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Abstract

Histone deacetylase 6 (HDACSG) is emerging as a target for inhibition in therapeutic
strategies aimed at treating cancer, neurodegenerative disease, and other disorders. Among the
metal-dependent HDAC isozymes, HDACEG is unique in that it contains two catalytic domains,
CD1 and CD2. CD2 is a tubulin deacetylase and a tau deacetylase, and the development of
HDACG-selective inhibitors has focused exclusively on this domain. In contrast, there is a dearth
of structural and functional information regarding CD1, which exhibits much narrower substrate
specificity in comparison with CD2. As the first step in addressing the CD1 information gap, we
now present X-ray crystal structures of seven inhibitor complexes with wild-type, Y363F, and
K330L HDACG6 CD1. These structures broaden our understanding of molecular features
important for catalysis and inhibitor binding. The active site of HDAC6 CD1 is wider than that of
CD2, which is unexpected in view of the narrow substrate specificity of CD1. Amino acid
substitutions between HDAC6 CD1 and CD2, as well as conformational differences in
conserved residues, define striking differences in active site contours. Catalytic activity
measurements with HDAC6 CD1 confirm the preference for peptide substrates containing C-
terminal acetyllysine residues. However, these measurements also show that CD1 exhibits
weak activity for peptide substrates bearing certain small amino acids on the carboxyl side of
the scissile acetyllysine residue. Taken together, these results establish a foundation for
understanding the structural basis of HDAC6 CD1 catalysis and inhibition, pointing to possible

avenues for the development of HDAC6 CD1-selective inhibitors.
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INTRODUCTION

The metal-dependent histone deacetylases (HDACSs) serve critical roles in the regulation
of protein function by catalyzing the hydrolysis of acetyllysine side chains to generate lysine and
acetate.’ Lysine acetylation-deacetylation cycles are implicated in a wide variety of biological
processes such as metabolism,>¢ cell signaling,” and epigenetics,®° so the facile deacetylation
of acetyllysine is critically important in the chemistry of the cell. Notably, the disruption of
balanced acetylation-deacetylation cycles is associated with certain pathologies, such as cancer
and neurodegenerative disease.'®'" The development and use of HDAC inhibitors to modulate
acetylation-deacetylation cycles has been a validated therapeutic strategy'®-'# ever since the
approval of suberoylanilide hydroxamic acid (SAHA, formulated as Vorinostat) for the treatment

of cutaneous T-cell lymphoma in 2006.15-17

Consisting of a single polypeptide chain of 1215 amino acids, human histone
deacetylase 6 (HDACG; Uniprot QOQUBNY7) is the largest member of the metal-dependent HDAC
family.'®1® HDACS is unique among the greater HDAC family in that it contains two catalytic
domains, 92! designated CD1 and CD2, in addition to a ubiquitin binding domain.?? Residues
important for the chemistry of catalysis are conserved in both catalytic domains, including Zn?*
ligands, tandem histidine residues serving general base-general acid functions, and a tyrosine
residue that assists the Zn?* ion in polarizing the scissile carbonyl of acetyllysine for nucleophilic

attack by a Zn?*-bound solvent molecule.*23-25

While CD2 functions to catalyze the deacetylation of cytosolic protein substrates such as
a-tubulin?627 and Tau,?8-%0 the catalytic function of CD1 is more enigmatic. Initial studies
demonstrated that both CD1 and CD2 exhibited activity in the deacetylation of histone
substrates, but only CD2 exhibited tubulin deacetylase activity, suggesting alternate substrate
specificities for each catalytic domain.'®3! Additional studies suggested that both domains were

required for deacetylase activity,3? but only CD2 was catalytically active.3? Curiously, a more
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recent report suggested that CD1 is an E3 ubiquitin ligase,3* and an even more recent report
suggested that CD1 deacetylates the RNA helicase DDX3X.3> However, these measurements
were made in cell extracts and not purified enzymes, so the structural mechanistic bases of

these activities are not established.

Recombinant expression of protein constructs corresponding to individual CD1 and CD2
domains of human and zebrafish HDACG6 conclusively demonstrated that both catalytic domains
exhibit lysine deacetylase activity.3¢ However, the CD1 domain exhibits very narrow specificity
for peptide substrates containing a C-terminal acetyllysine residue. A free a-carboxylate group
appears to enable substrate binding in the CD1 active site due to the presence of a
“gatekeeper” residue, K330 (zebrafish HDAC6 CD1 numbering; Uniprot FBW4B7), that is unique
to HDAC6 CD1 orthologs. This residue appears as a leucine in other HDAC isozymes except for

HDACS, where it is a methionine, and HDAC10, where it is a glutamate.

