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Abstract

Several largazole analogues with modified surface recognition cap groups were synthesized and

their HDAC inhibitory activities were determined. The C7-epimer 12 caused negligible inhibition

of HDAC activity, failed to induce global histone 3 (H3) acetylation in the HCT116 colorectal

cancer cell line and demonstrated minimal effect on growth. Although previous studies have

shown some degree of tolerance of structural changes at C7 position of largazole, these data show

the negative effect of conformational change accompanying change of configuration at this

position. Similarly, analogue 16a with D-1-naphthylmethyl side chain at C2 too had negligible

inhibition of HDAC activity, failed to induce global histone 3 (H3) acetylation in the HCT116

colorectal cancer cell line and demonstrated minimal effect on growth. In contrast, the L-allyl

analogue 16b and the L-1-naphthylmethyl analogue 16c were potent HDAC inhibitors, showing

robust induction of global H3 acetylation and significant effect on cell growth. The data suggest

that even bulky substituents are tolerated at this position, provided the stereochemistry at C2 is

retained. With bulky substituents, inversion of configuration at C2 results in loss of inhibitory

activity. The activity profiles of 16b and 16c on Class I HDAC1 vs Class II HDAC6 are similar to

those of largazole and, taken together with x-ray crystallography information of HDAC8-largazole

complex, may suggest that the C2 position of largazole is not a suitable target for structural
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optimization to achieve isoform selectivity. The results of these studies may guide the synthesis of

more potent and selective HDAC inhibitors.
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INTRODUCTION

Aberrant epigenetic silencing of tumor suppressor genes can be reversed; thus targeting the

enzymes responsible for these modifications has become an attractive therapeutic approach

in cancer [1]. Mechanisms of epigenetic silencing include DNA methylation and

modification of key residues of histone tails. Lysine residues of histone tails can be

acetylated/deacetylated, which can alter gene expression [2]. Histone acetylation status is

regulated by two enzymes, histone acetyl transferases (HAT), which acetylates lysine tails

of histone proteins and histone deacetylases (HDAC), which deacetylate them [3]. FDA

approval of two HDAC inhibitors (HDACi) suberoylanilide hydroxamic acid (1, SAHA,

vorinostat) [4] and FK228 (2, romidepsin) [4] (Figure 1) for the treatment of cutaneous T-

cell lymphoma (CTCL) has stimulated extensive research to find more potent and isoform

selective HDACis which, in addition to their therapeutic potential, will also be useful as

probes to determine the physiological/pathogenic role of individual HDAC isoforms [5].

Three major structural motifs characteristic of a histone deacetylase inhibitor are: i) a metal

binding domain which chelates with the active site Zn2+ cation ii) a linker, which occupies

the hydrophobic channel iii) a surface recognition cap group, which interacts with

hydrophobic residues on the rim of the active site [6]. All these three sectors may be targeted

for structural alteration to achieve HDAC class and/isoform selectivity. The 14 Å internal

cavity at the bottom of the active site [7–14] and the hydrophobic rim at the entrance to the

active site [15] are being specially targeted for developing isoform selective HDAC

inhibitors by exploiting variations in the amino acid residues in these two regions.

Largazole 3 (Figure 1), a potent and selective HDACi recently isolated from a marine

cyanobacterium, has attracted the attention of medicinal chemists as an important lead

molecule for chemical modification to develop anticancer agents [16]. As HDACs proteins

are associated with many basic cellular processes and aberrant HDAC activity is also linked

to human disorders other than cancer, the effect of largazole on other disease states such as

inflammation and rheumatoid arthritis too are being explored [17–19]. A number of

largazole analogues have been synthesized and their HDAC inhibitory activities determined

revealing some of the structure-activity relationship (SAR) requirements of the molecule

[20–38],[39]. Changes in all three sectors of the molecule have been effected. We recently

reported the synthesis and biological activity of several largazole analogues incorporating

multiple heteroatoms in the metal binding domain [39]. In continuation of our efforts in the

search for selective and potent anticancer agents [39–43], we report here the synthesis and

biological activity of several largazole analogues with modifications in the depsipeptide

ring, which serves as the cap group that interacts with the hydrophobic rim of the active site.
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These modifications include inversion of stereochemistry at C7 of largazole to generate the

C7-epimer 12 as well as structural and stereochemical changes in the valine side chain at C2

to generate analogues 16a–c.

CHEMISTRY

The synthetic strategy we previously employed in the assembly of largazole [39] was

conveniently adopted in the synthesis of these analogues. Using (S)-α-methylcysteine HCl

(6), instead of (R)-α-methylcysteine HCl used in largazole synthesis, gave the C7-epimer 12
(Scheme 1). (S)-α-Methylcysteine HCl 6 formed as a product during the synthesis of (R)-α-

methylcysteine HCl reported earlier was used in this synthesis [39]. The nitrile 5 [39] was

condensed with (S)-α-methylcysteine 6 to obtain the thiazole-thiazoline carboxylic acid 7
[22]. After conversion to methyl ester and removal of Boc protecting group, the acyl group

was transferred [44] from 8 to obtain the alcohol 9. Compound 8 was synthesized by

stereoselective aldol reaction as previously reported [39]. The conversion of the nitrile 5 to

the carboxylic acid 7 and the one-pot conversion of the latter to alcohol 9 gave 67% yield for

3 steps. Yamaguchi esterification [20, 45] of 9 with Fmoc-valine afforded the acyclic

precursor 10 in 93% yield. After removal of protecting groups, macrocyclization with

HOAt, HATU, and Hunig’s base yielded the cyclized product 11 in 31% yield over the 3

steps [20]. The cyclized core 11, upon removal of trityl group and thioesterification with

octanoyl chloride, produced analogue 12 in 72% overall yield for two steps [21].

Synthesis of analogues with C2 side chain modification is shown in Scheme 2. Yamaguchi

coupling of alcohol 13, the synthesis of which was reported earlier [39], with Fmoc-

protected amino acids D-1-naphthylmethylglycine, L-allylglycine and L-1-

naphthylmethylglycine produced the acyclic precursors 14a–c, respectively.

Macrocyclization, after removal of protecting groups, gave the cyclic cores 15a–c which

were converted to analogues 16a–c as described earlier [39].

BIOLOGICAL EVALUATION

The effects of these compounds on cytoproliferation were measured in the colorectal cancer

cell line HCT116 using a standard 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) reduction assay

(Promega) as previously reported [46]. Cells were treated with compounds 12, 16a, 16b, 16c
and largazole as a positive control for 96 hours and cytoproliferation was quantified.

Varying effects on cell growth were observed indicating these structural modifications have

gross differences on activities from the parent compound (Figure 2). Compounds 16b and

16c showed the greatest effect with GI50’s of 10 nM and 56 nM, respectively. No significant

effect on cytoproliferation was observed for compounds 16b and 16c at lower

concentrations (0.01, 0.1 and 1.0 nM) (data not shown). Additionally, analogues 12 and 16a
demonstrated little effect on cell growth even at the highest concentration tested, 5 μM.

Analogues were also evaluated for their in vitro effect on HDAC activity measured by a

fluorimetric assay using either recombinant HDAC1 or HDAC6 with a substrate specific for

class I and class II HDAC activity respectively (Figure 3). Largazole showed the greatest
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inhibition of the recombinant enzymes, but both analogues 16b and 16c showed significant

inhibition of HDAC1. These results were similar to what was observed with the

cytoproliferation assay, with both these analogues showing significant activity, but slightly

less than the parent compound. Largazole, as well as 16b and 16c showed more than 90%

inhibition of HDAC1 activity at 1 μM. Interestingly, there was a dramatic reduction in their

inhibitory activity on HDAC1 at 0.1 μM, with both largazole and 16c inhibiting HDAC1

activity by only about 15% while 16b had hardly any effect. Analogues 16a and 12 inhibited

HDAC1 activity only by about 15% or less at 1 μM. Importantly, both 16b (~55%) and 16c
(~50%) inhibited HDAC6 to a lesser extent than largazole (~75%) at 5 μM, suggesting

somewhat greater selectivity of the newer analogues for HDAC1 as compared to largazole.

However, at more moderate concentration of 1 uM, HDAC6 inhibitory activity became

comparable for all three compounds (~50%). Analogue 16a showed the least amount of

HDAC6 specific inhibition, but was inactive in the HCT116 cell growth inhibition assay as

well. These data suggest that given the lack of activity against HDAC6, these structural

modifications have no effect on the ability of largazole to inhibit class II HDACs like

HDAC6.

To determine how these compounds affected cellular HDAC activity in vitro, the colorectal

cancer cell line HCT116 was treated with increasing concentrations of each of the

compounds for 24 hours. Global histone H3 lysine 9 (H3K9) acetylation was assayed as an

indicator of the efficacy of these compounds in global HDAC inhibition. Consistent with

what was observed with the in vitro enzyme assays, analogues 12 and 16a produced very

little induction of global H3K9 acetylation. Analogue 12 showed a slight increase of global

H3K9 acetylation at high concentration, which corresponds to the results of the cell growth

assay. Of the analogues synthesized, analogues 16b and 16c showed the greatest induction

of global H3K9 acetylation at the lower concentrations (Figure 4). Analogue 16c showed

similar levels of induction of global H3K9 acetylation as largazole at the lower

concentrations, consistent with the in vitro analysis.

