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Abstract

Among the metal-dependent histone deacetylases, the class 11b isozyme HDACS is remarkable due
to its role in the regulation of microtubule dynamics in the cytosol. Selective inhibition of HDAC6
results in microtubule hyperacetylation, leading to cell cycle arrest and apoptosis, which is a
validated strategy for cancer chemotherapy and the treatment of other disorders. HDACS inhibitors
generally consist of a Zn2*-binding group such as a hydroxamate, a linker, and a capping group;
the capping group is a critical determinant of isozyme selectivity. Surprisingly, however, even
“capless” inhibitors exhibit appreciable HDACS selectivity. To probe the chemical basis for this
selectivity, we now report high-resolution crystal structures of HDAC6 complexed with capless
cycloalkylhydroxamate inhibitors 1-4. Each inhibitor hydroxamate group coordinates to the
catalytic Zn%* ion with canonical bidentate geometry. Additionally, the olefin moieties of
compounds 2 and 4 bind in an aromatic crevice between the side chains of F583 and F643.
Reasoning that similar binding could be achieved in the representative class | isozyme HDACS, we
employed isothermal titration calorimetry to study the thermodynamics of inhibitor binding. These
measurements indicate that the entropy of inhibitor binding is generally positive for binding to
HDACS6 and negative for binding to HDACS, resulting in up to 313-fold selectivity for binding to
HDACS relative to HDACS. Thus, favorable binding entropy contributes to HDAC6 selectivity.
Notably, cyclohexenylhydroxamate 2 represents a promising lead for derivatization with capping
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groups that may further enhance its impressive 313-fold thermodynamic selectivity for HDAC6
inhibition.
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Introduction

Since the discovery of histone acetylation more than 50 years ago, the reversible acetylation
of lysine has emerged as a post-translational modification equally important to the reversible
phosphorylation of serine, threonine, and tyrosine for the regulation of protein function.?
Thousands of acetylation sites have been identified in proteins from all domains of life, in
which acetylation regulates diverse processes and pathways such as the cell cycle, central
carbon metabolism, and cellular signaling networks.3= Lysine acetylation is catalyzed by a
histone acetyltransferase (HAT) using acetyl-CoA as a co-substrate, and acetyllysine
deacetylation is catalyzed by a histone deacetylase (HDAC) to yield products lysine and
acetate.5-% Members of the HDAC family are also referred to more generally as lysine (K)
deacetylases or KDACSs, since their substrates also include non-histone proteins. Aberrant
HDAC activity is associated with numerous diseases, and various HDAC isozymes serve as
validated targets for drug design.10-14

Phylogenetic analysis!® suggests the classification of metal-dependent HDAC isozymes as
follows: the class | HDACs 1, 2, 3, and 8; the class Ila HDACs 4, 5, 7, and 9; the class I1b
HDACSs 6 and 10 (although the latter is a polyamine deacetylasel®); and the sole class IV
isozyme, HDAC11, which is a fatty acid deacylase.1’ The class I, 11, and IV HDACs are
metal-dependent enzymes (Zn%* or Fe2*)18 that adopt the arginase-deacetylase fold and
likely share the same catalytic mechanism for amide hydrolysis.%1%-21 Class 111 HDACs,
better known as sirtuins, exhibit a different fold and utilize a different, NAD*-dependent
mechanism in comparison with metal-dependent HDACs.22:23

HDACES is unique among the metal-dependent HDACs in that it contains a serine/glutamate-
rich tetradecapeptide directing localization in the cytosol,2* where HDACG acts primarily
upon cytoskeletal protein substrates tubulin and tau,2%26 as well as proteins involved in the
aggresome-autophagy pathway.2”-286 HDACS contains two catalytic domains, CD1 and CD2,
the crystal structures of which have recently been solved.2%:30 While both domains are
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required for optimal biological activity,3134 the high-activity CD2 domain is primarily
responsible for lysine deacetylase activity in vitroand in vivo.33-35 Numerous diseases are
associated with upregulated HDACS6 activity, including various cancers, Alzheimer’s
disease, and immune disorders.36-40 Current drug discovery efforts focus mainly on
blocking catalytic activity in the HDAC6 CD2 domain; moreover, there is particular interest
in the development of inhibitors selective for HDAC6 over other HDAC isozymes to
minimize off-target side effects.

