl compounds over the cysteine derived thioether
and normal cancer cell lines, with histones becoming hyper- 9roup. Chemically, the thioether sulfur is a well-known pi-
acetylated in both normal and cancer cells. Known HDAC acceptor that. can coordinate :;trongly to metal ions, thereby also
inhibitors do not appear to discriminate in their inhibition of potentially _dlrectlng the previously repor?égt:ompounds o
HDAC enzymes between normal and cancer cells. While there other proteins/enzymes/metals, leading to biological properties

is a need for new inhibitors that are selective for individual (Sid€ effects) not possible for suberoyl analogues with no metal-
HDACs to distinguish their possibly specific roles in cell binding sulfur. The thioether can also be readily oxidized to

proliferation, broader spectrum HDAC inhibitor pharmacophores sulfox'ide,. then to sulfone, 'and 'participate' in_ free-radical
might also be useful, but in another way for evolving more chemistry; such redox chemistry is not possible for suberoyl

tumor-selective compounds even if HDACs themselves are not CoMPounds. Metabolically, compounds containing the thioether
the origin of cytoselective anticancer activity. Conceivably, the sulfur WOUId also be _more likely to.be lost in first pass
antiproliferative, apoptotic, and differentiating properties of metabohsm throu_gh oxidative degradation by cytochrome PAS0
HDAC inhibitors could be dissected and separately enhanced®"ZYmes in the liver and Gl tract. o ,
for more specific and more selective drug action on cancer cells. Further optimization at the N-, C-, and S-termini wfami-
Herein we have reported a series of compounds, Glesigneolnosuberlc or related scaffolds_could provide a great deal of scope
and synthesized fromx-aminosuberic acid, that have potent for generating compqund§ with greater potency and selectivity
cytotoxicity for cancer cell lines. The homology structure of through more effective Interactions with HDACS or other
the enzyme was used extensively to guide the selection Ofcellular targets.?AIso, one might cons_lde_r rep_lacmg the hydrox-
fragments for our parallel synthesis library. There was a strong amate moiety/ a general metal-binding ligand that may

emphasis on small hydrophobic groups, and several basic group?ega’['vlely impact on .cllnlcal properties S'.m".af to problems
were chosen to mimic dimethylaniline but without protonation encountered with matrix metalloproteinase inhibitors as a result

in vivo. We also considered interactions with either the Lys or of nonselective metal binding. Such enhancements are expected

Glu at the entrance to the HDAC active site. The basic groups to make this class O_f comppunds more effective mqlecular
in particular appear to have conferred both potency and probes, not only for interactions with the HDAC family of

selectivity to the anticancer properties of the compounds. mdeed,enzyme_sk,)l bl;t altsho for O_tk:er ceIIuIatr taLgets thathmay :Jhe t
51, which presumably interacts using both of these features, is responsible for the possibly Separate pharmacopnores tha
quite potent contribute to cytotoxicity, cytoselectivity, and phenotypic rever-

A few of these compounds differed from our previously sion.
reported cysteine-derived sefgby only a simple replacement
of —S— by —CH,— and also incorporated a much more diverse,
but still focused, combinatorial series of N- and C-terminal ~ General Methods *H NMR spectra were recorded on a Bruker
substitutents tax-aminosuberic acid. For the limited set of Avance 600 MHz, a Bruker ARX 500 MHz, or a Varian 300 MHz
compounds where direct structural comparisons can be madeNMR spectrometer. Semipreparative scale rpHPLC separations were

- X performed on a Phenomenex LunaG18(2) 250x 21 mm column
the cytotoxicity comparisons do not show a clear trend. For run at 20 mL/minute using gradient mixtures of water/0.1% TFA

example, compoundss, 28, and29 are respectively- 30-, 5-, (A) and water (10%)/acetonitrile (90%)/0.1% TFA (B), and product
and 3-foldmorepotent, and 7-, 1-, and 2-folshoreselective,  fractions were always lyophilized to dryness. Preparative scale
than the corresponding analogues derived from cysteltie ( rpHPLC separations were performed on a Vydac 218TP101550 50
29, and 20 in ref 26) in killing MM96L melanoma cells over ~ x 250 mm column run at 70 mL/minute using gradient mixtures
NFF cells; whereas compounéis25, 26, and33 are respectively of A and B. Accurate mass determinations were performed on an
10-, 10-, 2-, and 3-foldesspotent but about equally as selective APl QSTAR mass spectrometer using electron impact ionization.
as their corresponding analogues derived from cystéingl( Water octanol partition coefficients (log) were predicted using

35, and 27 in ref 26). Such comparisons are presumably PALLAS prolog D 2.1. Molecular modeling was performed on an
compromised by the variable cooperativity of enzyrligand SGI Octane R12000, with minimization calculations performed with

interactions, the length of the linker to hydroxamate differentially the cff91 force field using the Discover Module within Insightll.