DISCUSSION

Targeting histone deacetylase enzymes for reversible epigenetic regulation of gene

expression as a means of therapeutic intervention is an attractive strategy to treat many

human disorders, especially cancer. At least 18 different isoforms of human HDAC proteins

have been identified, but their specific role in cellular function and physiology are still not

well understood [5]. However, specific HDAC isoforms over-expressed in some types of

cancer can be targeted to develop selective anticancer agents. The USFDA approved the pan

HDACi SAHA (vorinostat) for the treatment of cutaneous T-cell lymphoma (CTCL) in

2006. A second drug FK 228 (romidepsin) approved by the FDA in 2009 for the same

human condition is a class I specific inhibitor of HDAC. Both molecules incorporate the

essential structural features of HDAC inhibitors and consist of a metal binding domain, a

surface recognition cap and a hydrophobic linker. The metal binding domain of SAHA is a

strongly metal-chelating hydroxamic acid moiety while that of FK 228 is a thiol group

generated by in situ reduction of a disulfide bridge. The large hydrophobic depsipeptide cap

group of FK 228 may contribute to its more class I selective properties by interacting with

less conserved regions located further away than those reachable by the smaller benzamide
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cap group of SAHA in the rim of the active site [47]. Interestingly, tubacin and related

compounds with structural similarities to SAHA, but with a large cap group, are more

selective for HDAC6 than HDAC1, underscoring the importance of the nature of the cap

group in discriminating the HDAC isoforms [48, 49]. The interest in the recently isolated

marine natural product largazole as a potent HDAC inhibitor stems from many common

structural features that it shares with FK 228. Both are depispeptides, the depsipeptide ring

constituting the surface recognition cap group of both inhibitors. They have identical linker

groups and masked thiol groups as metal-binding motiffs. A number of largazole analogues

have been synthesized and their biological properties determined to unravel some SAR

requirements of the molecule. The importance of thiol as the metal binding motif is evident

from the lack or reduced activity of analogues in which the thiol group was replaced with

other groups such as benzamide, thiobenzamide, ketone and esters functionalities [22, 26]

and with thioether-containing dual hetero atom combinations. [39] The linker between the

metal binding motif and the depsipeptide ring has to be four atoms in length [23, 27] and

should preferably have a trans vs cis double bond for optimal activity [31]. Importantly,

some structural alterations in the depsipeptide ring were well tolerated. Particularly

noteworthy is the generation of the most potent HDACi known by replacing the thiazole

ring with a pyridine ring [26]. L-valine could be replaced with other amino acids without

affecting affinity. Substitution of L-tyrosine, L-alanine and glycine for L-valine was well

tolerated [27, 31, 34, 36]. The C-2 epimer of largazole retained reduced, but sub-micromolar

inhibitory potency against HDAC isoforms [26]. Interestingly, the C-2 epimer was found to

be more potent than largazole in inhibiting the viability of prostate cancer cell lines LNCaP

and PC-3 and both upregulated the expression of p21 [33]. These subtle variations in activity

accompanying changes at C2 prompted us to further explore this space by replacing the

valine side chain with other groups.

We adopted the convergent approach that we earlier reported for the synthesis of the new

analogues 16a–c [39] using the respective amino acids in place of L-valine. The analogues

16a, 16b and 16c with valine replaced by D-1-naphthylmethylglycine, L-allylglycine and

L-1-naphthylmethylglycine, respectively were synthesized as shown in scheme 2. The

intermediate 13 was esterified with the respective amino acids to obtain 14a–c. Hydrolysis

of methyl ester with LiOH and removal of Fmoc group with Et2NH, followed by

macrolactamization with HATU and HOAt in the presence of DIEA, gave the cyclic

intermediates 15a–c. The trityl protecting group was removed with TFA and the thiols were

esterified with octanoyl chloride to obtain analogues 16a–c. The HDAC inhibitory potency

of largazole appears to be highly sensitive to electronic, conformational and stereochemical

perturbations in the macrocycle. Subtle changes in the chemical structure of the macrocycle

have been suggested to produce significant conformational changes resulting in changes in

inhibitory potency of the molecule [25]. An isosteric analogue of largazole thiol

incorporating a single atom substitution of thiazole sulfur atom for an oxygen atom showed

substantial activity on Class IIB enzymes HDAC7 and HDAC8, which were not appreciably

sensitive to largazole thiol [37]. It has been suggested that subtle changes in electronic

properties resulting from this substitution has a significant effect on conformational and

related biological properties. Conformational change associated with replacing the ester

bond in the ring with an amide bond had a deleterious effect on the binding interaction with
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HDAC proteins [25]. The enantiomer of largazole was three times less potent than largazole

in inhibiting HDAC isoforms [26]. Therefore, we synthesized the C-7 epimer of largazole 12
(Scheme 1) to probe the effect of change in configuration at this position on activity. The

synthesis was accomplished by using (S)-α-methylcysteine HCl (5) instead of (R)-α-

methylcysteine HCl used in largazole synthesis reported earlier [39].

The L-naphthylmethyl analogue 16c and the L-allyl analogue 16b inhibited the growth of

HCT116 cells with GI50 values of 56 nM and10 nM, respectively compared to a GI50 value

of <10 nM for largazole. In contrast, the D-naphthylmethyl analogue 16a had no effect on

the growth of HCT116 cells even at 5 μM, the highest concentration tested. The L-amino

acid modified analogues 16b and 16c retained their ability to induce global H3 acetylation,

however, to a slightly lesser degree than the parent compound, largazole. Analogue 16c
showed very similar activity to largazole as measured by the in vitro fluorescent assay of

HDAC activity and similar to largazole it was also able to induce global H3K9 acetylation at

the lowest concentration tested (10 nM), indicating that L-1-naphthylmethylglycine

modification most closely mimics the original. Interestingly, while largazole and analogues

16b and 16c inhibited HDAC1 by more than 90% at 1 μM, there was a sharp reduction in

their inhibitory competency at 0.1 μM. Analogues 16b and 16c and largazole had

comparable levels of inhibitory activity on HDAC6 at 1 μM which may suggest that

structural changes at this position may not have an effect on their class selectivity. The

antiproliferative and HDAC inhibitory activity data are consistent with those previously

reported for other valine-substituted analogues. Replacement of L-valine with L-alanine was

reported to be well tolerated with only 2–3 fold decrease in antiproliferative and HDAC

inhbitory activty and without appreciable change in HDAC1 vs HDAC6 selectivity [27]. L-

tyrosine analogue too was found to be only slightly less potent than largazole. Interestingly

this analogue was 100 fold more selective toward human cancer cells over normal cells [31].

Similarly, replacement of L-valine with glycine in largazole thiol was tolerated and cuased

only a slight decrease in HDAC inhibitory activity and nearly a ten fold decrease in

antiproliferative activity [34]. Isoform selectivity data for L-tyrosine and glycine analgues

are not availble [31]. These results are consistent with the x-ray crystal structure of

largazole-HDAC8 complex which shows that the valine side chain of largazole points

directly out towards the solvent and has no effect on HDAC-largazole interaction [50].

Therefore it has been suggested that the substitution of L-valine with other amino acids or

even D-amino acids and disubstitued amino acids may be well tolerated, provided they do

not perturb the conformation of the macrocycle [50]. Infact, the C2 epimer of largazole

retained reduced, but sub-micromolar inhibitory potency against HDAC isoforms [26].

However, the lack of antiproliferative and HDAC inhibitory activity and the inability to

induce global H3K9 acetylation by 16a suggests that D-amino acids with bulky side chains

are not tolerated at this position. The largazole C7-epimer 12 had minimal effect on cell

growth. This corresponds to the lack of induction of AcH3K9 levels by analogue 12 in

treated colorectal cells. Only a slight induction of acetylation was observed at the highest

dose tested. Even the in vitro analysis of recombinant HDAC activity showed relatively

minimal effects on class I and II activity for this analogue. Previous studies have shown

some degree of tolerance of structural changes at this position; replacement of C7 methyl

with a hydrogen atom, or an ethyl or a benzyl group having no signifcant effect on
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activity[32]. This is not surprising as the methyl group has been shown not to have any

interaction with the protein surface in the HDAC8-largazole complex. However, loss of

activity in the C7-epimer suggests that conformational change associated with change in

stereochemistry at C7 position has a deleterious effect on activity. We used molecular

modeling studies to study the effect of inverting configuration at C7 on the molecular shape

of analogue 12, which may account for its reduced binding affinity compared to largazole.

MOLECULAR MODELING

Geometry Optimizations

Largazole thiol and the thiol of C7-epimer 12 were energy minimized using Gaussian09-

C01 [51] with the use of cc-pVTZ basis set at B3LYP level. The optimized structures and

some interatomic distances are shown in Figures 5 and 6. When the two optimized structures

of the thiols of largazole and the C7-epimer 12 were compared, the largest deviations were

seen around the central ring near the site of epimerization (Figure 5). The sulfur atoms of the

thiazole-thiazoline rings pointed upward in largazole thiol. Two strong hydrogen bonds

involving the proton attached to N2 (see Figure 6c for numbering used); one with O17 (at a

distance of 2.24 Å) and the other with N7 (at a distance of 2.13 Å) are found in largazole

thiol (as shown by dotted bonds marked in purple labels in Figure 6a). The geometry of the

macrocyclic skeleton may be strongly influenced by these intramolecular hydrogen bonds to

acquire the specific shape required for HDAC binding. However, in the optimized

configuration of the C7-epimer (Figure 5b middle and bottom), the thiazoline ring which

incorporates the C7 atom has its N7 and S8 atoms in somewhat inverted positions compared

to the corresponding atom positions of largazole thiol. The N2 proton and O17 are separated

by a distance of 2.74 Å, which does not favor hydrogen bonding (Figure 6b). However, the

hydrogen bond between the N2 proton and N7 at a distance of 2.2 Å remains intact. Another

consequence of the inversion of configuration at C7 is that the N2 proton which is directed

towards the interior of the ring in largazole is pointing outward in the C7-epimer. The C7-

epimerization seems to have caused a slight expansion of the ring as evidenced by the

distances shown in Figure 6. The C3 is rotated outward by almost 60° angle, thereby making

the outer width of the ring in the C2-C17 direction expanded by over 2.5 Å. Further, the

change in electronic charge distribution associated with the inverted geometry of the

thiazoline ring containing N7 and S8 atoms changes the direction of its electric dipole. The

position of the more negative atom N7 (charge = −0.7e; the electronic partial charges are

estimated using the CHELPG procedure [52] in Gaussian09-C01) is now occupied by a less

negative S8 (charge = −0.3e). Also, the methyl group at C7 is pointing away from the ring

compared to that of largazole thiol and it is found to be directed towards the general

direction of the isopropyl side chain of the valine. These changes in the spatial orientation of

groups in the C7-epimer may affect its binding to HDAC and account for its reduced HDAC

inhibitory activity. We further evaluated this information in the context of the binding (or

lack of it) of largazole thiol and its C7-epimer to HDAC.