Typical HDAC inhibitors consist of a zinc-binding group such as a hydroxamate moiety, a
capping group capable of interacting with residues in the outer active site cleft, and a linker
group connecting the two (Figure 1). Appreciable selectivity for HDACS is observed for
inhibitors containing aromatic linker groups and bulky capping groups such as Tubastatin A,
41 Nexturastat,*2 N-hydroxy-4-(2-[(2-hydroxyethyl)(phenyl)amino]-2-oxoethyl)benzamide
(HPOB),*3 and N-hydroxy-4-[(M2-hydroxyethyl)-2-phenylacetamido)methyl)-benzamide)]
(HPB).* Crystal structures of HDAC6 complexed with some of these inhibitors have
recently been reported,29:30:45 revealing that these sterically bulky inhibitors exploit an
unusual monodentate hydroxamate-Zn2* coordination mode that is nearly isoenergetic with
the more commonly observed bidentate hydroxamate-Zn2* coordination mode (Figure 1).
29.45 Monodentate hydroxamate-ZnZ* coordination could conceivably result from steric
constrictions in the HDACS active site that prevent phenylhydroxamates with bulky capping
groups from making a closer interaction with the catalytic Zn?* ion. However, since even
simple “capless” inhibitors (Scheme 1) retain nanomolar potency and 10-fold or greater
selectivity for HDACS relative to class | HDACs based on ICsq assays (Scheme 1),46 the
bulky capping group is not the sole determinant of selectivity. What, then, determines the
isozyme selectivity of these low-molecular weight, capless inhibitors?

As the first step in answering this question, we now report the X-ray crystal structures of the
high-activity CD2 domain from Danio rerio HDAC6 (henceforth simply “HDAC6”)
complexed with the capless inhibitors phenylhydroxamate (1), cyclohexenylhydroxamate
(2), cyclohexylhydroxamate (3), and cyclopentenylhydroxamate (4) (Scheme 1). These
compounds have been previously profiled as HDACS6 inhibitors with sub-micromolar
potencies and selectivities of up to 36-fold based on 1C5y measurements made by Wagner
and colleagues.*® Additionally, we report thermodynamic measurements of enzyme-
inhibitor complexation using isothermal titration calorimetry (ITC). These studies reveal that
favorable entropy of binding contributes to the selectivity of inhibitor binding to the class I1b
enzyme HDACS over the class | enzyme HDACS.

Materials and Methods

Reagents

In general, chemicals used in buffers and crystallization conditions were purchased from
Fisher, Millipore Sigma, or Hampton Research and used without further purification.
Compounds 1-4 were synthesized as described.*6
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Protein Preparation

Catalytic domain 2 from Danio rerio HDACG (herein designated simply “HDAC6”) was
recombinantly expressed using Hisg-MBP-TEV-HDAC-pET28a(+) vectors and purified as
previously described with minor modifications.*® Briefly, HDAC6 was expressed using £.
coli BL21(DE3) (Stratagene) grown in 2x YT medium under the selection of 50 mg/mL
kanamycin. Expression was induced with 250 uM isopropyl B-L-1-thiogalactopyranoside
(IPTG; Gold Biotechnology) along with the addition of 500 uM ZnCl, at 18°C. Cells were
collected by centrifugation and stored at =80 °C prior to purification.