. e ; . . - Homology Model. A homology model was generated for
R/R2
affecting the fitting of R/R® substituents to the indentations in HDACL1 based on the structure of the bacterial homologue HDLP.

the enzyme surface surrounding the entrance to the active SiteSequences of class 1 HDACs (HDAEZR, 8) were aligned with
Thus, while more potent (16100-fold greater) and selective  HDLP and correlated against the structure (secondary structure
(up to 10-fold higher) killing of cancer cells (e.g., MCF-7, prediction). The HDAC1 model was generated by assigning
T-47D, and MM96L) over normal cells (e.g., NFF) has been coordinates of HDAC1 residues (and HDAC2) based on the
documented for this compound series versus our previous mainchain of HDLP. This was used to identify residues potentially
observations for cysteine-derived anticancer compoghale, important for binding around the shallow, solvent-exposed pocket
cannot say that the suberoyl analogues are always more potenfidiacent to the entrance to the active site channel. No further
and selective as a class tharr 4. Moreover, the selectivity refinement was carried out due to the flexible nature of loops around

that has b b d herei t maintained for all the active site. Model building was carried out using the homology
at has been observed herein was not maintained for all Cancel, e within the Insightll modeling suif§ All calculations were

cell lines tested. Also, while the series was based on inhibiting 4 ried out on an R10 000 work station.

HDAC enzymes, demonstrated through assays for hyperacety- | igand Docking. Insightll was used to construct the required
lation of histones, induction of p21 expression, and selective inhibitors (TSA, Trapoxin ané) in preparation for flexible docking

morphological reversion of tumor cells, the enhanced selectivity using the GOLD program. Ligands were then flexibly docked into
for compounds in this paper is not attributed to HDAC the active site of the HDAC1 homology model using GOLD with

Histone deactylase inhibitors can arrest growth and induce

Experimental Methods
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a standard parameter setup. GOLD generated ten docked conformat.62 (m, 2H), 1.45 (s, 9H), 1.301.38 (m, 2H);13C NMR (CDCk,

tions for each ligand and ranked their relative binding conforma-
tions.
Chemical SynthesisA parallel synthesis library of compounds

151 MHz)6 175.3, 173.4, 170.9, 80.3, 52.3, 35.3, 31.7, 28.5, 28.1,
24.8, 24.7, 23.0.
2-(9H-Fluoren-9-ylmethoxycarbonylamino)-octanedioic Acid

was constructed from a few key synthesized reagents as follows.8-tert-Butyl Ester (10): This compound has been reported before

6-lodo-hexanoic Acidtert-Butyl Ester: 6-Bromo-hexanoic acid
(20 g, 51.3 mmol) was dissolved in 1,4-dioxane (30 mL) in a

and has been enzymatically resolved usigpergillus amino
acylase-l to produce the pui®@enantiomer, which has a well-

pressure vessel and cooled in a dry ice/acetone bath. Isobutyleneestablished optic@land NMR spectral data. This enzyme has also

(30 mL) was added to the solution, followed by30, (0.5 mL).

been used to resolve similar acidg! An alternative is to resolve

The vessel was closed and the mixture was stirred at rt for 48 h p,L.-2-aminosuberic acid using papain-catalyzed ester hydrd¥¥sis,

before it was poured into a separatory funnel with satd NakiCO
(ag; 150 mL) and extracted with diethyl ether %3150 mL). The
combined organic phase was washed with brine<(250 mL).
The organic phase was dried (Mgg0and the volatiles were
removed under vacuum. The resulting oil was dissolved in THF
(200 mL), Nal (30.7 g, 205 mmol) was added to the reaction flask,
and the mixture was refluxed for 16 h. The reaction was cooled to

which we now prefer for preparing this class of compounds.
Acetylamino-octanedioic acid ®&rt-butyl ester (7.5 g, 26.2

mmol) was dissolved in phosphate buffer (0.1 M, pH 7.2, 500 mL),

and the pH was adjusted to 7.2 by the additié2 &1 NaOH. The

resulting solution was warmed to 3&, and CoGJ-6H,0 (75 mg)

was added with gentle shaking. Acylasé\kpergillus melleus375

mg) was added to the solution, and the reaction was left to sit for

rt, and the volume of solvent was reduced under vacuum, and up to 48 h at 39C. This is a well-established approach to enzymatic