In the X-ray crystal structure [50] the tail segment connecting atom C17 of the central ring

down to S21were found to be embedded in the binding site as a column where S21 found at

the end of the column is in direct contact with the HDAC bound Zn2+. This hydrocarbon
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linkage between the central ring and the sulfur bound to Zn2+ is in a hydrophobic

environment provided by HDAC (H143, F152, H180, F208, M274 and Y306 residues of

HDAC). In addition to its biding to Zn2+, S21 is in contact with D178, D267, and G304 of

HDAC. As shown in Figure 5, both largazole and its C7-epimer show very similar spatial

arrangements and charge distributions in their hydrocarbon tail segments. In addition, in the

X-ray crystal structure, N14 makes a hydrogen bond with D101 and C15 is in contact with

F208. In fact, this side of the two molecules does not seem to deviate much from each other.

If we were to use the binding features of largazole thiol directly from the X-ray crystal

structure, we would undoubtedly arrive at the conclusion that the thiol of the C7-epimer

should bind at the HDAC binding site quite similar to largazole thiol. What leads to different

HDAC binding behavior of thiols of largazole and its C7-epimer is further characterized

using the results of molecular dynamics (MD) simulations of the complex.

Molecular Dynamics Simulations

In the X-ray crystal structure, the asymmetric unit cell contains two HDAC molecules with

largazole thiol bound near their Zn2+ binding sites [50]. In the current crystal form, not only

are the bound largazole molecules in direct contact with each other (Figure 7a), but also

each largazole thiol interacts with residues from the other HDAC molecule thereby

influencing the natural binding environment that the molecule can have in a one ligand - one

receptor scenario. In the case where structural differences of largazole derivatives are found

to be in the areas where the binding environment is modified due to the presence of the

second molecule in the crystallographic unit cell, it is difficult to use existing information

directly from the X-ray structure for the purpose of predicting the binding or explaining why

some derivatives do not bind. Therefore, we have sought help from a MD simulation of

HDAC with largazole thiol bound to its active site to obtain an unadulterated binding pose

of largazole thiol to HDAC.

Present simulation system is an all-atom-fully-solvated HDAC molecule with a single

largazole thiol bound near its Zn2+ binding site. The initial structure comes directly from the

high resolution X-ray crystal structure of Cole at al. [50], and the final structure after

sufficiently lengthy molecule dynamics equilibration (over 30ns of dynamics) can

reasonably approximate a solution structure of largazole thiol bound HDAC.

In order to assess whether the system is at equilibrium with the surrounding solvent, root

mean square deviations (RMSD) of the backbone atoms of the final MD configuration were

compared with the X-ray structure. In the final 10ns of the molecular dynamics trajectory,

the RMSD values fluctuate around 1Å (results not shown), indicating a reasonably

equilibrated system. Comparison of a representative structure from the final stage of MD

with the X-ray configuration shown in Figure 7b clearly indicates that most structural

segments of the protein are in close alignment with its X-ray structure. As expected, loop

regions show movements in their positions due to dynamics, and the position of macrocyclic

ring of largazole thiol ligand is shifted towards the area formally occupied by the second

largazole thiol in the X-ray crystal structure. Figure 7c displays the ligand binding site and

the bound ligand. In its equilibrated position, C2 group from one side and C11 from the

opposite side of the central ring are in tight contact with the binding site residues. As pointed
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out earlier through the optimized structure of C7-epimer, outward rotation of C3 extends the

spatial occupation along the C2-C14 direction by over 2.5 Å. If the C7-epimer were to bind

(Figure 7d), the binding site needs to be expanded to accommodate the new length. This will

require that the loop containing D101 moves away from the substrate, thus leading to a

situation that makes N14 interaction with D101 difficult. In addition, in the case of largazole

thiol, the C9 containing methyl group is in contact with the methyl group of M274. In the

C7-epimer, the corresponding methyl group is shifted up toward the solution and is in the

side of isopropyl group of valine in the macrocyclic skeleton (C2-C3-C4) making an

extended hydrophobic surface. If the C7-epimer were to adopt a bound conformation similar

to largazole thiol, this methyl group in the C7-epimer would become completely solvent

exposed in a hydrophobic part of the molecule, and therefore, it would associate with a

significant energy cost if it were to bind.

In addition, the top portion of the macrocyclic skeleton of the ligand is solvated entirely by

water with no direct contact with HDAC. These water molecules are in a certain hydrogen

bonded network to solvate the top portion of the ligand while wetting the residues of HDAC

in the cleft of the binding cavity. Since the positions of N7and S8 atoms are switched in the

C12 epimer, it would play unfavorably in stabilizing the cooperative network of waters

observed over the ligand and the binding site cleft. Note here that in addition to the water

molecule found near S21 in the X-ray crustal structure, two additional water molecules are

trapped around this region of the solution structure.

CONCLUSION

The C7-epimer and C2 side chain modified analogues of largazole were synthesized using

the general synthetic approach to largazole reported earlier [39]; the C7-epimer was

synthesized by substituting (S)-α-methylcysteine HCl (6) for (R)-α-methylcysteine HCl and

the C2 side chain modified analogues were synthesized using Fmoc-protected amino acids

D-1-naphthylmethylglycine, L-allylglycine and L-1-naphthylmethyllglycine instead of

Fmoc-valine, in the synthesis of largazole. Replacement of L-valine with other L-amino

acids was tolerated. The L-allyl analogue 16b and the L-naphthylmethyl analogue 16c were

potent HDAC inhibitors as measured by the induction of global H3 acetylation in treated

HCT116 colorectal carcinoma cells. However, these analogues were slightly less potent

compared to the parent compound largazole. Previous studies have shown that the

replacement of L-valine of largazole with L-tyrosine, L-alanine and glycine caused only a

slight decrease in HDAC and antiproliferative activities [27, 31, 34]. These results are

consistent with the x-ray crystal structure of largazole-HDAC8 complex in which the valine

side chain pionts directly out toward solvent and has no effect on HDAC-largazole

interaction [50]. Hence, it has been suggested and that even D-amino acids may be tolreated

at this position and not surpisingly, the C2-epimer of largazole retained reduced, but sub-

micromolar inhibitory potency against HDAC isoforms. However, the inactive D-

naphthylmethyl analogue 16a shows that there is a steric limitation to this tolerance and D-

amino acids with bulky substituents are not tolerated at C2. The data suggests that

substituents other than isopropyl, and even bulky substituents like naphthylmethyl, are

tolerated at this position provided the original stereochemistry at C2 is retained. Inverting

configuration, at least with bulky substituents, is detrimental as shown by the loss of
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inhibitory activity of 16a. The activity profiles of 16b and 16c on Class I HDAC1 vs Class

II HDAC6 are similar to those of largazole and, taken together with x-ray crystallography

information of HDAC8-largazole complex, may suggest that the C2 position of largazole is

not a suitable target for structural optimization to achieve isoform selectivity. Inversion of

configuration at C7 as well resulted in loss of HDAC inhibition and can be attributed to

conformational changes associated with this stereochemical change affecting binding to

HDAC protein. The results of these studies guide our ongoing efforts to improve the isoform

selectivity potential of largazole by further structural changes in the depsipeptide ring of the

molecule.

EXPERIMENTAL SECTION

THF was freshly distilled from Na and benzophenone prior to use. NMR spectra were

recorded on Varian INOVA 600 MHz, Bruker Avance 600 MHz and Varian VXRS 400

MHz spectrometers and calibrated using residual undeuterated solvent as internal reference

(CDCl3: 1H NMR at δ 7.26, 13C NMR at δ 77.23 ppm). Optical rotations were recorded on

AUTOPOL III and AUTOPOL IV polarimeters. High-resolution mass spectra (HRMS) were

recorded on a Micromass LCT Electrospray mass spectrometer at the Central Instrument

Facility, the Wayne State University, Detroit, Michigan and on a Micromass Q-Tof II mass

spectrometer at Mass Spectrometry and Proteomics Facility, the Ohio State University,

Columbus, Ohio. Flash column chromatography was performed on silica gel (32–63 μ,

Dynamic Adsorbents Inc.) and on RediSep prepacked silica cartridges on Teledyne ISCO

Combiflash Companion chromatography system. 1000 μ Uniplates (Analtech Inc.) were

used for preparative thin layer chromatography using commercial solvents as specified.

Microwave synthesis was performed using a Biotage Initiator. HPLC analyses were

performed on a Waters 1525 Binary Pump HPLC system with Waters 2487 dual wavelength

absorbance detector on a Symmetry C18 column (reverse phase, 5 μ, 4.6 mm × 150 mm)

using a linear gradient of 10–100% H2O:MeOH over 15–20 min; flow rate of 1 mL/min and

UV detection at 254 nm. A Luna 5 μC18 (2) 100A (250 X 10 mm, 5 μ) column by

Phenomenex Inc. was used for HPLC separations. Structural integrity and purity of the test

compounds were determined by the composite of 1H NMR and 13C NMR, HRMS, and

HPLC and were found to be >95% pure.