Pellets were thawed and resuspended in purification buffer [50 mM 4-(2-hydroxyethyl)-1-
piperazine-ethanesulfonic acid (HEPES; pH 7.5), 300 mM KCIl, 10% glycerol (v/v), 1 mM
tris(2-carboxyethyl)phosphine (TCEP)] and lysed by sonication. Lysate was clarified by
centrifugation at 38,000¢ for 1 h at 4 °C. The supernatant was applied to amylose resin (New
England BioLabs). Hisg-MBP-TEV-HDACS fusion protein was either eluted using 10 mM
maltose or digested on-column with 2 mg/mL recombinant His-TEV protease. Eluted fusion
protein was digested using recombinant His-TEV protease overnight at 4 °C while dialyzing
in purification buffer. The digest was applied to an equilibrated Ni-NTA resin column
(Qiagen) to remove His-MBP and His-TEV, which were subsequently eluted using a 0-500
mM imidazole gradient in purification buffer. The HDAC6-containing fractions were
concentrated to <10 mL over a 10,000 molecular weight cut-off filter unit (Millipore) and
applied to a HiLoad Superdex 200pg column in size exclusion buffer [50 mM HEPES (pH
7.5), 100 mM KCI, 5% glycerol (v/v), 1 mM TCEP]. Fractions containing pure HDAC6
were identified using SDS-PAGE, pooled, and concentrated to 14-20 mg/mL. Protein was
flash cooled in liquid nitrogen and stored at —80 °C prior to usage.

HDACS was expressed and purified as previously described,4” with minor modifications.
Briefly, a 500 mL culture [Lysogeny Broth (LB) at 100 pg/mL ampicillin] was grown
overnight at 37 °C with shaking. Aliquots of this culture (30 mL) were used to inoculate 12
x 1 L of M9 minimal medium supplemented with 100 pg/mL ampicillin. Cells were grown
until the ODggg ~ 1.0, at which point the temperature was reduced to 18 °C. After cooling
for 30 min, protein expression was induced with 100 uM ZnCl, and 100 uM IPTG. Protein
was expressed overnight and pellets were harvested via centrifugation and stored at —80 °C
until they were purified. The purification was carried out as previously described using a
Co2*-TALON column followed by size exclusion chromatography.4” All protein was
concentrated to 10-20 mg/mL, flash-cooled in liquid nitrogen, and stored at —80 °C until
use.

Crystallization

All HDACS6-inhibitor complexes were crystallized in sitting drops by the vapor diffusion
method at 4 °C.

For cocrystallization of the HDAC6-1 and HDAC6-2 complexes, a 350 nL drop of protein
solution [5 mg/mL HDACG, 50 mM HEPES (pH 7.5), 100 mM KCI, 5% glycerol (v/v), 1
mM TCEP, 5 mM 1 or 2, and 5% dimethyl sulfoxide (DMSO) (v/v)] was added to 350 nL of
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precipitant solution [200 mM ammonium chloride and 20% PEG 3,350] and equilibrated
against 80 L of precipitant solution. Rhomboid plate crystals appeared within 2 days.

For cocrystallization of the HDAC6-3 complex, a 2 L drop of protein solution [2.5 mg/mL
HDACS6, 50 mM HEPES (pH 7.5), 100 mM KClI, 5% glycerol (v/v), 1 mM TCEP, 5 mM 3,
and 5% dimethy! sulfoxide (DMSO) (v/v)] was added to a 2 pL drop of precipitant solution
[40 mM sodium citrate/60 mM Bis-Tris propane (pH 6.4) and 25% PEG 3,350] and was
streak-seeded with a seed stock of crushed HDAC6-3 crystals previously generated under
the same conditions but with 5 mg/mL enzyme in the protein solution. This was equilibrated
against 80 L of precipitant solution. Rhomboid plate crystals appeared within 2 days.

For cocrystallization of the HDAC6-4 complex, a 350 nL drop of protein solution [5 mg/mL
HDACS6, 50 mM HEPES (pH 7.5), 100 mM KCI, 5% glycerol (v/v), 1 mM TCEP, 5 mM 4,
and 5% dimethy! sulfoxide (DMSO) (v/v)] was added to 350 nL of precipitant solution [200
mM ammonium tartrate dibasic and 20% PEG 3,350] and equilibrated against 80 uL of
precipitant solution. Rhomboid plate crystals appeared within 2 days.

All crystals were soaked in a cryoprotectant solution containing mother liquor supplemented
with 20% ethylene glycol prior to flash-cooling in liquid nitrogen.