diethyl ether (300 mL) was added to the solution, resulting in salt
precipitation. The salt was filtered off with a sintered funnel, and

resolution of the racemic intermediate. Although ti&ehantiomer
is selectively deacetylated initially, experiments lasting over 24 h

the solvent was poured into a separation funnel and washed withtended to produce someRznantiomer, even though its Ac

brine (2 x 200 mL). The organic phase was dried (Mg$hO

evaporated, and purified by chromatography (petroleum ether/

EtOAc, 9:1) to give a yellow oil in 90% yield over two stegsl
NMR (CDCl;, 600 MHz)6 3.18 (t,J = 7.0 Hz, 2H), 2.21 (t) =
7.5 Hz, 2H), 1.79-1.85 (m, 2H), 1.561.62 (m, 2H), 1.43 (s, 9H),
1.40-1.43 (m, 4H);'3C NMR (CDCk, 125 MHz)¢ 173.1, 80.3,
35.4, 33.3, 30.0, 28.3, 28.3, 28.3, 24.1, 7.1.
2-Acetylamino-2-ethoxycarbonyl-octanedioic Acid &ert-Butyl
Ester 1-Ethyl Ester: NaH (60% dispersion in mineral oil; 3.97 g,

derivative is deactetylated at a substantially reduced rate.
Analysis of an aliquot of the solution by4 NMR indicated a
1:1 mixture of the amine and the acetamide. The solvent was
removed to about half the volume by evaporation and 250 mL of
THF was added. NaHC{J4.4 g, 52.4 mmol) and Fmoc-succinate
(4.6, 13.7 mmol) was added to the solution, and the mixture was
stirred for 2 h. The solvent was removed under reduced pressure,
and the residue was suspended in EtOAc (300 mL) and washed
successively with wate. M HCI, saturated NaHCgX>olution, and

99.1 mmol) was added to a solution of diethyl acetamidomalonate brine. The organic layer was dried (Mg9Qevaporated, and

7(19.57 g, 90.1 mmol) dissolved in DMF (150 mL). After 30 min,
iodo-hexanoic acidert-butyl ester (30 g, 117.2 mmol) was added
to the mixture, and the solution was stirred at rt for 4 h. The reaction
mixture was poured into a separatory funnel, extracted with diethyl
ether (3x 150 mL), and washed with brine (2 150 mL). The
organic phase was dried (MggQ evaporated, and purified by
chromatography (petroleum ether/EtOAc, 3:1) to give a yellow oil
in 93% yield.*H NMR (CDCl;, 600 MHz)6 6.77 (br s, 1H), 4.23
(9,3 =7.1Hz, 4H), 2.29-2.32 (m, 2H), 2.16 () = 7.2 Hz, 2H),
2.03 (s, 3H), 1.521.57 (m, 2H), 1.42 (s, 9H), 1.281.33 (m, 2H),
1.24 (t,J = 7.1 Hz, 6H), 1.08-1.13 (m, 2H);3C NMR (CDCE,
125 MHz)6 173.2, 169.1, 168.4, 80.2, 66.7, 62.7, 60.6, 35.5, 32.2,
28.9, 28.3, 25.1, 23.6, 23.2, 14.2.

2-Acetylamino-octanedioic Acid 8tert-Butyl Ester 1-Ethyl
Ester: LiCl-H,O (622 mg, 14.5 mmol) and @ (347 uL, 19.3
mmol) were added to a solution of 2-acetylamino-2-ethoxycarbonyl-
octanedioic acid &ert-butyl ester 1-ethyl (3.736 g, 9.64 mmol)
dissolved in DMSO (50 mL). The mixture was heated to 2680
for 16 h, extracted with diethyl ether (8 100 mL), and washed
with brine (2 x 100 mL). The organic phase was dried (Mg$O