The X-ray crystal structures of HDAC6 CD2 from Homo sapiens (human),3¢ and HDAC6
CD1 and CD2 from Danio rerio (zebrafish)36-3” were recently reported. Since then, numerous
crystal structures of HDAC6 CD2-inhibitor complexes have illuminated active site features
contributing to isozyme-selective inhibition.%-43 However, although more than 50 crystal
structures of HDAC6 CD2-inhibitor complexes have been reported to date, the structures of only
2 different HDAC6 CD1-inhibitor complexes are currently available.®¢3” Given the observed
structural differences between the active site clefts of HDAC6 CD1 and CD2,36:37 as well as the
conclusive determination of catalytic activity and narrow substrate specificity for HDAC6 CD1,36
an understanding of inhibitor binding determinants in the active site of this unusual domain is
needed to inform the design and evaluation of selective high-affinity inhibitors. In turn, such

inhibitors might be useful for probing the biological function of HDAC6 CD1.

To address this dearth of structural information, we now report seven new crystal

structures of HDAC6 CD1-inhibitor complexes. Inhibitor structures are illustrated in Figure 1.
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These structures include complexes formed with wild-type, K330L, or Y363F HDAC6 CD1
(Y363 is the catalytic tyrosine). Additionally, we report catalytic activity measurements of
HDAC6 CD1 with a series of acetyllysine-containing peptide substrates. While we previously
demonstrated that HDAC6 CD1 cannot readily tolerate alanine or proline residues following the
scissile acetyllysine residue,3¢ we show here that HDAC6 CD1 exhibits low catalytic activity with
substrates containing other small residues following the scissile acetyllysine. Even so, maximal

catalytic activity is observed only for substrates bearing a free a-carboxylate group.
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Figure 1. Inhibitors studied in complexes with HDAC6 CD1.

MATERIALS AND METHODS

Reagents. In general, all chemicals were purchased from Fisher Scientific, Millipore
Sigma, or Hampton Research and used without further purification. Trichostatin A was
purchased from Millipore Sigma. Resminostat and (S)-N-hydroxy-4-(3-methyl-2-
phenylbutanamido)-benzamide (AR-42) were purchased from Selleck Chemicals. Givinostat

was purchased from Tocris Bioscience.

Protein purification. HDAC6 CD1 from D. rerio (henceforth simply HDAC6 CD1) was

recombinantly expressed using a pET-28a(+) vector by Genscript. This construct utilizes a
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Ndel/BAMHI cloning site and contains kanamycin bacterial resistance. By nature of the pET-
28a(+) vector, a His tag is located at both the N-terminus and C-terminus with an N-terminal
thrombin cleavage site. This procedure differs from that initially reported by Hai and

Christianson.3¢

Protein was expressed using Escherichia coli One Shot BL21(DE3) cells (Invitrogen)
and grown in 2xYT medium in the presence of 50 ug/mL ampicillin. Cells were grown at 37° C
and 250 RPM in an Innova 40 incubator shaker until ODgqo reached approximately 0.80. The
temperature was then reduced to 18° C until ODgyq reached 1.0. At this point, cells were
supplemented with 400 uM isopropyl B-L-1-thiogalactopyranoside (IPTG; Gold Biotechnology)
and were grown for an additional 18 h at 250 RPM. Finally, cells were centrifuged for 20 min at
5,000 RPM using a Sorvall LYNX 6000 centrifuge and cell pellets were stored at -80° C until

further use.

The cell pellet was thawed and re-suspended in 100 mL of Buffer A [50 mM K,;HPO, (pH
8.0), 1 mM tris(2-carboxyethyl)phosphine (TCEP), 300 mM NaCl, 30 mM imidazole, 5%
glycerol]. Additionally, 2 protease inhibitor tablets, 0.1 mg/mL lysozyme, and 50 ug/mL DNAse
were added to the solution. The cells were then lysed by sonication. Cell lysate was centrifuged
for 1 h at 15,000 RPM using a Sorval LYNX 6000 centrifuge and then applied to a 5-mL pre-

equilibrated HisTrap HP column.

The His-tagged HDAC6 CD1 protein bound to the HisTrap HP column and was eluted
using Buffer B [50 mM K,HPO, (pH 8.0), 1 mM TCEP, 300 mM NaCl, 300 mM imidazole, 5%
glycerol]. The CD1-containing fractions were concentrated to 5 mL using a 15-mL centrifugal
filter unit with a molecular weight cut-off of 10 kDa. The protein was then filtered using a 0.22-
MM Millex-GV filter unit prior to being loaded onto a HiLoad Superdex 26/600 200 pg column.
The column was pre-equilibrated with 360 mL of Buffer C [50 mM 4-(2-hydroxyethyl)piperazine-

1-ethanesulfonic acid (HEPES) (pH 7.5), 100 mM KCI, 1 mM TCEP, 5% glycerol]. The 5-mL
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sample of CD1 was injected at a rate of 1 mL/min, and 5-mL fractions were collected. Pure CD1
protein was confirmed by SDS-PAGE, concentrated to approximately 10 mg/mL, and stored at -

80° C.

Catalytic activity measurements. To measure the rate of lysine deacetylation
catalyzed by CD1, a discontinuous liquid chromatography-mass spectrometry (LC-MS) assay
was implemented as previously established for HDACG6.3¢ Upon deacetylation of the
acetyllysine-containing peptide substrate by HDAC6 CD1 and incubation with dansyl chloride,
the liberated primary amino group of product lysine is dansylated and thereby enables detection

and quantification using LC-MS. No mass shift indicates no activity.