Data collection and structure determination

X-ray diffraction data were collected from crystals on beamline 9-2 at the Stanford
Synchrotron Radiation Laboratory (SSRL), Stanford University for the HDAC6 complexes
with inhibitors 1, 2, and 3. Diffraction data for the HDAC6—-4 complex were collected on
beamline 17-1D-2 (FMX) at the National Synchrotron Light Source 11 (NSLS2), Brookhaven
National Lab. Data were indexed and integrated using iMosflm#8 and scaled using Aimless
in the CCP4 program suite.#? Data collection statistics are recorded in Table 1.

Each crystal structure was solved by molecular replacement using the atomic coordinates of
unliganded HDAC6 (PDB 5EEM)29 as a search model for rotation and translation function
calculations using the program Phaser.30 Atomic models were constructed and modified
using the graphics program Coot>! and crystallographic structure refinement was performed
using Phenix.52 Inhibitor molecules were added when clearly resolved electron density was
observed for each. Occasionally, maps displayed spurious electron density peaks that could
not be satisfactorily modeled by ordered solvent, ligand, or cryoprotectant, in which case
these peaks were left uninterpreted. The quality of each model was assessed using
MolProbity®3 and PROCHECK.>* Final refinement statistics are recorded in Table 1.

Isothermal Titration Calorimetry

Thermograms were measured for inhibitor binding to HDAC6 and HDACS using a
MicroCal iTC 200 isothermal titration calorimeter (GE Healthcare). For each compound,
300 uM inhibitor was titrated against 30 UM enzyme in size exclusion buffer with 0.3%
DMSO for compounds 1-4. Thirty-eight 1-uL injections were made over 80 min.
Integration, curve fitting, and figure generation were performed using Origin (OriginLab,
Northampton, MA).
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Results and Discussion

X-ray crystallography
Crystal structures were solved and refined with Ry,ork and Rgree Values ranging 0.127-0.176
and 0.153-0.223, respectively (Table 1). For each HDAC6-inhibitor complex, there are no
major conformational changes relative to unliganded HDAC6 (PDB 5EEM; root-mean-
square deviation (rmsd) = 0.16-0.17 A for 290-305 Ca. atoms).

In the crystal structure of the HDAC6-phenylhydroxamate 1 complex determined at 1.62 A
resolution, the inhibitor hydroxamate group adopts canonical bidentate Zn2* coordination,
forming a 5-membered ring chelate complex with Zn2*---O distances of 2.0 A and 2.4 A for
the N-O™ and C=0 groups, respectively (Figure 2a). This coordination geometry was first
observed in the binding of hydroxamate inhibitors to the Zn?* hydrolase thermolysin.5® In
the HDACS6 active site, the hydroxamate oxyanion, NH group, and C=0 group also form
hydrogen bonds with H573, H574, and Y745, respectively (intermolecular distances are
recorded in Table 2). The phenyl ring of the inhibitor is firmly nestled in an aromatic crevice
formed by the side chains of F563 and F643; the phenyl ring of the inhibitor is offset so that
the partial positive charges of its ring hydrogen atoms interact with the partial negative
charges of the ring rt electrons of F583 and F643. The dihedral angle between the inhibitor
phenyl ring and the hydroxamate moiety is twisted 34° away from planarity.

The crystal structure of the HDAC6-cyclohexenylhydroxamate 2 complex determined at
1.24 A resolution similarly reveals bidentate hydroxamate-Zn?* coordination, with Zn2*---O
distances of 2.0 A and 2.2 A for the ionized hydroxyl and carbonyl groups, respectively
(Figure 2b). Hydrogen bond interactions with the Zn2*-bound hydroxamate are similar to
those observed for phenylhydroxamate 1 (Table 2). The cyclohexenyl ring of the inhibitor is
bound such that the olefin moiety is firmly nestled in the F583-F643 aromatic crevice. The
dihedral angle between the olefin moiety and the hydroxamate is twisted 18° away from
planarity.

The crystal structure of the HDAC6-cyclohexylhydroxamate 3 complex determined at 2.03
A resolution reveals nearly perfect bidentate hydroxamate-Zn2* coordination, with Zn?*---O
distances of 2.1 A and 2.2 A for the ionized hydroxyl and carbonyl groups, respectively
(Figure 2c). Hydrogen bond interactions with the Zn2*-bound hydroxamate are similar to
those observed for phenylhydroxamate (Table 2). The cyclohexyl group adopts a chair
conformation and packs between the side chains of F583 and F643. The dihedral angle
between the adjacent C-C bond in the cyclohexyl ring and the hydroxamate is twisted 8°
away from planarity.