purified by chromatography (petroleum ether/EtOAc, 2:1) to give
a pale yellow oil in 45% yield!H NMR (CDCls, 600 MHz) ¢
7.77 (d,J= 7.5 Hz, 2H), 7.61 (m, 2H), 7.41 (dd,= 7.4 Hz, 2H),
7.32 (dd,J = 7.4, 7.3 Hz, 2H), 5.33 (dJ = 8.2 Hz, 1H), 4.38
4.45 (m, 3H), 4.23 (tJ = 7.0 Hz, 1H), 3.92 (br s, 1H), 2.22 ({,
= 7.4 Hz, 2H), 1.88-1.92 (m, 1H), 1.69-1.73 (m, 1H), 1.59-
1.62 (m, 2H), 1.45 (s, 9H), 1.351.44 (m, 4H);33C NMR (CDCl,
151 MHz)6 176.4, 173.6, 156.3, 143.9, 141.5, 128.0, 127.4, 125.3,
120.2, 80.5, 67.3, 53.8, 47.4, 35.6, 32.3, 28.7, 28.3, 25.1, 24.9. The
Senantiomer of Fmoc-Asu(@Bu)-OH has a well-established
optical rotation §]p —16.9 deg (0.51 g/100 mL, DMF, 2Z) 39
Alternatively, the papain-catalyzed hydrolysiszb,L.-Asu(OMe)-
OMe, followed by hydrolysis with methanolic NaOH, affords the
different derivatives of th&enantiomerZ-L-Asu-OH (jo]p — 9.1
deg, DMF) andR-enantiomerZ-p-Asu-OH ([o]p + 9.1 deg, DMF),
as described?
2-(9H-Fluoren-9-ylmethoxycarbonylamino)-octanedioic Acid
1-Allyl Ester 8-tert-Butyl Ester (11): Allyl bromide (1.74 g, 14.4
mmol) was added in one portion to a suspension of Nakl@a
g, 52.4 mmol)) and estdi0 (5.5 g, 11.8 mmol) in DMF (200 mL).

evaporated, and put on high vacuum for 10 h to give the product The resulting solution was stirred for 30 min, and then the solvent

in 98% yield as a yellow oil'H NMR (CDClz, 600 MHz) 6 6.08
(d,J=7.7 Hz, 1H), 4.554.59 (m, 1H), 4.19 (q, 4H] = 7.3 Hz),
2.18 (t,J = 7.6 Hz, 2H), 2.01 (s, 3H), 1.791.84 (m, 2H), 1.62
1.67 (m, 2H), 1.531.58 (m, 2H), 1.42 (s, 9H), 1.28..33 (m,
2H), 1.27 (t, 3H,J = 7.2 Hz); 3C NMR (CDCk, 125 MHz) ¢

was removed under reduced pressure. The resulting residue was
dissolved in EtOAc (500 mL) and washed successively with water
and brine (2x 200 mL). The organic layer was dried (Mgg0O

and the solvent was removed under reduced pressure to provide
the title allyl ester as a yellow oil in 92% yieléH NMR (CDCls,

173.2, 172.9, 170.0, 80.2, 61.6, 52.3, 35.5, 32.6, 28.8, 28.3, 28.3,600 MHz) 6 7.78 (d,J = 7.6 Hz, 2H), 7.66-7.62 (m, 2H), 7.41

25.0, 25.0, 23.4, 14.3.

2-Acetylamino-octanedioic Acid 8tert-Butyl Ester (8): LiOH-
H,0 (1.79 g, 42.5 mmol) was added to 2-acetylamino-octanedioic
acid 8tert-butyl ester 1-ethyl ester (8.93 g, 28.4 mmol) dissolved
in 100 mL of HLO/EtOH (1:1). The pH was made neutral by citric
acid (aq) after about 1 h, and the EtOH was removed by

evaporation. The solution was the poured into a separatory funnel,

extracted with EtOAc (3« 150 mL), and washed with brine (2
150 mL). The organic phase was dried (Mgd@vaporated, and
purified by chromatography (petroleum ether/EtOAc, 1:1) to give
a pale yellow oil in 93% yieldlH NMR (CDCl;, 600 MHz) 6
6.30 (d,J = 7.3 Hz, 1H), 4.56-4.61 (m, 1H), 2.22 (tJ = 7.4 Hz,
2H), 2.06 (s, 3H), 1.871.93 (m, 1H), 1.641.76 (m, 3H), 1.55

(dd, 2H,J = 7.5 Hz), 7.33 (ddJ = 7.5 Hz, 2H), 5.9%+5.93 (m,

1H), 5.275.37 (m, 2H), 4.66 (br s, 2H), 4.401.42 (m, 3H), 4.24

(t, J=7.1Hz, 1H), 2.21 (t) = 7.5 Hz, 2H), 1.85-1.90 (m, 1H),

1.67-1.73 (m, 1H), 1.561.62 (m, 2H), 1.45 (s, 9H), 1.311.40

(m, 4H);13C NMR (CDClk, 151 MHz)0 173.2,172.5, 156.1, 144.1,

144.0, 141.5, 131.7, 127.9, 127.3, 125.9, 120.2, 119.2, 80.3, 67.2,

66.2, 54.1, 47.4, 35.6, 32.7, 28.8, 28.3, 25.1, 25.0.
2-(9H-Fluoren-9-ylmethoxycarbonylamino)-octanedioic Acid