To briefly summarize the procedure, 5 yL of HDAC6 CD1 (final enzyme concentration =
1 UM) in assay buffer [20 mM HEPES (pH 7.5), 100 mM NacCl, 5 mM KCI, 1 mM MgCl,] was
combined with 35 uL of substrate solution (final substrate concentration = 1 mM). After 60 min
at 25°C, each reaction was quenched with 10 pL of NaHCO; (1.6 M, pH 10.0) and 40 uL dansyl
chloride (10 mM in acetonitrile). Each reaction mixture was allowed to equilibrate for 60 min at
50 °C, after which it was analyzed by LC-MS using a Waters SQD equipped with an Acquity
UPLC (Waters, Milford, MA, USA). Specific activities were calculated using a standard curve.

Assays were run in triplicate.

Crystallization. All HDAC6 CD1-inhibitor complexes were crystallized by the sitting-drop
vapor diffusion method using a Mosquito crystallization robot (TTP Labtech). Typically, a 100-nL
drop of protein solution [10 mg/mL HDAC6 CD1, 50 mM HEPES (pH 7.5), 100 mM KCI, 5%
glycerol (v/v), 1 mM TCEP, and 2 mM inhibitor] was added to a 100-nL drop of precipitant
solution and equilibrated against 80 pL of precipitant solution in the well reservoir. Prior to flash-
cooling, all crystals were soaked with 20% ethylene glycol for cryoprotection. All complexes

were crystallized at 4 °C. X-ray diffraction data were collected on Northeastern Collaborative
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Access Team (NE-CAT) beamlines 24-ID-C and 24-ID-E at the Advanced Photon Source

(APS).

For cocrystallization of the HDAC6 CD1-Trichostatin A complex, the precipitant solution
was 0.2 M ammonium tartrate dibasic (pH 7.0) and 20% PEG 3350. For cocrystallization of the
HDAC6 CD1-AR-42 complex, the precipitant solution was 0.2 M ammonium tartrate dibasic (pH
7.0) and 20% PEG 3350. For cocrystallization of the Y363F HDAC6 CD1-Trichostatin A
complex, the precipitant solution was 0.2 M sodium malonate (pH 7.0) and 20% PEG 3350. For
cocrystallization of the Y363F HDAC6 CD1-AR-42 complex, the precipitant solution was 0.2 M
sodium phosphate dibasic dihydride and 20% PEG 3350. For cocrystallization of the K330L
HDAC6 CD1-AR-42 complex, the precipitant solution was 0.2 M magnesium formate dihydrate
and 20% w/v PEG 3350. For cocrystallization of the K330L HDAC6 CD1-Resminostat complex,
the precipitant solution was 0.1 M ammonium citrate tribasic (pH 7.0) and 12% w/v PEG 3350.
For cocrystallization of the K330L HDAC6 CD1-Givinostat complex, the precipitant solution was

0.2 M magnesium formate dihydrate and 20% w/v PEG 3350.

Data reduction, phasing, and structure refinement. The CCP4 program suite** was
used for data reduction. Data were indexed using the CCP4 program iMosflm*> while Aimless*6
was utilized for data scaling. The initial electron density map of each enzyme-inhibitor complex
was phased by molecular replacement using the atomic coordinates of HDAC6 CD1 (PDB
5EEF)3¢ as a search probe with Phaser.#” The interactive graphics program Coot*® was used to
build and manipulate atomic models of each enzyme-inhibitor complex. Crystallographic
refinement was performed using Phenix.#® Final refined structures were validated using
MolProbity®° prior to deposition in the Protein Data Bank (www.rcsb.org). All data collection,

reduction, and refinement statistics are recorded in Table 1.
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Table 1. Data Collection and Refinement Statistics for HDAC6 CD1-Inhibitor Complexes?