Finally, the crystal structure of the HDAC6-cyclopentenylhydroxamate 4 complex
determined at 1.70 A resolution reveals canonical bidentate hydroxamate-Zn2* coordination
geometry with ZnZ*---O distances of 2.0 A and 2.4 A for the ionized hydroxyl and carbonyl
groups, respectively (Figure 2d). Hydrogen bond interactions with the Zn2*-bound
hydroxamate are similar to those observed for phenylhydroxamate (Table 2). The
cyclopentenyl ring of the inhibitor is bound such that the olefin moiety is firmly nestled in
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the F583-F643 aromatic crevice. The cyclopentenyl-hydroxamate dihedral angle is twisted
26° away from planarity.

Three interesting structural features emerge from analysis of the binding modes of capless
inhibitors 1-4. First, each inhibitor binds with its hydroxamate group coordinated to Zn%*
with canonical bidentate geometry. Notably, many HDAC6-selective inhibitors such as HPB
(Figure 3) contain a core phenylhydroxamate moiety as represented by inhibitor 1.
Depending on the capping group attached to the phenylhydroxamate, bidentate or
monodentate hydroxamate coordination to the catalytic Zn2* ion will result, with the
monodentate coordination mode being only 0.5 kcal/mol less stable than the bidentate
coordination mode (Figure 1).45 For example, HPB#* exhibits monodentate Zn2*
coordination;*® least-squares superposition of the crystal structures of the HDAC6-HPB
(PDB ID: 5WGK) and HDAC6-1 complexes (rmsd = 0.12 over 283 Ca atoms) reveals
slight differences in the orientation of the aromatic ring (Figure 3). Specifically, the aromatic
ring of the capless phenylhydroxamate 1 is tilted by approximately 10°, which allows a
closer approach to the catalytic Zn2* ion, which in turn enables bidentate hydroxamate-Zn2*
coordination.

Superposition of the HPB phenylhydroxamate moiety with compound 1 demonstrates that
no particular interaction of the capping group appears to govern the hydroxamate-Zn2*
binding mode. If HPB were tilted so as to superimpose its phenylhydroxamate moiety with
that of capless phenylhydroxamate 1 in the HDAC6-1 complex (Figure 3), the bulky
capping group would not clash with any active site residues. Thus, it is not clear how the
geometry of hydroxamate-Zn?* coordination might be influenced by interactions of the
capping group of HPB.

Second, while compounds 1, 2, and 4 contain C=C bonds potentially capable of conjugation
with the =t system of the hydroxamate moiety, their respective C=C-C=0 dihedral angles are
distorted 36°, 11°, and 46° from planarity. These values lie within the broad distribution
observed for similar compounds retrieved from the Cambridge Structural Database (Figure
S1), so there does not appear to be a strong energetic driving force to maintain planarity of
the extended m system.

Finally, the binding orientations of cyclohexenylhydroxamate 2 and
cyclopentenylhydroxamate 4 unambiguously place the C=C bond in the F583-F643
aromatic crevice, as also observed for the aromatic ring of phenylhydroxamate 1. Therefore,
this aromatic crevice preferentially accommodates a planar olefin moiety as contained in a 6-
or 5-membered ring, including a 6-membered aromatic ring. The chair-conformation 6-
membered ring of cyclohexylhydroxamate 3 is not as readily accommodated based on
previously measured®8 ICsq values (Figure 4). Of the linker groups represented in the current
study, it appears that the cyclohexenyl group of inhibitor 2 would be most ideal for further
derivatization to enhance HDACSG selectivity.

Isothermal titration calorimetry (ITC)

To gain additional insight on the molecular basis of affinity and selectivity for inhibitor
binding to HDACS, we studied the thermodynamics of enzyme-inhibitor association using
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ITC. We also studied inhibitor binding to the representative class | isozyme HDACS using
ITC to evaluate the extent of HDACG selectivity against class | HDACSs. Titrations of
inhibitors 1-4 against HDACG6 and HDACS reveal that the ITC-derived dissociation
constants (Kq) generally correlate (within a factor of 4) with previously measured*® 1Cs
values for each enzyme-inhibitor complex (Figure 4, Figure S2).