1-Allyl Ester: tert-Butyl esterll (4.0 g, 7.83 mmol) was stirred

in 9:1 TFA/DCM (50 mL) for 30 min. The solvent was removed

under reduced pressure, and the residue was purified by flash

chromatography (petroleum ether/EtOAc, 2:1) to provide the title

acid as a white solid in 89% yieldH NMR (CDCls, 600 MHz) ¢
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7.78 (d,J = 7.6 Hz, 2H), 7.66-7.62 (m, 2H), 7.41 (ddJ = 7.5 2H), 1.80 (m, 2H), 1.60 (m, 2H), 1-41.3 (m, 4H);3C NMR
Hz, 2H), 7.33 (ddJ = 7.4 Hz, 2H), 5.9%+5.93 (m, 1H), 5.27 (DMSO-ds, 75 MHz) 6 171.9, 169.1, 161.1, 139.5, 136.4, 131.3,
5.37 (m, 2H), 4.66 (br s, 2H), 4.44.42 (m, 3H), 4.24 (t)=7.0 128.2,127.0, 126.7, 123.4,121.5, 119.7, 112.2, 109.5, 53.1, 42.0,
Hz, 1H), 2.35 (tJ = 7.4 Hz, 2H), 1.86-1.88 (m, 1H), 1.63-1.70 32.2, 31.6, 28.3, 25.5, 25.0; HRMS calcd fosg833N304 (MH ™),
(m, 3H), 1.26= 7—1.42 (m, 4H);*3C NMR (DMSO, 125 MHz)6 488.2544; found, 488.2527.
179.1,172.3, 155.9, 143.8, 143.7, 141.3, 131.4, 127.7, 127.0, 125.0, Hydroxamic Acid 25. 'H NMR (acetoneds, 500 MHz) 6 9.92
119.9, 118.9, 67.0, 65.9, 53.8, 47.1, 33.7, 32.4, 28.5, 24.8, 24.3.(s, 2H), 7.88 (d,J = 8.5 Hz, 2H), 7.84 (dJ = 6.5, Hz, 2H), 7.65
Coupling of Acid to Resin (12). Commercially available (d, J = 8.5 Hz, 2H), 7.28 (m, 3H), 7.21 (m, 1H), 4.62 (m, 1H),
N-Fmoc hydroxylamine 2-chlorotrityl resin (0.77 mmol/g, 7.54 g, 4.42 (d,J = 6 Hz, 2H), 2.72 (s, 1H), 1.94 (m, 2H), 1.79 (m, 2H),
5.81 mmol) was shaken gently with 1:1 piperidine/DMF (20 mL) 1.58 (m, 2H), 1.4-1.3 (m, 4H);13C NMR (DMSO-ds, 75 MHz) 6
overnight and then washed through with DMF 10 times. In a 171.8,169.1, 165.6, 139.5, 133.3, 131.2, 129.7, 128.2, 127.0, 126.7,
separate flask, HATU (2.26 g, 6.10 mmol) was added to a solution 125.0, 53.7, 42.0, 32.2, 31.5, 28.3, 25.5, 25.0; HRMS calcd for
of 2-(9H-fluoren-9-ylmethoxycarbonylamino)-octanedioic acid 1-al- Cy;H26BrNzO4 (MH™), 476.1179; found, 476.1200.
lyl ester (3.14 g, 7.0 mmol) and DIPEA (5.06 mL, 29.0 mmol) Hydroxamic Acid 28. 'H NMR (acetoneds, 500 MHz)6 9.91
dissolved in DMF (10 mL), and the resulting solution was stirred (s, 1H), 7.80 (s, 1H), 7.68 (m, 2H), 7.64 @= 7.5 Hz, 2H), 7.57
gently for 10 min. The HATU-activated acid was then added in (d, J = 8.2 Hz, 2H), 7.46-7.38 (m, 5H), 7.357.20 (5H), 4.44
one portion to the deprotected resin, and the resin was shaken gentlyfm, 1H), 4.37 (dJ = 6.0 Hz, 2H), 3.62 (dJ = 4.2 Hz, 2H), 1.81
for 1 h. After washing the resin well with DMF, the resin loading (m, 2H), 1.62 (m, 2H), 1.53 (m, 2H), 1.30 (m, 4H¥C NMR
of 12 was determined to be 0.522 mmol/g (91%; LRNh& calcd (DMSO-ds, 75 MHz) 6 171.7, 170.0, 169.1, 140.0, 139.4, 138.2,
for CaeHzoN206 (MHT), 467.2; found, 467.2). The unreacted resin  135.8, 129.6, 128.9, 128.2, 127.3, 127.0, 126.7, 127.1, 126.7, 126.5,
was then acylated by addition of a solution of acetic anhydride 126.4, 52.6, 41.9, 41.7, 32.2, 32.1, 28.3, 25.1, 25.0; HRMS calcd