(S)-2-(2-((tert-Butoxycarbonylamino)methyl)thiazol-4-yl)-4-methyl-4,5-dihydrothiazole-4-
carboxylic acid (7)

To the mixture of the nitrile 5 (0.096 g, 0.4 mmol, 1 equiv) and NaHCO3 (0.232 g, 2.76

mmol, 5.6 equiv) in methanol (5 mL) was added, with stirring, (s)-α-methylcysteine

hydrochloride 6 (0.084 g, 0.491, 1.23 equiv), followed by phosphate buffer pH 5.95 (2.5

mL). The reaction mixture was degassed by bubbling nitrogen and was stirred under

nitrogen at 70 °C for 1 h. It was acidified with 1 M HCl and extracted with ethyl acetate (3 ×

15 mL). The combined organic extract was washed with saturated NaCl solution, dried over

anhydrous sodium sulfate and concentrated to obtain the carboxylic acid 7 (0.112g). It was

used in the next step without further purification.
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(S)-Methyl 2-(2-(((S,E)-3-hydroxy-7-(tritylthio)hept-4-enamido)methyl)thiazol-4-yl)-4-
methyl-4,5-dihydrothiazole-4-carboxylate (9)

HCl gas was bubbled through a solution of the carboxylic acid 7 (0.056 g, 0.157 mmol, 1

equiv) in anhydrous methanol (5 mL) for 5 minutes. The reaction mixture was stirred

overnight at room temperature, concentrated in vacuo and the residue was azeotroped with

toluene. A mixture of the residue and DMAP (0.05 g, 0.410 mmol, 2.61 equiv) in

dichloromethane (2 mL) was stirred for 5 minutes and a solution of aldol product 8 (0.088,

0.157 mmol, 1 equiv) in dichloromethane (1 mL) was added. The reaction mixture was

stirred for 1 h, concentrated in vacuo and purified by flash chromatography on silica gel in

ethyl acetate/hexanes (20–100%) to afford the alcohol 9 (0.07 g, 67% from nitrile 5 over 3

steps). [α]D
20=−0.77 (c=0.65 in CHCl3). 1H NMR (600 MHz, CDCl3): δ=7.91 (s, 1H), 7.37

(d, J = 7.2, Hz, 6H), 7.26 (t, J = 6.6 Hz, 6H), 7.19 (t, J = 7.2 Hz, 3H), 6.89 (t, J = 6.0 Hz,

1H), 5.52–5.56 (m, 1H), 5.40 (dd, J = 6.6, 15.0 Hz, 1H), 4.71 (m, 2H), 4.43 (m, 1H), 3.86 (d,

J = 11.4 Hz, 1H), 3.78 (s, 3H), 3.26 (d, J = 11.4 Hz, 1H), 2.44 (dd, J = 3.0, 15.6 Hz, 1H),

2.38 (dd, J = 8.4, 15.0 Hz, 1H), 2.18 (t, J = 7.8 Hz, 2H), 2.05 (q, J = 7.2 Hz, 2H), 1.62 ppm

(s, 3H); 13C NMR (100 MHz, CDCl3): δ=173.8, 172.0, 167.9, 162.9, 148.5, 145.0, 132.4,

130.5, 129.7, 128.1, 126.8, 122.4, 84.7, 69.4, 66.8, 53.2, 42.9, 41.7, 41.0, 31.6, 31.5, 24.2

ppm. HRMS-ESI m/z [M + Na]+ calcd for C36H37N3O4S3Na: 694.1844, found: 694.1851.

(S)-Methyl 2-(2-((5S,8S)-1-(9H-fluoren-9-yl)-5-isopropyl-3,6,10-trioxo-8-((E)-4-
(tritylthio)but-1-enyl)-2,7-dioxa-4,11-diazadodecan-12-yl)thiazol-4-yl)-4-methyl-4,5-
dihydrothiazole-4-carboxylate (10)

A solution of Fmoc-L-valine (0.071 g, 0.209 mmol, 2 equiv) in THF (1 mL) at 0 °C was

treated with Hunig’s base (0.040 g, 0.31 mmol, 2.98 equiv) and 2,4,6-trichlorobenzoyl

chloride (0.062 g, 0.255 mmol, 2.45 equiv). The reaction mixture was stirred at 0 °C for 1 h,

when TLC indicated the formation of the anhydride. The alcohol 9 (0.07 g, 0.104 mmol, 1

equiv) and DMAP (0.014 g, 0.115 mmol, 1.1 equiv) in THF (1 mL) were added to the

reaction mixture at 0 °C. It was stirred overnight at room temperature and was concentrated

in vacuo. Flash chromatographic purification of the residue on silica gel in ethyl acetate/

hexanes (20–100%) yielded the acyclic precursor 10 (0.095 g, 93%). [α]D
20=−4.18 (c 2.75

in CHCl3). 1H NMR (400 MHz, CDCl3): δ=7.88 (s, 1H), 7.75 (d, J = 7.6 Hz, 2H), 7.57 (d, J

= 7.6 Hz, 2H), 7.38 (d, J = 7.2 Hz, 8H), 7.25–7.30 (m, 8H), 7.20 (t, J = 7.2 Hz, 3H), 6.91 (t,

J = 5.6 Hz, 1H), 5.59–5.71 (m, 2H), 5.39–5.46 (m, 1H), 5.30 (d, J = 8.4 Hz, 1H), 4.69 (d, J

= 6.0 Hz, 2H), 4.30–4.40 (m, 3H), 4.19 (q, J = 7.2 Hz, 1H), 4.07 (dd, J = 3.6, 6.0 Hz, 1H),

3.83 (d, J = 11.2 Hz, 1H), 3.77 (s, 3H), 3.24 (d, J = 11.6 Hz, 1H), 2.57 (d, J = 5.6 Hz, 2H),

2.14–2.20 (m, 2H), 2.00–2.07 (m, 2H), 1.62 (s, 3H), 0.89 (d, J = 6.8 Hz, 3H), 0.84 ppm (d, J

= 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ=173.8, 169.3, 168.6, 163.1, 156.6, 148.3,

144.9, 144.0, 143.9, 143.8, 141.4, 141.4, 134.2, 129.7, 127.9, 127.7, 127.3, 126.8, 125.2,

125.2, 84.6, 72.4, 67.2, 66.8, 59.6, 53.1, 47.3, 47.3, 41.6, 41.6, 41.2, 31.5, 31.3, 31.0, 24.1,

19.2, 18.1 ppm. HRMS-ESI m/z [M + Na]+ calcd for C56H56N4O7S3Na: 1015.3209, found:

1015.3203.
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Cyclic core 11

To a stirred solution of 10 (0.095 mg, 0.096 mmol, 1 equiv) in THF/H2O (4:1, 3 mL) at 0 °C

was added 0.1 M LiOH (0.96 mL, 0.096 mmol, 1.0 equiv) dropwise over a period of 15

minutes. The reaction mixture was stirred at 0 °C for 1 h. It was acidified with 1 M HCl

solution and extracted with EtOAc three times. The combined organic extract was washed

with brine, dried over anhydrous sodium sulfate, concentrated and purified by preparative

TLC in ethyl acetate to give the carboxylic acid (0.052 g, 0.053 mmol, 1 equiv) which was

carried to the next step. The starting material ester 10 (0.039 g) was also recovered during

this purification. The carboxylic acid was dissolved in dichloromethane (4 mL) and treated

with diethylamine (0.213 g, 2.92 mmol, 55.05 equiv). The mixture was stirred at room

temperature for 3 h. It was concentrated to dryness to afford the free amino derivative,

which was dried azeotropically with toluene and was treated with HATU (0.041 g, 0.108

mmol, 2.04 equiv), HOAt (0.015 g, 0.110 mmol, 2.08 equiv), dichloromethane (60 mL, ~ 1

mM), and Hunig’s base (0.030 g, 0.230 mmol, 4.33 equiv). The mixture was stirred for 30 h

at room temperature, concentrated to dryness and purified by flash chromatography on silica

gel in ethyl acetate/hexanes (10–60%) to yield the cyclic core 11 (0.013 g, 31%). [α]D
20=

−17.08 (c 0.65 in CHCl3); 1H NMR (400 MHz, CDCl3): δ=7.55 (s, 1H), 7.49 (d, J = 10.0

Hz, 1H), 7.34 (d, J = 8.0 Hz, 6H), 7.29 (t, J = 6.8 Hz, 6H), 7.23 (t, J = 7.2 Hz, 3H), 6.72 (t, J

= 6.0 Hz, 1H), 5.56–5.57 (m, 1H), 5.14–5.20 (m, 1H), 5.03 (dd, J = 6.0, 15.6 Hz, 1H), 4.79

(dd, J = 7.2, 15.6 Hz, 1H), 4.57 (dd, J = 6.8, 14.4 Hz, 1H), 4.17 (d, J = 11.6 Hz, 1H), 3.94

(dd, J = 5.2, 15.6 Hz, 1H), 3.27 (d, J = 11.6 Hz, 1H), 2.64 (dd, J = 4.0, 10.4 Hz, 1H), 2.51

(dd, J = 4.0, 10.8 Hz, 1H), 2.07–2.25 (m, 3H), 1.80 (s, 3H), 1.52–1.58 (m, 1H), 1.00 (d, J =

6.8 Hz, 3H), 0.97 ppm (d, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ=174.1, 169.3,

167.5, 163.0, 148.6, 144.7, 130.9, 129.8, 129.7, 128.2, 128.1, 127.1, 121.8, 85.2, 71.5, 67.2,

58.3, 42.9, 42.3, 32.7, 31.1, 31.1, 26.6, 19.3, 18.2 ppm; HRMS (ESI) m/z: [M + Na]+ calcd

for C40H42N4O4S3Na: 761.2266, found: 761.2266.