HDAC6 CD1- HDAC6 CD1- Y363F HDAC6 Y363F HDAC6 K330L HDAC6 K330L HDAC6 K330L HDAC6
Trichostatin A AR-42 CD1- CD1-AR-42 CD1-AR-42 CD1- CD1-Givinostat
Data collection Trichostatin A Resminostat
space group P2, P22,24 P24 P22,24 P 22424 P22424 P 2,224
a,b,c (A) 53.0 124.2 55.5 54.7 61.0 121.6 52.8 124.4 55.6 54.560.5121.9 55.0 60.6 121.8 67.2102.6 112.9 55.160.4 122.1
o,B.y (°) 90.0 114.0 90.0 90.0 90.0 90.0 90.0 114.4 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0
Rmerge 0.064 (0.546) 0.140 (0.995) 0.076 (0.578) 0.052 (0.747) 0.075 (0.222) 0.145 (2.032) 0.094 (0.359)
Rpim® 0.041 (0.350) 0.062 (0.445) 0.048 (0.378) 0.022 (0.316) 0.032 (0.094) 0.062 (0.880) 0.040 (0.150)
CCy¢ 0. 997 (0.753) 0.986 (0.776) 0.995 (0.731) 1.000 (0.872) 0.996 (0.977) 0.997 (0.502) 0.995 (0.952)
Redundancy 4 (3.4) 6.0 (5.8) 3.5(3.1) 6.6 (6.5) 6.5 (6.6) 6.5 (6.2) 6.5 (6.7)
Completeness (%) 99 1(98.6) 99.7 (99.8) 94.5 (87.9) 99.9 (99.3) 100.0 (99.9) 99.8 (99.6) 99.7 (99.7)
llo 9.9 (2.0) 7.2(2.0) 10.1 (1.8) 19.2 (2.2) 15.2 (6.8) 9.8 (1.9) 12.4 (5.6)
Refinement
Resolution (A) 50.6-1.65 43.0-1.09 62.2-1.27 54.2-1.44 42.9-1.40 50.3-1.58 42.9-1.40
(1.70-1.65) (1.12-1.09) (1.31-1.27) (1.49-1.44) (1.44-1.40) (1.63-1.58) (1.45-1.40)
No. reflections 77846 (7694) 169488 (16796) 162601 (15378) 73857 (7242) 81863 (8131) 106860 (10560) 80865 (7985)
Ruwork/Riree® 0.187/0.222 0.183/0.190 0.182/0.196 0.174/0.196 0.166/0.184 0.184/0.208 0.152/0.169
(0.267/0.301) (0.275/0.282) (0.264/0.269) (0.258/0.271) (0.195/0.234) (0.252/0.286) (0.166/0.198)
No. atomsf
Protein 5466 2856 5536 2816 2843 5603 2880
Ligand 50 38 50 30 26 90 46
Solvent 193 415 563 266 384 497 432
Average B factors (A2)
Protein 25 13 17 20 15 19 13
Ligand 29 15 17 22 13 27 22
Solvent 28 25 27 30 27 29 27
R.m.s. deviations
Bond lengths (A) 0.006 0.004 0.005 0.005 0.004 0.006 0.004
Bond angles (°) 0.81 0.83 0.77 0.80 0.81 0.85 0.82
Ramachandran plot9
Favored 97.04 97.20 96.90 96.35 97.19 96.06 97.19
Allowed 2.96 2.80 3.10 3.65 2.81 3.80 2.81
Outliers 0.00 0.00 0.00 0.00 0.00 0.10 0.00

aValues in parentheses refer to the highest-resolution shell indicated. "Rmerge =

Crwa(VN-INY2 30 s =

reflection hkl from replicate measurements. °Ry; =

thIZi“hhkl - (I>th|/thlzi|i,hkh where (I)hkl is the average intensity calculated for

k)2 ria2 i linias Where () is the average intensity calculated for reflection hk/ from

replicate measurements and N is the number of reflections. 9Pearson correlation coefficient between random half-datasets. *Ryox = Y ||Fo| = |Fcll/Y|Fo| for
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reflections contained in the working set. |F,| and |F| are the observed and calculated structure factor amplitudes, respectively. R is calculated using the same
expression for reflections contained in the test set held aside during refinement. Per asymmetric unit. 9Calculated with MolProbity.
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RESULTS

Crystal structure determinations. The 1.65 A-resolution crystal structure of the
HDAC6 CD1-Trichostatin A complex reported herein crystallizes in monoclinic space group P2,
and is isomorphous with the previously reported crystal structure of this complex determined at
lower (2.15 A) resolution. There are no major conformation differences between these two
structures, and the root-mean-square deviation (rmsd) is 0.20 A for 306 Ca atoms in monomer
A. The simplified HDAC6 CD1 construct used in the current study represents a significant
improvement over previously reported constructs in terms of the 0.5 A-resolution improvement
in the diffraction quality of crystals compared with HDAC6 CD1 derived from the fusion prepared
with maltose binding protein.3¢ Additionally, the simplified construct does not undergo slow
proteolysis as observed for the CD1-CD2 didomain construct expressed in baculovirus-infected
Sf9 cells.3” The improved expression and purification scheme for HDAC6 CD1 consistently

yields large quantities of pure protein that is more amenable to crystallization experiments.

Inhibitor binding interactions are identical in the 1.65 A resolution structure and the 2.15

A resolution structure. Briefly, the catalytic Zn2* ion is chelated by the inhibitor hydroxamate
group with bidentate coordination geometry (Figure 2a). The Zn?*-bound hydroxamate C=0
group also accepts a hydrogen bond from Y363, while the Zn?*-bound hydroxamate N—O- group
accepts a hydrogen bond from H192. The hydroxamate NH group also donates a hydrogen
bond to H193. Interestingly, electron density corresponding to the side chain of gatekeeper
residue K330 is poor in the 1.65 A resolution structure, so the side chain of this residue is not
modeled beyond the CB atom. This contrasts with the 2.15 A resolution structure, in which the
amino group of the K330 side chain donates a hydrogen bond to the ketone carbonyl of the

inhibitor.