(842 mg, 7.8 mmol) and DIPEA (5.3 mL, 31.2 mmol) in DMF (20 for CygH33N3O4 (MHT), 488.2544; found, 488.2527.
mL) with shaking for 2 min, followed by thorough washing with Hydroxamic Acid 31. 'H NMR (DMSO-ds, 600 MHZz)6 10.31
DMF. (s, 1H), 8.40 (s, 1H), 7.41 (d] = 8.1 Hz, 2H), 7.36-7.29 (m,
Removal of the Allyl Ester: The resin was flow washed with 6H), 7.23 (dJ = 7.5 Hz, 2H), 5.02 (dJ = 3.5 Hz, 2H), 4.27 (dd,
DCM for 2 min and then shaken in DCM (30 mL) for a further 10 J=5.6, 3.7 Hz, 2H), 3.97 (m 1H), 3.44 (br s, 1H), 1.91)& 7.4
min. A nitrogen stream was introduced, and the resin and DCM Hz, 2H), 1.69 (m, 1H), 1.56 (m, 1H), 1.45 (m, 2H), 1-:31.23 (m,
were degassed for 5 min. DMBA (0.80 g, 5.12 mmol) was added, 4H);13C NMR (DMSO-ds, 75 MHz) 6 172.0, 169.0, 168.1, 139.4,
and bubbling was continued for a further minute to ensure thorough 137.1, 128.3, 128.2, 127.8, 127.7, 127.0, 127.7, 65.3, 54.7, 42.0,
mixing. Pd(Ph)4 (493 mg, 0.43 mmol) was added to the resin and 32.2, 31.8, 28.3, 25.2, 25.0; HRMS calcd for,0N305 (MHT),
the flask was wrapped in aluminum foil, and after a further 30 s of 428.2180; found, 428.2209.
degassing, the nitrogen stream was removed, and the resin was Hydroxamic Acid 32. 'H NMR (DMSO-ds, 600 MHz)6 10.31
shaken gently for 1 h. The resin was flow washed successively (s, 1H), 8.52 (tJ = 7.2 Hz, 1H), 8.1 (d,J = 8.1 Hz, 2H), 7.85 (d,
with DCM, DMF, and DCM before drying under high vacuum. J = 8.2 Hz, 2H), 7.64 (br s, 1H), 7.327.22 (m, 5H), 4.40 (m,
(LRMS m/e calcd for G3HpeN20s (MHT), 427.2; found, 427.1). 1H), 4.28 (d,J = 7.2 Hz, 2H), 1.91 (tJ = 7.5 Hz, 2H), 1.77 (m,
Coupling of Amines General Procedure (13):The resin was 2H), 1.47 (m, 2H), 1.3%1.26 (m, 4H);*C NMR (DMSO-ds, 75
shaken in DMF for 10 min, and then DIPEA (5 equiv) and 0.5 M MHz) 6 171.7, 169.0, 165.4, 139.5, 137.9, 128.5, 128.2, 127.0,
HBTU in DMF (1.1 equiv) were introduced and shaking continued 126.7, 125.2, 125.1, 53.8, 42.0, 32.2, 31.4, 28.3, 25.5, 25.0; HRMS
for a further 5 min. The desired amine (1 equiv) was then added, calcd for GsH2eFsN3O4 (MHT), 466.1948; found, 466.1968.
and shaking was continued for a further 1 h. After washing the  Hydroxamic Acid 50. *H NMR (DMSO-ds, 600 MHz)6 10.31
resin well with DMF, cleavage of a small portion of resin, and (s, 1H), 8.25 (dJ = 8.4 Hz, 1H), 8.16 (dJ = 7.2 Hz, 1H), 7.35
analysis by mass spectroscopy generally indicatee8%06 conver- (m, 2H), 7.29 (m, 2H), 7.13 (m, 3H), 5.03 (m, 2H), 4.94 (m, 1H),
sion to the amide. Repeating the coupling provides increased 3.97 (m, 1H), 2.71 (m, 2H), 1.91 (§ = 7.5 Hz, 2H), 1.84 (m,
conversion. 2H), 1.69-1.54 (m, 4H), 1.45 (m, 2H), 1.311.23 (m, 4H); HRMS
Coupling of Acids General Procedure (14):The resin was calcd for GeHziNsO4 (MHT), 478.2456; found, 478.2449.
shaken in DMF for 10 min, the DMF removed, and then 1:1 Hydroxamic Acid 51. *H NMR (DMSO-ds, 600 MHz)6 10.54
piperidine/DMF added. After shaking for 5 min, the piperidine/ (s, 1H), 10.32 (s, 1H), 8.78 (dJ = 4.3 Hz, 1H), 8.65 (m, 3H),