The selectivity of the best capless inhibitors for HDAC6 compared with HDACS8 appears to
be rooted in a substantial and favorable entropic gain for HDAC6 association. Specifically,
the —TAS term is negative and favorable for the binding of inhibitors 1-4 to HDACS,
whereas —TAS is positive and unfavorable for the binding of these inhibitors to HDACS8 with
the exception of compound 3 (Figure 5, Figure S2). In other words, the binding of
cycloalkenyl hydroxamates 1, 2, and 4 to HDACG is accompanied by a substantial entropy
gain, whereas the binding of these cycloalkenyl hydroxamates to HDACS is accompanied by
an entropic loss. The outlier is the cycloalkane hydroxamate 3, which exhibits a modest and
favorable entropy of binding to HDACS; however, this compound also exhibits the weakest
affinities for HDAC8 and HDACS6 and the poorest selectivity for HDAC6 (Figure 4). Thus,
planar cycloalkenyl hydroxamates yield optimal affinities and HDAC6/HDACS selectivities
of 16-fold up to 313-fold, and binding entropy appears to drive selectivity.

Presuming identical conformations for the binding of compounds 1-4 in the active sites of
other HDAC isozymes, we speculate that differences in the entropy of inhibitor binding to
HDAC6 and HDACS could be rooted in differences in conformational entropy and/or
desolvation entropy involving the F583-F643 aromatic crevice of HDACG, which is
conserved in HDACS as F152 and F208. Crystal structures of the class | isozymes HDACL,
HDAC?2, and HDAC3,%6-58 and the class Ila isozymes HDAC4 and HDAC?7,%9:60 reveal that
this aromatic crevice is similarly conserved. However, structural comparisons of all
isozymes reveal that relative to HDACS, the aromatic crevice is approximately 1 A wider in
class I and class Ila HDACs. Moreover, there is evidence of conformational flexibility for
one wall of this crevice: upon the binding of a bulky phenylhydroxamate inhibitor to
HDACS, the side chain of F152 rotates to adopt a conformation similar to that of the
corresponding phenylalanine residue, F679, in the aromatic crevice of HDAC7.80.61 |t is
conceivable that inhibitor binding rigidifies the conformation of the aromatic crevice in
HDACS, thereby accounting for a conformational entropy loss. This possibility may also
extend to other class | and class lla HDAGCs. If the narrower aromatic crevice of HDACS is
more rigid, then inhibitor binding would not incur a conformational entropic cost and the
favorable entropy gain from active site desolvation could dominate the binding
thermodynamics.

To assess the influence of a capping group on the thermodynamics of HDAC6/HDACS
selectivity, we additionally studied the binding of the phenylhydroxamate derivative HPB,44
the aliphatic hydroxamate inhibitor Ricolinostat,52 and the aliphatic hydroxamate inhibitor
suberoylanilide hydroxamic acid (SAHA).83 The ITC-derived inhibitor dissociation
constants (Ky) generally correlated with 1Cgq values for HDACS8 (within a factor of 4), but
those for HDACG6 do not (7-32-fold variations are observed). Regardless, each of these
inhibitors exhibits selectivity for binding to HDAC6 compared with HDACS8 (Figure 4),
44.62,64 and selectivity is characterized by a favorable entropic gain upon binding to HDAC6
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and an unfavorable entropic loss upon binding to HDACS (Figure 5, Figure S3). The results
for HPB binding indicate that the HDACS selectivity inherent in the binding of capless
cycloalkenyl hydroxamate inhibitors is generally maintained, but no inhibitor studied here
surpasses the 313-fold thermodynamic selectivity based on Ky values measured for
cyclohexenylhydroxamate 2 (Figure 4). Even so, it is interesting that favorable binding
entropy to HDACS is not exclusive to inhibitors bearing aromatic or cycloalkenyl linker
groups, but also includes inhibitors bearing aliphatic linker groups such as Ricolinostat and
SAHA.