Differences in the binding conformation of Trichostatin A to HDAC6 CD1 and CD2 have

been noted previously in the first structure determinations of HDAC6,3%%37 and these differences
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are maintained in view of the 1.65 A-resolution structure of the HDAC6 CD1-Trichostatin A
complex reported herein and the 1.05 A-resolution structure of the HDAC6 CD2-Trichostatin A
complex recently reported by Porter and colleagues (PDB 5WGI) (Figure 2b).38 Differences in
the protein structure are largely confined to W78, the side chain of which moves toward the
bound inhibitor in the HDAC6 CD1 complex. Differences in inhibitor binding are manifest in a ~4

A-shift of the dimethyaminophenyl capping group toward W78.

Figure 2. (a) Polder omit maps of the HDAC6 CD1-Trichostatin A complex (PDB 6UO2; monomer B,
inhibitor contoured at 5.5 o; K330 is contoured at 3.5 o). Atoms are color-coded as follows: C = light blue
(monomer B), light gray (monomer A), or wheat (inhibitor), N = blue, O = red, and Zn?* = gray sphere.
Metal coordination and hydrogen bond interactions are indicated by solid and dashed black lines,
respectively. (b) Superposition of the HDAC6 CD1-Trichostatin A complex (monomer B, color-coded as
in (a)) and the HDAC6 CD2-Trichostatin A complex (PDB 5WGI; monomer A, C = light gray (protein) or
dark gray (inhibitor). W78 of CD1 is conserved as W459 in CD2, and this residue adopts alternate
conformations in CD1 (“in”) and CD2 (“out”). The “out” conformation of W459 at the mouth of the HDACG6
CD2 active site enables the binding of polyethylene glycol fragment PEG-821.

1
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The 1.09 A-resolution crystal structure of the HDAC6 CD1-AR-42 complex is the highest
resolution structure of HDAC6 CD1 determined to date and exemplifies the high quality crystals
that can be prepared with the simplified protein construct developed for the current study. This
complex crystallizes in previously unobserved orthorhombic space group P2,2:2, with one
monomer in the asymmetric unit. The hydroxamate moiety of the inhibitor chelates the catalytic
Zn2* ion nearly symmetrically (Zn2*---O1 distance = 2.1 A and Zn?*---O2 distance = 2.2 A)
(Figure 3). The Zn?*-bound hydroxamate C=0 group additionally accepts a hydrogen bond from
Y363, and the Zn?*-bound hydroxamate N—O- group accepts a hydrogen bond from H192; the

hydroxamate NH group donates a hydrogen bond to H193.

Figure 3. Polder omit map of the HDAC6 CD1-AR-42 complex (PDB 6UQO3; inhibitor contoured at 5.0 o;
K330 contoured at 2.5 g). Atoms are color-coded as follows: C = light blue (monomer A), light gray
(symmetry mate), or wheat (inhibitor), N = blue, O = red, Zn?* = gray sphere, and water molecules =
smaller red spheres. Metal coordination and hydrogen bond interactions are indicated by solid and
dashed black lines, respectively.

The amide carbonyl oxygen in the capping group of AR-42 accepts a hydrogen bond
from the side chain of S150. Interestingly, the corresponding residue also appears in HDACG6
CD2 as S531, where it accepts a hydrogen bond from the backbone NH group of the scissile
acetyllysine residue of the substrate.3¢ These serine residues are unique to the active sites of
HDACG6 CD1 and CD2 in comparison with other HDAC isozymes. Notably, HDAC6 CD2-
selective inhibitors form hydrogen bonds with S531,36:38.404243 g0 S150 may similarly serve as a

target in the design of HDAC6 CD1-selective inhibitors.
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The amide carbonyl group of AR-42 forms two water-mediated hydrogen bonds in the
active site of HDAC6 CD1: one with the side chain amino group of K330 and another to the
imidazole Ne-H group of Zn?* ligand H232. Water-mediated hydrogen bonds with corresponding
Zn?* ligand H614 of HDAC6 CD2 are similarly observed in the binding of certain inhibitors to this
catalytic domain.36:3840 The phenyl capping group of the inhibitor is oriented toward H82 and
P83, while the isopropyl group is oriented towards solvent. Notably, the benzyl group of AR-42
is nestled in the aromatic crevice formed by W261 and F202 where it makes favorable offset 11-
T interactions. This aromatic crevice contrasts with that of the CD2 domain, where it is defined

by two phenylalanine residues (F583 and F643).3940

The 1.27 A-resolution crystal structure of the Y363F HDAC6 CD1-Trichostatin A
complex contains two monomers in the asymmetric unit (Figure 4a). Crystals form in monoclinic
space group P2, and are isomorphous with crystals of the wild-type enzyme-inhibitor complex.
The amino acid substitution does not cause any significant structural rearrangements, and the
rmsd of 300 Ca atoms between the wild-type and Y363F HDAC6 CD1 structures is 0.16 A. The
phenolic hydroxyl group of Y363 is important for catalysis and inhibitor binding in metal-
dependent deacetylases. However, absent a hydrogen bond interaction with Y363 in the Y363F
variant, it is notable that inhibitor binding is otherwise generally identical to that observed in the

active site of the wild-type enzyme (Figure 4b).