DMF was removed, and the resin was washed well with DMF. 8.42 (dd,J = 8.3, 1.6 Hz, 1H), 7.86 (d] = 9.0 Hz, 1H), 7.66 (dd,
This procedure was repeated two more times. In a separate flaskJ = 8.3, 1.2 Hz, 1H), 7.60 (dd] = 8.3, 4.2 Hz, 1H), 7.58 (1) =
0.5 M HBTU (4 equiv) in DMF was added to a solution of the 8.0 Hz, 1H), 6.7 (dJ = 9.0 Hz, 2H), 4.61 (m, 1H), 1.93 (§ =
desired acid (4 equiv) and DIPEA (16 equiv) in DMF (1 mL), and 7.5 Hz, 2H), 1.49 (m, 2H), 1.481.45 (m, 2H), 1.3%+1.23 (m, 4H);
the resulting solution was stirred for 5 min before being added in HRMS calcd for GgH3:NsO4 (MH ™), 478.2456; found, 478.2449.
one portion to the resin. The resin was shaken for 1 h, and then Hydroxamic Acid 52. *H NMR (DMSO-dg, 600 MHz)6 11.65
washed well with DMF. Cleavage of a small portion of resin and (s, 1H), 10.52 (s, 1H), 10.32 (s, 1H), 8.99 M= 7.4 Hz, 1H),
analysis by mass spectroscopy generally indicates 100% conversior8.78 (m, 1H), 8.65 (ddJ = 7.9, 1.1 Hz, 1H), 8.64 (s, 1H), 8.39
to the amide. (dd,J=8.3, 1.6 Hz, 1H), 7.697.66 (m, 2H), 7.66-7.57 (m, 2H),
General Procedure for Cleavage of the Product from Resin: 7.43 (d,J = 8.3 Hz, 1H), 7.39 (s, 1H), 7.20 (§, = 7.9 Hz, 1H),
The resin was washed well with DCM and then drained. TFA/ 7.06 (t,J = 7.8 Hz, 1H), 4.72 (m, 1H), 1.93 ( = 7.3 Hz, 2H),
DCM (95:5) with a drop of water (per 50 mL) was added, and the 1.50 (m, 4H), 1.481.30 (m, 4H);:3C NMR (DMSO-s, 125 MHz)
resin was shaken for 20 min. The TFA was collected, and the 6 170.8, 169.0, 161.7, 148.8, 137.8, 136.5, 133.9, 130.8, 127.7,
procedure was repeatee-2 more times. The solvent was removed 126.9, 126.9, 123.5,122.1 121.9, 121.6, 119.7, 116.0, 112.2, 107.5,
by evaporation. Purification was performed by rpHPLC, and 103.7, 54.5, 32.2, 30.6, 28.3, 25.5, 24.9; HRMS calcd for
hydroxamates were confirmed to be greater than 95% pure by CyeHo7NsO4 (MHT), 474.2148; found, 474.2136.
analytical rpHPLC andH NMR spectroscopy. All hydroxamic Hydroxamic Acid 53. '"H NMR (DMSO-ds, 600 MHz)6 10.46
acids displayed high fieltH NMR spectral and HRMS parameters (s, 1H), 10.31 (s, 1H), 8.86 (dd,= 4.3, 1.7 Hz, 1H), 8.64 (dd]
consistent with their proposed structures, with nine relevant = 7.7, 1.3 Hz, 1H), 8.41 (dd] = 8.3, 1.7 Hz, 1H), 8.31 (dd] =
examples shown. 8.5, 3.6 Hz, 1H), 7.69 (dd] = 8.3, 1.3 Hz, 1H), 7.597.55 (m,
Hydroxamic Acid 24. *H NMR (acetoneds, 500 MHz)o 10.76 2H), 7.50 (d,J = 15.8 Hz, 1H), 7.65 (ddJ = 8.3, 4.2 Hz, 1H),
(s, 2H), 9.93 (s, 1H), 7.87 (§,= 6.0 Hz, 1H), 7.81 (dJ = 8.0 Hz, 7.59 (t,J = 8.0 Hz, 1H), 7.44-7.7.39 (m, 3H), 6.84 (d) = 15.8
1H), 7.61 (dJ = 8.0 Hz, 1H), 7.3-7.1 (m, 5H), 7.06 (tJ = 8 Hz, Hz, 1H), 4.11 (m, 1H), 1.93 (1) = 7.5 Hz, 2H), 1.64-1.58 (m,
1H), 4.64 (m, 1H), 4.42 (dJ = 6 Hz, 2H), 4.39 (s, 1H), 1.96 (m,  2H), 1.46 (m, 2H), 1.341.27 (m, 4H);:3C NMR (DMSO-ds, 125
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MHz) 6 170.7, 169.0, 165.5, 148.9, 139.5, 137.9, 136.5, 134.7, References