Conclusions

The binding thermodynamics of compounds 1-4 to HDAC6 versus HDACS reflect that
entropy is a key contributor to HDAC6-inhibitor binding selectivity; moreover, compounds
bearing a single double bond in the ring adjacent to the hydroxamate moiety are more
selective for HDACS6 than their aromatic or saturated capless counterparts. In particular,
cycloalkenyl hydroxamate 2 exhibits 313-fold selective tighter binding to HDAC6 compared
with HDACS (Figure 4).

The olefin moiety of 2 is preferentially accommodated in the F583—-F643 aromatic crevice of
HDACS. It is not clear, however, whether the entropic favorability contributing to HDAC6
selectivity is associated with binding in this crevice, since these aromatic residues are also
conserved in HDACS as well as other class | HDAC isozymes. However, the active site of
HDACS is slightly larger than that of HDACS, with an 8 A separation between F152 and
F208 in the aromatic crevice, compared with the 7 A separation between F583 and F643 in
the aromatic crevice of HDACG6. Additionally, F152 in HDACS exhibits conformational
flexibility in complex with a bulky phenylhydroxamate inhibitor, which expands the F152—
F208 separation to 8.5 A.61 Possibly, the conformational flexibility of the aromatic crevice
in HDACS contributes to the generally unfavorable entropy of inhibitor binding evident in
Figure 5. In HDACS, there is no evidence for conformational flexibility in the aromatic
crevice, so the favorable entropy of inhibitor binding may be linked solely to desolvation.

Notably, the F583-F643 aromatic crevice of HDAC6 preferentially accommodates planar
olefins, and this crevice does not accommodate the chair-conformation cyclohexyl
hydroxamate 3 as readily. This inhibitor exhibits the lowest inhibitory potency, affinity, and
HDACS selectivity among the compounds studied (Figure 4). Thus, hydroxamate inhibitor
designs using core cyclohexenyl hydroxamate 2 would represent an ideal starting point for
the design of HDACS inhibitors with high affinity and selectivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Generalized description of an HDAC inhibitor. A hydroxamate moiety is often utilized as a

zinc-binding group and can coordinate to the catalytic Zn2* ion with bidentate or
monodentate geometry. Based on the 70:30 mixture of bidentate:monodentate coordination
modes observed for trichostatin A, the monodentate coordination mode is only 0.5 kcal/mol
less stable than the bidentate coordination mode.** Parenthetically, an alternative
monodentate hydroxamate-Zn2* coordination mode is possible through the ionized NH
group, as observed for hydroxamate binding to human carbonic anhydrase 11;5% however,
this binding mode has not been observed for hydroxamate binding to HDACs.
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Figure 2.
Stereoviews of Polder omit maps (green) contoured at 4.0c for inhibitors 1 (a), 2 (b) 3 (c),

and 4 (d) bound to HDAC6. Atoms are color-coded as follows: C = orange (inhibitor) or
light blue (HDACS), N = blue, O = red, Zn2* = gray sphere. Metal coordination and
hydrogen bond interactions are indicated by solid and dashed black lines, respectively.
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Figure 3.
Chemical structure of HPB and stereoview of the superposition of the experimentally

determined structure of the HDAC6-HPB complex (PDB 5WGK; blue) with a model of
HPB in the same conformation with its phenylhydroxamate moiety superimposed with that
observed in the HDAC6-1 complex. Phenylhydroxamate 1 is shown in yellow while the
modeled HPB cap is shown in orange.
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cap
HN\KO
\
linker
Zn-binding O)\NH o)\NH O)\NH o)\NH o)\NH O)\NH O)\NH
group | | | | | |
OH OH OH OH OH OH OH
1 2 3 4 SAHA Ricolinostat HPB
HDACB IC,/K, (nM) | 1900/3000 | 430/940 | 370074900 | 1090/2300 | 102071140 | 1007400 376/ 600
HDACE ICoo/Kq (nM) | 115/ 144 1213 380/ 410 30/25 2/15 4.7/150 25/3
Selectivity (ICs/Ky) 17721 36/313 10712 36/92 510/76 21/2.7 15/ 200

Figure 4.