Analogue 12 (C7-epimer of largazole)

To a solution of 11 (0.013 g, 0.0176 mmol, 1 equiv) in dichloromethane (2.5 mL) at 0 °C

was added triisopropylsilane (0.007 g, 0.044 mmol, 2.5 equiv) followed by trifluoroacetic

acid (0.1535 g, 1.35 mmol, 76.5 equiv) and the mixture was stirred for 3 h at room

temperature. It was concentrated in vacuo and the crude product was purified by flash

chromatography on silica gel in ethyl acetate/hexanes (20%) to first remove impurity

followed by 1% methanol in ethyl acetate to obtain the thiol. To a stirred solution of the

thiol in dichloromethane (1 mL) at 0 °C were added Hunig’s base (0.012 g, 0.092 mmol,

5.23 equiv) and octanoyl chloride (0.0114 g, 0.0699 mmol, 3.97 equiv). The mixture was

stirred for 4 h at room temperature. The reaction was quenched with methanol and the

mixture was concentrated in vacuo. Purification of the crude product by preparative thin

layer chromatography on silica gel in ethyl acetate: hexanes (30–60%) gave analogue 12
(0.008 g, 72%). [α]D

20=−28.57 (c=0.175 in CHCl3); 1H NMR (600 MHz, CDCl3): δ=7.72

(s, 1H), 7.37 (d, J = 10.2 Hz, 1H), 6.65 (t, J = 6.0 Hz, 1H), 5.62 (q, J = 4.2 Hz, 1H), 5.16–

5.24 (m, 2H), 4.85 (dd, J = 7.2, 15.6 Hz, 1H), 4.62 (dd, J = 6.6, 10.2 Hz, 1H), 4.56 (dd, J =

4.8, 15.6 Hz, 1H), 4.18 (d, J = 11.4 Hz, 1H), 3.31 (d, J = 11.4 Hz, 1H), 2.51–2.65 (m, 4H),

2.51 (t, J = 7.8 Hz, 2H), 2.14–2.20 (m, 1H), 1.96 (q, J = 7.2 Hz, 2H), 1.84 (s, 3H), 1.62–1.65
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(m, 8H), 1.25–1.29 (m, 10 H), 1.03 (d, J = 7.2 Hz, 3H), 1.01 (d, J = 6.6 Hz, 3H), 0.88 ppm

(t, J = 7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3): δ=199.6, 174.2, 169.2, 169.1, 167.7,

163.9, 148.4, 130.6, 127.0, 122.7, 84.9, 71.4, 58.4, 44.4, 42.4, 42.2, 40.3, 32.9, 32.3, 31.8,

29.9, 29.1, 27.8, 26.4, 25.9, 22.8, 19.2, 18.3, 14.3 ppm; HRMS-ESI m/z: [M + Na]+ calcd for

C29H42N4O5S3Na: 645.2215, found: 645.2197.

(R)-Methyl 2-(2-((5R,8S)-1-(9H-fluoren-9-yl)-5-(naphthalen-1-ylmethyl)-3,6,10-trioxo-8-((E)-4-
(tritylthio)but-1-enyl)-2,7-dioxa-4,11-diazadodecan-12-yl)thiazol-4-yl)-4-methyl-4,5-
dihydrothiazole-4-carboxylate (14a)

To a solution of Fmoc-D-1-naphthylalanine (0.130 g, 0.297 mmol, 3.06 equiv) in THF (1

mL) at 0 °C were added Hunig’s base (0.045 g, 0.345 mmol, 3.55 equiv) and 2,4,6-

trichlorobenzoyl chloride (0.078 g, 0.32 mmol, 3.3 equiv). The reaction mixture was stirred

at 0 °C for 1 h, when TLC indicated the formation of the anhydride. The alcohol 13 (0.065

g, 0.097, 1 equiv) and DMAP (0.013 g, 0.107 mmol, 1.1 equiv) in THF (1 mL) were added

to the reaction mixture at 0 °C. It was stirred overnight at room temperature. The reaction

mixture was concentrated in vacuo and flash chromatography purification on silica gel in

ethyl acetate/hexanes (20–100%) yielded the acyclic precursor 14a (0.058 g, 55%); [α]D
20 −

1.38 (c=0.65 in CHCl3). 1H NMR (400 MHz, CDCl3): δ=8.07 (d, J = 8.0 Hz, 1H), 7.80–7.85

(m, 2H), 7.75- 7.77 (m, 3H), 7.44–7.51(m, 4H), 7.34–7.41 (m, 9H), 7.23–7.29 (m, 9H),

7.15–7.19 (t, J = 7.2 Hz, 3H), 5.94 (t, J = 5.6 Hz, 1H), 5.55–5.62 (m, 1H), 5.39–5.46 (m,

2H), −5.32 (dd, J = 7.2, 15.6 Hz, 1H), 4.73 (q, J = 7.2 Hz, 1H), 4.52 (dd, J = 6.0, 16.0 Hz,

1H), 4.42 (dd, J = 5.6, 16.0 Hz, 1H), 4.35 (dd, J = 7.2, 10.4 Hz, 1H), 4.26 (dd, J = 7.2, 10.4

Hz, 1H), 4.13 (t, J = 7.2 Hz, 1H), 3.87 (d, J = 11.2 Hz, 1H), 3.79 (s, 3H), 3.49 (d, J = 8.8 Hz,

1H), 3.24 (d, J = 11.2 Hz, 1H), 2.28 (dd, J = 6.0, 14.4 Hz, 1H), 2.15 (t, J = 7.2 Hz, 2H),

2.00–2.09 (m, 2H), 1.63 (s, 3H), 1.26 ppm (t, J = 7.2 Hz, 1H). 13C (100 MHz, CDCl3)

δ=173.8, 170.9, 168.9, 167.9, 162.9, 155.8, 148.5, 144.9, 143.9, 143.8, 141.4, 133.9, 133.9,

132.5, 132.1, 129.7, 129.1, 128.2, 128.1, 127.9, 127.8, 127.3, 127.3, 127.2, 126.9, 126.8,

126.3, 125.6, 125.3, 125.2, 123.6, 122.1, 120.2, 84.7, 72.7, 67.3, 66.8, 55.0, 53.2, 47.2, 41.7,

41.3, 41.1, 36.2, 31.5, 31.3, 24.2 ppm. HRMS-ESI m/z [M + Na]+ calcd for

C64H58N4O7S3Na: 1113.3365, found: 1113.3379.

Cyclic core 15a

To a stirred solution of 14a (0.058 g, 0.0532 mmol, 1 equiv) in THF/H2O (4:1, 1.6 mL) at 0

°C was added 0.1 M LiOH (0.53 mL, 0.053 mmol, 1.00 equiv) dropwise over a period of 15

minutes. The reaction mixture was stirred at 0 °C for 1 h, acidified with 1 M HCl solution

and extracted with EtOAc three times. The combined organic layer was washed with brine,

dried over anhydrous sodium sulfate, and concentrated in vacuo. The residue was purified

by prep TLC in ethyl acetate to give the carboxylic acid. To a solution of the carboxylic acid

in dichloromethane (13 mL) was added diethylamine (0.1917 g, 2.70 mmol, 50.75 equiv).

After stirring at room temperature for 3 h, it was concentrated in vacuo to afford the free

amino derivative. After drying azeotropically with toluene, it was treated with HATU (0.041

g, 0.108 mmol, 2.02 equiv), HOAt (0.015 g, 0.110 mmol, 2.07 equiv), dichloromethane (55

mL, ~ 1 mM), and Hunig’s base (0.030 g, 0.23 mmol, 4.32 equiv) and the mixture was

stirred for 30 h at room temperature. The reaction mixture was concentrated to dryness and

purified by flash chromatography on silica gel in ethyl acetate/hexanes (10–60%) to yield
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the cyclic core 15a (0.0057 g, 14%). [α]D
20=+ 39.3 (c 0.112 in CHCl3). 1H NMR (600

MHz, CDCl3): δ=8.36 (d, J = 8.4 Hz, 1H), 7.80 (d, J = 8.4 Hz, 1H) 7.68 (d, J = 9.0 Hz, 1H),

7.67 (s, 1H), 7.55 (t, J = 7.8 Hz, 1H), 7.45 (t, J = 7.8 Hz, 1H), 7.39 (d, J = 8.4 Hz, 6H), 7.32

(d, J = 7.2 Hz, 1H), 7.26 (t, J = 7.8 Hz, 6H), 7.19 (t, J = 7.2 Hz, 3H), 7.16 (d, J = 7.8 Hz,

1H), 7.06 (d, J = 6.6 Hz, 1H), 6.39 (s, 1H), 5.68 (t, J = 9.6 Hz, 1H), 5.61–5.66 (m, 1H), 5.21

(dd, J = 8.4, 15.6 Hz, 1H), 5.05 (dd, J = 8.4, 17.4 Hz, 1H), 4.83 (m, 1H), 4.20–4.24 (m, 2H),

3.68 (dd, J = 5.4, 13.8 Hz, 1H), 3.19–3.22 (m, 2H), 2.81 (dd, J = 9.8, 16.8 Hz, 1H), 2.55 (d,

J = 16.2 Hz, 1H), 2.05–2.21 (m, 3H), 2.00–2.03 (m, 1H), 1.72 (s, 3H), 1.21 (dd, J = 6.6, 16.2

Hz, 1H), 0.92–1.02 ppm (m, 2H). 13C (150 MHz, CDCl3): δ=174.2, 169.6, 167.9, 167.4,

162.9, 147.8, 145.0, 134.8, 134.0, 132.5, 132.1, 129.8, 128.8, 128.3, 128.2, 128.1, 126.9,

126.7, 125.9, 124.9, 124.5, 124.3, 84.9, 72.8, 66.9, 55.7, 41.8, 41.5, 40.3, 37.1, 31.6, 31.2,

26.4 ppm. HRMS- ESI m/z[M + H]+ calcd for C48H45N4O4S3: 837.2603, found, 837.2599.