133.9,129.5, 128.9, 127.7,127.5, 126.9, 122.1, 121.9, 121.3, 116.1,
54.4, 32.1, 31.0, 28.2, 25.2, 24.9; HRMS calcd foghzsN4O,
(MH"), 461.2174; found, 461.2184.

Cell Lines and Culture Medium. All cell lines used in this
study have been described previousty* All cell lines were
cultured in 10% heat-inactivated fetal calf serum (CSL, Australia)
in RPMI 1640 medium supplemented with 100 U/mL penicillin,
100 ug/mL streptomycin, and 3 mM HEPES at 5% £®9%
humidity at 37°C. Primary human fibroblasts were obtained from
neonatal foreskins and cultured in the above medium. Routine
mycoplasma tests were performed using Hoechst“Staird were
always negative.

Cell Survival Assay. Cells were plated into 96-well microtitre
plates at 5x 10° cells/well and allowed to adhere overnight.
Compounds were added to culture medium at the indicated
concentrations, and the plates were incubated in the above condi-
tions for 24 h. Following this incubation period, compounds and
media were removed and replaced with fresh culture medium. Cells
were then grown for a further 72 h before assay using sulfor-
hodamine B (SRB; Sigma, St. Louis, MO), as previously de-
scribed!-47 Briefly, the culture medium was removed from the 96-
well microtitre plates, and the plates were washed twice with
phosphate-buffered saline (PBS) before the cells were fixed with
methylated spirits for 15 min. The plates were then rinsed with tap
water, and the fixed cells were stained with B0/well of SRB
solution (0.4% sulforhodamine B (w/v) in 1% (v/v) acetic acid)
over a period of 1 h. The SRB solution was then removed from
the wells, and the plates were rapidly washed two times with 1%
(v/v) acetic acid. Protein-bound dye was then solubilized with the
addition of 100uL of 10 mM unbuffered Tris and incubated for
15 min at 25°C. Plates were then read at 564 nm on a VERSA
max tuneable microplate reader (Molecular Devices, Sunnyvale,
CA).

Analysis Following Treatment. Clonogenic cell survival fol-
lowing treatment with compounds, morphological reversion, and
analysis of histone hyperacetylation were all performed as previ-
ously described®

Generation of Total Cell Lysates, Gel Electrophoresis, and
Immunoblotting. Total cell lysates from 1x 10’ cells were
generated by sonication (60 pulses) in 2000f lysis buffer (20%
glycerol, 1% SDS, 10 mM Tris-HCI pH 7.4, complete protease
inhibitor (Roche)), and then centrifuged at 15 00@ for 15 min
to obtain a soluble protein fraction. Samples were stored 71
°C until use. Protein concentration was measured with the BCA
protein assay (Pierce, Rockford, IL) using bovine serum albumin
as a standard. Samples (3@ protein) were resolved by 15% SDS-
polyacrylamide gel electrophoresis and transferred to nitrocellulose
membranes. Visualization of the p21 or GAPD proteins was by an
anti-p21 antibody (1 in 1000 dilution; Transduction Laboratories,)
or anti-GAPD antibody (1 in 10 000 dilution; R&D Systems,
Minneapolis, MN), followed by an anti-mouse or anti-rabbit
(Chemicon, Melbourne, Australia) 1gG-horseradish peroxidase-

conjugated secondary antibody, respectively, and renaissance

chemiluminescent detection (NEN Life Science Products, Boston,
MA) using Kodak X-OMAT AR 18x 24 cm film and developed
with a Kodak X-Omat developer.

Histone Hyperacetylation. Analysis of histone H4 acetylation
by triton-acetic acid-urea gel was carried out as previously
described®
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