Even so, some structural differences are observed for certain active site residues. Most
prominent is the 66° rotation of F363 compared with Y363 in the wild-type enzyme-inhibitor
complex, suggesting flexibility for this residue (Figure 4b). A water molecule fills the void created
by the conformational change of F363. This water molecule accepts a hydrogen bond from the
backbone NH group of G362 and donates a hydrogen bond to the hydroxamate C=0 group of

Trichostatin A. Additionally, K330 is characterized by well-defined electron density, but it does

1
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not form a hydrogen bond with the inhibitor. The dimethylamino moiety of the capping group

also forms a water-mediated hydrogen bond with H82.

oNOYTULT D WN =

36 Figure 4. (a) Polder omit map of the Y363F HDAC6 CD1-Trichostatin A complex (PDB 6UO4; monomer

37 A, contoured at 4.5 o0; F363 contoured at 4.5 o). Atoms are color-coded as follows: C = light blue

38 (monomer A), light gray (monomer B), or wheat (inhibitor), N = blue, O = red, Zn2?* = gray sphere, and

39 water molecules = smaller red spheres. Metal coordination and hydrogen bond interactions are indicated

40 by solid and dashed black lines, respectively. (b) Superposition of the Y363F HDAC6 CD1-Trichostatin A
41 complex (color-coded as in (a)) with the wild-type HDAC6 CD1-Trichostatin A complex (C = light gray

42 (protein) or dark gray (inhibitor); PDB 6U0O2). The inhibitor binding conformation is essentially identical in

43 both structures and is not affected by the amino acid substitution.

46 The 1.44 A-resolution crystal structure of the Y363F HDAC6 CD1-AR-42 complex
48 contains one monomer in the asymmetric unit. Crystals form in orthorhombic space group
50 P2,2,2, and are isomorphous with crystals of the wild-type enzyme-inhibitor complex. The
52 amino acid substitution does not cause any significant structural rearrangements, and the rmsd

>4 of 313 Ca atoms between the wild-type and Y363F HDAC6 CD1 structures is 0.15 A.
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Intriguingly, however, hydroxamate-Zn?* coordination geometry is monodentate, with metal
coordination achieved only by the hydroxamate N-O- group (Figure 5). A Zn?*-bound water
molecule additionally forms a hydrogen bond with the carbonyl group of the hydroxamate
moiety. This contrasts with bidentate hydroxamate-Zn?* coordination geometry in the wild-type
enzyme-inhibitor complex (Figure 3). Possibly, the loss of the hydrogen bond between Y363
and the hydroxamate carbonyl group in the Y363F mutant influences the denticity of
hydroxamate-Zn?* coordination. A hydrogen bond with the phenolic hydroxyl group of Y363
orients and activates the scissile carbonyl of acetyllysine for catalysis,?3-?° so it is conceivable
that a hydrogen bond with Y363 also helps to orient the hydroxamate carbonyl of certain

inhibitors.

H263

Figure 5. Polder omit map of the Y363F HDAC6 CD1-AR-42 complex (PDB 6UQO5; contoured at 6.0 o;
F363 is contoured at 3.0 o). Atoms are color-coded as follows: C = light blue (monomer A), light gray
(symmetry mate), or wheat (inhibitor), N = blue, O = red, Zn?* = gray sphere, and water molecules =
smaller red spheres. Metal coordination and hydrogen bond interactions are indicated by solid and
dashed black lines, respectively.

The side chain of F363 is rotated by 70° compared with Y363 in the wild-type enzyme-
inhibitor complex (Figure 5). A water molecule occupies the resulting void, and this water
molecule accepts a hydrogen bond from the backbone NH group of G362 and donates a
hydrogen bond to the Zn?*-bound hydroxamate N-O- group. Additionally, the side chain of S150

adopts two alternative conformations, each of which is within hydrogen bonding distance to the
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amide NH group of AR-42. Since K330 is unique to HDAC6 CD1 among all metal-dependent
HDAC isozymes, hydrogen bond interactions with this residue — either direct or water-mediated
— could be targeted in the development of HDAC6 CD1-specific inhibitors. As observed in the
enzyme-inhibitor complex with the wild-type enzyme, the benzyl group of AR-42 is nestled in the

aromatic crevice formed by W261 and F202 where it makes favorable offset -1 interactions.

The 1.40 A-resolution crystal structure of the K330L HDAC6 CD1-AR-42 complex
contains one monomer in the asymmetric unit. Crystals form in orthorhombic space group
P2,2:2, and are isomorphous with crystals of the wild-type enzyme-inhibitor complex. The
amino acid substitution does not cause any significant structural rearrangements, and the rmsd
of 334 Ca atoms between the wild-type and K330L HDAC6 CD1 structures is 0.08 A. The
K330L substitution makes the active site more like that of HDAC6 CD2, and this substitution
confers more relaxed substrate specificity.*® Notably, K330L is located in the vicinity of the L1

pocket, where in HDAC6 CD2 the majority of inhibitor capping groups bind.36.38-43

The K330L substitution does not perturb the inhibitor binding conformation (Figure 6).
Bidentate hydroxamate-Zn?* coordination geometry is retained, and the inhibitor capping group
moiety binds in the same pocket as observed in complexes with wild-type and Y363F HDACG6
CD1 complexes. Therefore, although L330 is not the naturally occurring residue in the active
site of HDACG6 CD1, its substitution does not perturb inhibitor binding conformations. However,
its substitution enables cocrystallization of HDAC6 CD1 with additional inhibitors that do not

behave similarly well in cocrystallization experiments with wild-type HDAC6 CD1.