Analogue 16a

A solution of 15a (0.005 g, 0.006 mmol, 1 equiv) in dichloromethane (1 mL) at 0 °C was

treated with triisopropylsilane (0.0023 g, 0.0147 mmol, 2.44 equiv), followed by

trifluoroacetic acid (0.046 g, 0.404 mmol, 67.25 equiv). The reaction mixture was stirred for

3 h at room temperature and concentrated in vacuo. The crude product was purified by flash

chromatography on silica gel in ethyl acetate/hexanes (20%) to first remove impurity,

followed by ethyl acetate to obtain the thiol. To a stirred solution of the thiol in

dichloromethane (1 mL) at 0 °C were added Hunig’s base (0.006 g, 0.046 mmol, 7.7 equiv)

and octanoyl chloride (0.006 g, 0.035 mmol, 5.83 equiv). The mixture was stirred for 4 h at

room temperature. The reaction was quenched with methanol and the mixture was

concentrated in vacuo. Purification of the crude product by preparative thin layer

chromatography on silica gel in ethyl acetate, followed by purification by HPLC on C18

column in methanol: water (20–100%) gave analogue 16a (0.0022 g, 50%); [α]D
20=+ 45.0

(c 0.1 in CHCl3): 1H NMR (600 MHz, CDCl3): δ=8.40 (d, J = 8.4 Hz, 1H), 7.82 (d, J = 8.4

Hz, 1H), 7.72 (d, J = 7.8 Hz, 1H), 7.68 (s, 1H), 7.59 (t, J = 7.8 Hz, 1H), 7.47 (t, J = 7.8 Hz,

1H), 7.35 (d, J = 6.6 Hz, 1H), 7.26–7.29 (m, 1H), 7.15 (d, J = 7.2 Hz, 1H), 6.39–6.41 (m,

1H), 5.73–5.78 (m, 2H), 5.35 (dd, J = 8.4, 15.6 Hz, 1H), 5.07 (dd, J = 7.8, 16.8 Hz, 1H),

4.86 (q, J = 7.8 Hz, 1H), 4.25 (dd, J = 4.8, 16.8 Hz, 1H), 4.21 (d, J = 11.4 Hz, 1H), 3.72 (dd,

J = 4.8, 13.8 Hz, 1H), 3.25 (dd, J = 9.6, 13.8 Hz, 1H), 3.21 (d, J = 11.4 Hz, 1H), 2.83–2.88

(m, 3H), 2.59 (d, J = 16.8 Hz, 1H), 2.51 (t, J = 7.2 Hz, 2H), 2.22–2.31 (m, 2H), 1.74 (s, 3H),

1.60–1.65 (m, 2H) 1.25 (m, 11H), 0.87 ppm (t, J = 7.2 Hz, 3H). 13C (150 MHz, CDCl3):

δ=199.5, 174.2, 169.6, 167.9, 167.4, 162.9, 147.9, 134.2, 134.0, 132.5, 132.2, 128.9, 128.7,

128.3, 128.2, 126.7, 125.9, 124.9, 124.4, 124.3, 114.2, 85.0, 72.8, 55.7, 44.4, 41.8, 41.5,

40.4, 37.1, 32.4, 31.8, 29.9, 29.1, 28.0, 26.4, 25.8, 22.8, 14.2 ppm. HRMS-ESI m/z [M +

Na]+ calcd for C37H44N4O5S3Na: 743.2372, found: 743.2372.

(R)-Methyl 2-(2-((5S,8S)-5-allyl-1-(9H-fluoren-9-yl)-3,6,10-trioxo-8-((E)-4-(tritylthio)but-1-
enyl)-2,7-dioxa-4,11-diazadodecan-12-yl)thiazol-4-yl)-4-methyl-4,5-dihydrothiazole-4-
carboxylate (14b)

To a solution of Fmoc-L-allylglycine (0.046 g, 0.137 mmol, 2 equiv) in THF (1 mL) at 0 °C

were added Hunig’s base (0.030 g, 0.230 mmol, 3.38 equiv) and 2,4,6-trichlorobenzoyl

chloride (0.047 g, 0.192 mmol, 2.83 equiv). The reaction mixture was stirred at 0 °C for 1 h,
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when TLC indicated the formation of the anhydride. The alcohol 13 (0.046 g, 0.068 mmol, 1

equiv) and DMAP (0.01 g, 0.082 mmol, 1.2 equiv) in THF (1 mL) were added to the

reaction mixture at 0 °C. It was stirred overnight at room temperature. The reaction mixture

was concentrated in vacuo and flash chromatography purification on silica gel in ethyl

acetate/hexanes (20–100%) yielded the acyclic precursor 14b (0.061 g, 90%); [α]D
20=−

12.53 (c 1.7 in CHCl3); 1H NMR (400 MHz, CDCl3): δ=0.88 (s, 1H), 7.75 (d, J = 7.6 Hz,

2H), 7.56 (d, J = 7.2 Hz, 1H), 7.37–7.40 (m, 8H), 7.25–7.31 (m, 3H), 7.20 (t, J = 6.8 Hz,

3H), 6.84 (t, J = 6.0 Hz, 1H), 5.57–5.68 (m, 3H), 5.42 (dd, J = 7.2, 15.2, Hz, 1H), 5.32 (d, J

= 7.6 Hz, 1H), 5.06–5.10 (m, 2H), 4.68 (d, J = 6.0 Hz, 2H), 4.31–4.38 (m, 2H), 4.26 (q, J =

6.4 Hz, 1H), 4.19 (t, J = 7.2 Hz, 1H), 3.85 (d, J = 11.2 Hz, 1H), 3.78 (s, 3H), 3.24 (d, J =

11.6 Hz, 1H), 2.58 (d, J = 6.4 Hz, 2H), 2.49–2.54 (m, 1H), 2.38–2.44 (m, 1H), 2.19 (t, J =

6.8 Hz, 2H), 2.05 (q, J = 7.2 Hz, 2H), 1.85 (s, 1H), 1.62 ppm (s, 3H); 13C NMR (100 MHz,

CDCl3): δ=173.8, 171.0, 169.2, 168.5, 163.0, 156.1, 148.5, 144.9, 143.9, 143.8, 141.5,

141.4, 134.0, 132.0, 129.7, 128.1, 127.9, 127.6, 127.3, 126.8, 125.3, 125.2, 122.3, 120.2,

119.8, 84.7, 72.7, 67.3, 66.8, 53.6, 53.1, 47.2, 41.7, 41.6, 41.2, 36.3, 31.5, 31.3, 24.1 ppm.

HRMS-ESI m/z [M + Na]+ calcd for C56H54N4O7S3Na: 1013.3052, found: 1013.3058.

Cyclic core 15b

To a stirred solution of 14b (0.061 g, 0.0615 mmol, 1 equiv) in THF/H2O (4:1, 2 mL) at 0

°C was added 0.1 M LiOH (0.71 mL, 0.071 mmol, 1.15 equiv) dropwise over a period of 15

minutes. The reaction mixture was stirred at 0 °C for 1 h, acidified with 1 M HCl solution

and extracted with EtOAc three times. The combined organic layer was washed with brine,

dried over anhydrous sodium sulfate, and concentrated in vacuo. The crude product was

purified by preparative TLC in ethyl acetate: hexanes (70%) to give the carboxylic acid

(0.043 g, 0.044 mmol, 1 equiv), which was carried to the next step. During purification,

starting material 14b (0.01 g) was recovered. The carboxylic acid was dissolved in

dichloromethane (4.5 mL) and treated with diethylamine (0.156 g, 2.14 mmol, 48.4 equiv).

The reaction mixture was stirred at room temperature for 3 h and concentrated to dryness to

afford the free amino derivative. After drying azeotropically with toluene, it was treated with

HATU (0.041 g, 0.108 mmol, 2.45 equiv), HOAt (0.015 g, 0.110 mmol, 2.29 equiv),

dichloromethane (60 mL, ~ 1 mM), and Hunig’s base (0.030 g, 0.23 mmol, 4.79 equiv) and

the mixture was stirred for 30 h at room temperature. It was concentrated to dryness and

purified by flash chromatography on silica gel in ethyl acetate/hexanes (10–60%) to yield

the cyclic core 15b (5.5 mg, 17%). [α]D
20=+20.0 (c 0.28 in CHCl3); 1H NMR (600 MHz,

CDCl3): δ=7.69 (s, 1H), 7.37 (d, J = 7.8 Hz, 6H), 7.27 (t, J = 8.4 Hz, 6H), 7.19 (t, J = 8.4

Hz, 3H), 6.42 (dd, J = 3.6, 9.0 Hz, 1H), 5.64–5.70 (m, 2H), 5.36 (dd, J = 6.6, 15.0 Hz, 1H),

5.20 (dd, J = 9.6, 17.4 Hz, 1H), 4.69 (d, J = 16.8 Hz, 1H), 4.62–4.65 (m, 1H), 4.35 (d, J =

10.2 Hz, 1H), 4.16 (dd, J = 3.6, 18.0 Hz, 1H), 4.07 (d, J = 11.4 Hz, 1H), 4.21 (d, J = 11.4

Hz, 1H), 2.81 (dd, J = 10.2, 16.8 Hz, 1H), 2.63 (dd, J = 3.0, 16.8 Hz, 1H), 2.47–2.50 (m,

1H), 2.31–2.36 (m, 1H), 2.15–2.20 (m, 1H), 1.99–2.08 (m, 2H), 1.81 ppm (s, 3H). 13C NMR

(100 MHz, CDCl3): δ=173.7, 169.5, 169.1, 167.8, 164.4, 147.9, 145.0, 133.7, 131.5, 129.8,

128.1, 128.0, 126.9, 119.5, 84.5, 72.5, 52.7, 42.7, 41.3, 40.6, 38.0, 31.6, 31.4, 24.8 ppm.