ICgq values compared with Ky values derived from ITC measurements for “capless”
HDACS6-selective inhibitors 1-4 and “capped” inhibitors SAHA, Ricolinostat, and HPB.
ICsq values are abstracted from ref. 46 (1-4), ref. 64 (SAHA), ref. 62 (Ricolinostat), and ref.
44 (HPB). K data derive from isothermal titration calorimetry.
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Figure 5.

Thermodynamic values derived from ITC measurements for the binding of inhibitors 1-4,
SAHA, Ricolinostat (R’stat), and HPB to HDAC6 CD2 (left) and HDACS (right).
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Table 1

Data collection and refinement statistics for HDAC6-inhibitor complexes

Inhibitor 1 2 3 4
Unit Cell
Space group P212,2, P2,212, P2,2,2, P2,2,2,
abc) 748,919,964  74.7,91.8,96.5  74.7,91.8,96.5 74.8,92.0,96.6
a, By () 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
Data Collection
Wavelength (A) 0.97946 0.97946 0.97946 0.97933
Resolution (A) 48.2-1.62 59.08 — 1.24 96.60 — 2.03 96.64-1.70
Total/unique no. of reflections 528011/84908 1156727 /188513 271026 /43532 507763 /74006
Rmerge™ 0.189 (0.816) 0.101 (0.593) 0.228 (0.538) 0.224 (1.558)
Rpim &€ 0.082 (0.346) 0.044 (0.257) 0.099 (0.229) 0.91 (0.670)
Ccma,d 0.969 (0.682) 0.997 (0.871) 0.988 (0.850) 0.991 (0.605)
la(1)@ 6.7 (2.2) 10.0 (3.0) 6.3 (3.6) 8.6 (3.4)
Redundancy?@ 6.2 6.1(6.2) 6.2 (6.4) 6.9 (6.3)
Completeness (%)@ 99.5(99.7) 99.7 (99.9) 99.8 (100) 100 (100)
Refinement

No. of reflections used in refinement/test set 84783 (8378) 188358 (18683) 43445 (4284) 73824 (7278)
Ruorc®€ 0.170 (0.262) 0.127 (0.177) 0.176 (0.221) 0.169 (0.220)
Reree € 0.219 (0.338) 0.153 (0.219) 0.223 (0.266) 0.194 (0.256)
No. of nonhydrogen atoms:

protein 5721 5838 5563 5689

ligand 74 125 26 60

solvent 764 935 648 654
Average B-factors (A2)

protein 11 10 10 10

ligand 17 20 7 19

solvent 23 24 17 23
Root-mean-square deviation from ideal geometry

bonds (A) 0.006 0.008 0.003 0.003

angles (°) 0.8 1.0 0.6 0.7
Ramachandran plot (%)

favored 97.75 97.61 97.60 97.61

allowed 2.25 2.39 2.40 2.39
PDB accession code 6CSR 6CSP 6CSQ 6CSS

aVaIues in parentheses refer to the data from the highest resolution shell.
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meerge = ZhkE ikt = 1) BKAEHKIE iV hkd, where (1) gk is the average intensity calculated for reflection /7 from replicate measurements.

cRp_i_m_z (2/7/(/(1/(N-1))1/2 S0V hkd = {0 hk)E pKEE Vi, ke, where 1) pkfis the average intensity calculated for reflection //from replicate
measurements and N is the number of reflections

a . -
Pearson correlation coefficient between random half-datasets.

e . . . .
Rwork = Z||Fol = |Fcll/Z|Fol for reflections contained in the working set. |[Fo| and |F¢| are the observed and calculated structure factor amplitudes,
respectively. Rfree is calculated using the same expression for reflections contained in the test set held aside during refinement.

fCaIcuIated with PROCHECK.
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Interatomic separations for selected HDAC6-inhibitor interactions (A)

Inhibitor 1 2 3 4
C=0---Zn%* 24 | 22 )22 | 24
N-O~---Zn?* 20120 | 21120
N---N(H574) 27| 26| 28] 26
O—-N(H573) | 28 |27 | 26| 26
C=0---O(Y745) | 24 | 26 | 25 | 24
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