The 1.58 A-resolution crystal structure of the K330L HDAC6 CD1-Resminostat complex
contains two monomers in the asymmetric unit of a second, new orthorhombic space group.
Electron density for a single conformation L330 is well defined in both monomers (Figure 7). As
observed in most of the structures of enzyme-inhibitor complexes described herein, the ionized

hydroxamate moiety coordinates to Zn?* in bidentate fashion.
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Figure 6. (a) Polder omit map of the K330L HDAC6 CD1-AR-42 complex (PDB 6UQ7; contoured at 6.0
0; L330 is contoured at 3.0 o). Atoms are color-coded as follows: C = light blue (monomer A), light gray
(symmetry mate), or wheat (inhibitor), N = blue, O = red, Zn?* = gray sphere, and water molecules =
smaller red spheres. Metal coordination and hydrogen bond interactions are indicated by solid and
dashed black lines, respectively. (b) Superposition of the K330L HDAC6 CD1-AR-42 complex (color-
coded as in (a)) with the wild-type HDAC6 CD1-AR-42 complex (C = light gray (protein) or dark gray
(inhibitor); PDB 6UO3). The inhibitor binding conformation is essentially identical in both structures and is
not affected by the amino acid substitution.
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45 Figure 7. (a) Polder omit map of the K330L HDAC6 CD1-Resminostat complex (PDB 6UOB; monomer
46 A, contoured at 3.5 g). L330 is contoured at 3.5 0. Atoms are color-coded as follows: C = light blue

47 (monomer A), light gray (monomer B), or wheat (inhibitor), N = blue, O = red, S = yellow, Zn?* =gray
sphere, and water molecules = smaller red spheres. Metal coordination and hydrogen bond interactions
are indicated by solid and dashed black lines, respectively. (b) Polder omit map of the K330L HDACG6
49 CD1-Resminostat complex (PDB 6UOB; monomer B, contoured at 5.0 ). L330 is contoured at 3.5 .
50 Atoms are color-coded as follows: C = light blue (monomer B), light gray (symmetry mate), or wheat

51 (inhibitor), N = blue, O = red, S = yellow, Zn?* =gray sphere, and water molecules = smaller red spheres.
52 Metal coordination and hydrogen bond interactions are indicated by solid and dashed black lines,

53 respectively. (¢) Superposition of the K330L HDAC6 CD1-Resminostat complex (monomer B, color-

54 coded as in (a)) and the wild-type HDAC6 CD2—-Resminostat complex (monomer B, C = light gray
(protein) or dark gray (inhibitor), I- = large sand-colored spheres; PDB 6PZR). The inhibitor capping group
binds in alternate locations in each active site. The inhibitor binding conformation in the HDAC6 CD2

56 active site appears to be influenced by the binding of two iodide ions.
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There is slight variation of enzyme-inhibitor interactions between monomers. The
dimethylamino capping moiety is oriented toward F202 in both monomers. In monomer A, the
dimethylamino group exhibits two alternative conformations separated by a 53° rotation. The
sulfonyl group forms water-mediated hydrogen bonds with the backbone carbonyl of symmetry
mate residue S259 in addition to forming water-mediated hydrogen bonds with D149, S150, and
W261. In monomer B, the dimethylamino group exhibits only one conformation with a water-
mediated hydrogen bond to D79. The sulfonyl group forms water-mediated hydrogen bonds to
symmetry mate residue S259 in addition to forming water-mediated hydrogen bonds to D149,

S150, H232, W261, and the backbone carbonyl of L330.

It is interesting to compare the binding conformation of Resminostat to HDAC6 CD2
(PDB 6PZR) and K330L HDACG6 CD1. Superposition of the two structures shows that the
inhibitor capping group occupies alternate locations in each structure (Figure 7c). Two iodide
ions accompany inhibitor binding to HDAC6 CD2 and appear to influence the binding

conformation of the capping group.

The 1.40 A-resolution crystal structure of the K330L HDAC6 CD1-Givinostat complex
contains one monomer in the asymmetric unit. Givinostat is the bulkiest inhibitor cocrystallized
with HDACG6 CD1 to date and makes extensive interactions in the active site. The hydroxamate
moiety coordinates to the catalytic Zn?* ion in characteristic bidentate fashion, and the aromatic
ring of the phenylhydroxamate moiety nestles in the aromatic cleft defined by W261 and F202
(Figure 8). While the diethylamino capping moiety is slightly disordered based on weak or
broken electron density, the diethylamino group clearly donates a hydrogen bond with symmetry
mate residue E97. Additional hydrogen bond interactions are observed between the inhibitor
amide and S150 as well as a water-mediated hydrogen bond between the inhibitor amide and

Zn?* ligand H232.