HRMS-ESI m/z [M + Na]+ calcd for C40H40N4O4S3Na: 759.2109, found: 759.2039.
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Analogue 16b

To a solution of 15b (0.0055 g, 0.0075 mmol, 1 equiv) in dichloromethane (1 mL) at 0 °C

was added triisopropylsilane (0.0023 g, 0.0147 mmol, 1.96 equiv), followed by

trifluoroacetic acid (0.057 g, 0.498 mmol, 66.78 equiv). The reaction mixture was stirred for

3 h at room temperature and concentrated in vacuo. The crude product was purified by flash

chromatography on silica gel in ethyl acetate/hexanes (20%) to first remove impurity,

followed by ethyl acetate to obtain the thiol. To a stirred solution of the thiol in

dichloromethane (1 mL) at 0 °C were added Hunig’s base (0.006 g, 0.046 mmol, 7.7 equiv)

and octanoyl chloride (0.006 g, 0.035 mmol, 5.83 equiv). The reaction mixture was stirred

for 4 h at room temperature. The reaction was quenched with methanol and the mixture was

concentrated in vacuo. Purification of the crude product by preparative thin layer

chromatography on silica gel in ethyl acetate as solvent gave analogue 16b (0.0016 mg,

35%); [α]D
20=+ 25.56 (c 0.08 in CHCl3); 1H NMR (600 MHz, CDCl3): δ=7.71 (s, 1H), 7.19

(d, J = 8.4 Hz, 1H), 6.36 (dd, J = 3.0, 9.0 Hz, 1H), 4.79–4.83 (m, 1H), 5.73 (t, J = 8.4 Hz,

1H), 5.50 (dd, J = 7.2, 15.6 Hz, 1H) 5.26–5.32 (m, 3H), 4.67–4.72 (m 2H), 4.35 (d, J = 16.2

Hz, 1H), 4.27 (dd, J = 3.6, 18.0 Hz, 1H), 4.10 (d, J = 11.4 Hz, 1H), 3.22 (d, J = 11.4 Hz,

1H), 2.90 (t, J = 7.2 Hz, 2H), 2.87 (dd, J = 10.8, 16.8 Hz, 1H), 2.68 (dd, J = 2.4, 16.2 Hz,

1H), 2.53 (t, J = 7.2 Hz, 3H), 2.34–2.39 (m, 1H), 2.31 (q, J = 7.2 Hz, 2H), 1.85 (s, 3H),

1.63–1.67 (m, 2H), 1.25–1.32 (m, 13H), 0.88 ppm (t, J = 7.2 Hz, 3H); 13C NMR (150 MHz,

CDCl3): δ=199.7, 173.7, 169.5, 169.1, 167.8, 164.4, 147.9, 133.2, 131.5, 128.5, 124.3,

121.8, 119.5, 84.5, 72.6, 52.8, 44.4, 42.7, 41.3, 38.0, 32.5, 31.8, 29.9, 29.1, 28.1, 25.9, 24.8,

22.8, 14.29 ppm. HRMS-ESI m/z [M + Na]+ calcd for C29H40N4O5S3Na: 643.2059, found:

643.2046.

(R)-Methyl 2-(2-((5S,8S)-1-(9H-fluoren-9-yl)-5-(naphthalen-1-ylmethyl)-3,6,10-trioxo-8-((E)-4-
(tritylthio)but-1-enyl)-2,7-dioxa-4,11-diazadodecan-12-yl)thiazol-4-yl)-4-methyl-4,5-
dihydrothiazole-4-carboxylate (14c)

To a solution of Fmoc-L-1-naphthylalanine (0.052 g, 0.119 mmol, 1.95 equiv) in THF (1

mL) at 0 °C were added Hunig’s base (0.028 g, 0.219 mmol, 3.59 equiv) and 2,4,6-

trichlorobenzoyl chloride (0.031 g, 0.128 mmol, 2.09 equiv). The reaction mixture was

stirred at 0 °C for 1 h, when TLC indicated the formation of the anhydride. The alcohol 13
(0.041 g, 0.061 mmol, 1 equiv) and DMAP (0.009 g, 0.074 mmol, 1.2 equiv) in THF (1 mL)

were added to the reaction mixture at 0 °C. It was stirred overnight at room temperature. The

reaction mixture was concentrated in vacuo and flash chromatography purification on silica

gel in ethyl acetate/hexanes (20–60%) yielded the acyclic precursor 14c (0.065 g, 98;

[α]D
20=− 9.05 (c 3.25 in CHCl3); 1H NMR (600 MHz, CDCl3): δ=8.02 (d, J = 8.4 Hz, 1H),

7.80 (m, 2H), 7.73 (dd, J = 2.4, 7.2 Hz, 2H), 7.68 (d, J = 8.4 Hz, 1H), 7.42–7.50 (m, 4H),

7.36–7.39 (m, 8H), 7.24–7.29 (m, 10H), 7.18 (t, J = 7.2 Hz, 4H), 6.61 (t, J = 6.0 Hz, 1H),

5.39–5.43 (m, 2H), 5.30–5.35 (m, 1H), 5.11 (dd, J = 7.2, 15.6 Hz, 1H), 4.53–4.60 (m, 2H),

4.52 (dd, J = 6.0, 16.2 Hz, 1H), 4.28–4.35 (m, 2H), 4.09–4.11 (m, 1H), 3.82 (d, J = 11.4 Hz,

1H), 3.76 (s, 3H), 3.40–3.49 (m, 2H), 3.20 (d, J = 10.8 Hz, 1H), 2.41 (dd, J = 4.2, 14.4 Hz,

1H), 3.30 (dd, J = 6.6, 14.4 Hz, 1H), 2.13 (t, J = 7.8 Hz, 2H) 1.97 (q, J = 7.2 Hz, 2H), 1.60

ppm (s, 3H); 13C NMR (100 MHz, CDCl3) δ=173.9, 171.2, 169.2, 168.8, 163.0, 156.1,

148.5, 145.0, 143.8, 143.8, 141.5, 134.0, 133.6, 132.1, 132.1, 84.7, 72.7, 71.6, 67.3, 66.8,
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60.6, 55.1, 53.1, 47.2, 41.6, 41.5, 41.2, 35.5, 31.5, 31.3, 24.1, 21.3, 20.6, 14.4 ppm. HRMS-

ESI m/z [M + Na]+ calcd for C64H58N4O7S3Na: 1113.3365, found: 1113.3384.

Cyclic core 15c

To a stirred solution of 14c (0.061 g, 0.0615 mmol, 1 equiv) in THF/H2O (4:1, 2 mL) at 0

°C was added 0.1 M LiOH (0.71 mL, 0.071 mmol, 1.15 equiv) dropwise over a period of 15

minutes. After stirring at 0 °C for 1 h, it was acidified with 1 M HCl solution and extracted

with EtOAc three times. The combined organic layer was washed with brine, dried over

anhydrous sodium sulfate, and concentrated in vacuo. The reaction mixture was purified by

preparative TLC in ethyl acetate: hexanes (70%) to give the carboxylic acid (0.043 g, 0.044

mmol, 1 equiv) which was carried to the next step. During purification, starting material 14c
(0.01 g) was recovered. The carboxylic acid was dissolved in dichloromethane (4.5 mL) and

treated with diethylamine (0.156 g, 2.14 mmol, 48.4 equiv). After stirring at room

temperature for 3 h it was concentrated to dryness to afford the free amino derivative. After

drying azeotropically with toluene it was treated with HATU (0.041 g, 0.108 mmol, 2.45

equiv), HOAt (0.015 g, 0.110 mmol, 2.29 equiv), dichloromethane (60 mL, ~ 1 mM), and

Hunig’s base (0.030 g, 0.23 mmol, 4.79 equiv) and the mixture was stirred for 30 h at room

temperature. The reaction mixture was concentrated to dryness and was purified by flash

chromatography on silica gel in ethyl acetate/hexanes (10–60%) to yield the cyclic core 15c
(0.0094g, 20%); [α]D

20=– 9.57 (c 0.23 in CHCl3; 1H NMR (600 MHz, CDCl3): δ=8.00 (d, J

= 8.4 Hz, 1H), 7.70 (d, J = 7.8 Hz, 1H), 7.62 (s, 1H), 7.37–7.44 (m, 4H), 7.29 (d, J = 7.8 Hz,

6H), 7.23 (t, J = 7.2 Hz, 6H), 7.16 (t, J = 6.6 Hz, 3H), 7.00 (d, J = 7.2 Hz, 1H), 6.77 (t, J =

7.2 Hz, 1H), 5.59–5.65 (m, 2H), 5.3–5.5 (m, 1H), 5.37 (dd, J = 6.0, 15.6 Hz, 1H), 5.07–5.10

(m, 1H), 4.41 (dd, J = 5.4, 17.4 Hz, 1H), 4.30 (dd, J = 4.8, 17.4 Hz, 1H), 4.04 (d, J = 11.4

Hz, 1H), 3.66 (dd, J = 4.2, 14.4 Hz, 1H), 3.41 (dd, J = 6.6, 14.4 Hz, 1H), 3.23 (d, J = 11.4

Hz, 1H), 2.35 (dd, J = 5.4, 15.6 Hz, 1H), 2.08–2.11 (m, 2H), 1.90–1.94 (m, 3H), 1.71 ppm

(s, 3H); 13C NMR (150 MHz, CDCl3) δ=174.0, 168.8, 168.6, 166.4, 147.5, 145.0, 133.7,

133.1, 132.4, 132.1, 129.8, 128.9, 128.6, 128.1, 128.1, 127.1, 127, 126.8, 126.6, 126.0,

124.0, 124.2, 123.2, 71.9, 66.7, 54.3, 42.8,41.2, 40.5, 35.1, 31.6, 31.4, 29.9, 25.1 ppm;

HRMS-ESI m/z: [M + Na]+ calcd for C48H44N4O4S3Na: 859.2422, found: 859.2429.

Analogue 16c

To a solution of 15c (0.0134 g, 0.016 mmol, 1 equiv) in dichloromethane (3 mL) at 0 °C was

added triisopropylsilane (0.007 g, 0.044 mmol, 2.78 equiv) followed by trifluoroacetic acid

(0.134 g, 1.176 mmol, 73.47 equiv). After stirring for 3 h at room temperature, the reaction

mixture was concentrated in vacuo. The crude product was purified by flash

chromatography on silica gel in ethyl acetate/hexanes (20%) to first remove impurity

followed by ethyl acetate to obtain the thiol. To a stirred solution of the thiol in

dichloromethane (1.5 mL) at 0 °C were added Hunig’s base (0.0163 g, 0.127 mmol, 7.9

equiv) and octanoyl chloride (0.0152 g, 0.093 mmol, 5.82 equiv). After stirring for 4 h at

room temperature, the reaction was quenched with methanol and the mixture was

concentrated in vacuo. Purification of the crude product by preparative thin layer

chromatography on silica gel in ethyl acetate and final purification by HPLC on C18 column

in methanol: water (20–100%) gave analogue 16c (0.0034 g, 30%). [α]D
20=−16.15 (c 0.13

in CHCl3). ); 1H NMR (600 MHz, CDCl3): δ=8.00 (d, J = 9.0 Hz, 1H), 7.71 (d, J = 7.8 Hz,
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1H), 7.24–7.45 (m, 3H), 7.01 (d, J = 6.0 Hz, 1H), 6.76 (dd, J = 0.6, 7.0 Hz, 1H), 5.73–5.78

(m, 1H), 5.58–5.60 (m, 1H), 5.49 (dd, J = 6.6, 15.6 Hz, 1H), 5.42 (t, J = 4.0 Hz, 1H), 5.12–

5.15 (m, 1H), 4.52 (dd, J = 3.6, 18.0 Hz, 1H), 4.42 (dd, J = 3.6, 18.0 Hz, 1H), 4.05 (d, J =

11.4 Hz, 1H), 3.69 (dd, J = 4.2, 14.4 Hz, 1H), 3.45 (dd, J = 6.6, 15.0 Hz, 1H), 3.24 (d, J =

11.4 Hz, 1H), 2.79–2.83 (m, 1H), 2.72–2.76 (m, 1H), 2.45 (t, J = 7.2 Hz, 2H), 2.37 (dd, J =

6.6, 16.2 Hz, 1H), 2.18–2.21 (m, 2H), 1.87 (dd, J = 3.6, 16.2 Hz, 1H), 1.78 (s, 3H), 1.23–

1.28 (m, 12H), 0.84–0.88 ppm (m, 3H). 13C NMR (150 MHz, CDCl3): δ=199.4, 173.9,

168.8, 168.4, 166.2, 163.6, 147.4, 133.5, 132.6, 132.2, 131.9, 128.8, 128.4, 126.8, 126.4,

125.9, 124.8, 124.0, 123.0, 113.9, 84.4, 71.9, 54.1, 44.1, 42.6, 41.0, 40.2, 34.7, 32.2, 31.6,

29.7, 28.9, 27.9, 25.6, 25.0, 22.6, 14.1 ppm; HRMS-ESI m/z [M + Na]+ calcd for

C37H44N4O5S3Na: 743.2372, found: 743.2372.

Cytoproliferation assay

Cell proliferation was measured using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-

phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) reduction assay with the CellTiter 96 One

solution MTS assay as described by the manufacturer. (Promega, Madison, WI) Briefly,

cells (3×104 cells/well) were seeded in quadruplicate in 96- well plates and allowed to attach

overnight. Media was replaced with 100 μL of fresh medium containing the appropriate

concentration of the indicated compounds. Following incubation at 37 °C, 5% CO2, 20 μL

of CellTiter 96 One Solution was added per well and incubated for 1.5 h at 37 °C and

absorbance measured at 490 nm.

HDAC activity assays

HDAC activity was assayed using the Enzo Life Sciences (Plymouth Meeting, PA)

fluorimetric drug discovery kits with specificity for HDAC1 or HDAC6 enzymatic activity.

Experiments were performed as described by the protocol supplied by the manufacturer.

Briefly, the indicated inhibitor, enzyme, and Fluor de Lys substrate were incubated for 1

hour when the developing solution was added and incubated for the designated time prior to

reading. Experiments were repeated 3 times and done in triplicate each time. Analogues

were incubated with the Fluor de Lys substrate and developer in the absence of enzyme as a

control and it showed that the analogues had no influence on the fluorescent signal.

Evaluation of global histone acetylation levels

HCT116 cells were treated for 24 hours with 10 nM, 100 nM, or 1 μM of test compounds or

DMSO. Cell lysates were extracted using RIPA buffer (50 mmol/L Tris-HCl, 1% NP-40,

0.25% sodium deoxycholate, 150 mmol/L NaCl, 50 mmol/L sodium fluoride), protein were

quantified by a DC assay (Biorad) and equal protein amounts (30 μg/Lane) were loaded onto

an SDS-PAGE gel. Standard Western blotting protocols were used with the Invitrogen

NuPAGE Western blotting system. Primary antibodies used were AcH3 (Millipore) and β-

actin (Sigma). Dye-conjugated secondary antibodies from Li-Cor Biosciences were used for

detection and scanned using the Odyssey Infrared Detection System (LI-COR Biosciences,

Lincoln, NE).
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Computational Methods

Several configurations of largazole thiol and the thiol of its C7-epimer were optimized with

Gaussian09-C01 [51]. The cc-pVTZ basis set was used with B3LYP functionals and the

CHELPG procedure [52] was used in the charge derivation. S21 in thiol was kept in its S−

form so that the results are comparable to the Zn2+ bound form.

The initial structure for molecular dynamics was taken from the X-ray crystal structure of

largazole thiol bound HDAC8 (pdb ID: 3RQD) [50]. Missing residues in HDAC were

reintroduced using the X-ray crystal structure of HDAC8 complexed with APHA (pdb ID:

3F07)[53]. Largazole thiol charges were derived following the RESP procedure in the

Amber program suite. All X-ray water molecules are kept in the system along with the Zn2+

and two K+ ions. Additional water molecules were introduced to solvate the system yielding

a total of 28838 water molecules. Sander and PMEMD modules of the Amber-11 program

suite [54] were used for optimizations and dynamic trajectory calculations. The FF03 force

field was used to represent the HDAC atoms. Following our standard protocol, with particle

mesh Ewald summation [55] for long range interactions and 1 fs time step, a 10ns NVT

equilibration and a 30ns NPT production run were carried out at 300K. Configurations from

the final 10 ns of dynamics were used for analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
HDAC inhibitors
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Figure 2.
Growth inhibition of HCT116 colon carcinoma cells by largazole and analogues. Each point

represents the mean of two experiments, each with 4 replicates. The error bars indicate the

SEM.
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Figure 3.
In vitro HDAC inhibitory activity – Recombinant HDAC1 and HDAC6 were incubated with

and without analogues at varying concentrations. Reactions were carried out for 1 hour at a

concentration of 0–1 μM (for HDAC1) and 0–5 μM (for HDAC6) for all analogues.

Analogues 16b and 16c showed the greatest similarity to largazole in its inhibition of

HDAC1 and HDAC6. However, none of the compounds showed more than a 50% inhibition

of HDAC6 activity, except at the highest concentration of 5 μM.
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Figure 4.
Western blot analysis of global acetylated H3K9 following the treatment of HCT116 cells

with largazole and analogues at 10 nM, 100 nM and 1 μM concentrations after 24 hours of

treatment, with beta-actin as a loading control. Increase of global H3K9 acetylation was

observed with largazole as early as 10 nM similar to analogue 16c. Analogue 16b showed

increase at 100 nm, while 12 and 16a showed no change.
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Figure 5.
Optimized structures of largazole thiol and the thiol of its C7-epimer. (a) Three different

views of the optimized largazole thiol structure; and to facilitate direct comparison, (b)

corresponding views of the C7-epimer are displayed. The hydrocarbon chain connecting the

macrocyclic skeleton and the thiol S is seen to be unaltered in all views. The directionality

of the thiazoline ring is altered (shown in the middle panel). Also, a change in directionality

of C7 methyl group is observed in the top left corner of the middle panel. The isopropyl

group is rotated (top right corner of the bottom panel) outward and the outer width of the

ring around this area is increased substantially.
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Figure 6.
The distances important for the assessment of changes in the macrocyclic skeleton due to

C7- epimerization are shown for (a) largazole thiol and (b) the thiol of its C7-epimer. Also

shown (in (c)) is the numbering of atoms used in the modeling. Possible hydrogen bonds are

labeled in purple.
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Figure 7.
(a) The dimer interactions from the X-ray crystal structure (pdb: 3RQD). (b)

superimposition of the X-ray crystal configuration (white ribbon) with the final structure

from the molecular dynamics simulation (blue ribbon). Largazole thiols from X-ray (yellow)

and simulation (red) are shown in the ball-and-stick and surface representations; (c)

Largazole thiol (ball-and-stick) form MD simulation shown with the D101 interaction with

N14; (d) C7-epimer docked at the largazole binding site of HDAC showing the steric

contacts with the backbone atoms of the loop containing D101. Moving this loop away from

the C7-epimer results in the broken hydrogen bond between D101 and N14.
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Scheme 1.
Synthesis of analogue 12 (C7-epimer of largazole)
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Scheme 2.
Synthesis of analogues 16a–c
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