2
ACS Paragon Plus Environment



Page 21 of 38

oNOYTULT D WN =

Biochemistry

Figure 8. Polder omit map of the K330L HDAC6 CD1-Givinostat complex (PDB 6UOC; monomer A,
contoured at 3.0 o; L330 contoured at 3.0 o). Atoms are color-coded as follows: C = light blue (monomer
A), light gray (symmetry mate), or wheat (inhibitor), N = blue, O = red, Zn?* = gray sphere, and water
molecules = smaller red spheres. Metal coordination and hydrogen bond interactions are indicated by
solid and dashed black lines, respectively.

Catalytic activity measurements. It has previously been demonstrated?® that zebrafish
HDAC6 CD1 and human HDACG6 CD1 exhibit optimal catalytic activity with substrates
containing C-terminal acetyllysine residues such as Ac-GAKx.-CO,~. The measurement of
steady-state kinetics with this substrate yields catalytic efficiencies (k../Ky) of 8600 M-'s"' and
1500 M-'s! with zebrafish HDAC6 CD1 and human HDAC6 CD1, respectively. In comparison,
using the corresponding amidated substrate Ac-GAK,.-CONH,, catalytic efficiency with
zebrafish HDAC6 CD1 is reduced to 600 M-'s™", and activity with human HDAC6 CD1 is reduced
below measurable levels. Of note, the zebrafish enzyme exhibits much weaker catalytic activity
with chromophoric substrates containing a C-terminal aminomethylcoumarin (AMC) moiety,
such as Ac-RGKa-AMC; no catalytic activity is observed by the human enzyme with these
substrates. This narrow substrate specificity is attributed to steric effects resulting from K330 in

the HDAC6 CD1 active site.3¢

Here, based on specific activity measurements using the C-terminal acetyllysine
substrates Ac-GAKA.-CO,~ and Ac-AKA.-CO,~, we confirm as a positive control the narrow

substrate specificity for maximal zebrafish HDAC6 CD1 activity. However, we also report weak
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catalytic activity against substrates containing amino acid residues on the carboxyl side of the
scissile acetyllysine residue (Table 2; due to weak specific activity measured for most
substrates, we did not perform full steady-state kinetic analyses). Smaller residues, such as
glycine or cysteine, but also including isoleucine, can be accommodated at this position in
HDACG6 CD1 substrates. Even so, the observed catalytic activity against the best of these

alternate substrates is at least 2—5-fold lower than that observed with Ac-AK,. and Ac-GAK ..

Peptides Ac-Ka.CGS-NH, and Ac-Kx.IGS-NH; derive from the HDACG6 substrate tau.28-30
The KXGS motifs are located within the microtubule-binding domain of tau and are important for
microtubule stabilization.5" While HDAC6 CD2 exhibits activity against these tau-derived
substrates, it is interesting to note that HDAC6 CD1 exhibits comparable or better activity (Table
2). While speculative, perhaps HDACG6 has two functional catalytic domains to enable
simultaneous hydrolysis reactions with two different acetyllysine containing substrates, such as
tau and the a-domain of tubulin in the microtubule. It is unknown whether substrate binding and
catalysis in one catalytic domain might influence substrate binding and catalysis in the other
domain through some sort of allosteric effect. Although tau is thought to bind on the exterior of
the microtubule,? some evidence suggests that it can also bind in the lumen of the

microtubule,>® where HDAC6 CD2 functions to deacetylate K40 of a-tubulin.37-54
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1

2

3

4

Z Table 2. Catalytic activity of HDAC6 CD1 and CD2 with selected peptide substrates
7

8

9

10 Catalytic Domain Substrate Specific Activity

11 (nmol product nmol' enzyme
12 min-')

13 CD1 Ac-GAK,¢ 62 + 5

14 CD2 Ac-GAKj¢ 11.0 £ 0.5

15

16 CD1 Ac-AKxc 55 + 4

1273 CD2 Ac-AKp, 20.0 + 0.2

1

19 CD1 Ac-Ka.CGS-NH, 25 + 2

;‘1) CD2 Ac-KrCGS-NH, 8.0 + 0.1

22 CD1 Ac-KalGS-NH, 17 £ 1

;i CD2 Ac-Kacl GS-NH; 16.0 + 0.8

25 CD1 Ac-RGKA.G-NH, 12 + 1

26

27 CD1 Ac-GKGK:GS-NH; 12 £ 5

28 CD1 Ac-GKA.GKGS-NH, 8 + 1

29

30 CD1 Ac-GKGK,GS 5+ 04

g; CD1 Ac-GKa.GKGS 2+02

33 CD1 Ac-LVKaG 7+04

gg CD1 Ac-LVKA.GI-NH, 1.00 £ 0.02

36 CD1 Ac-ELVKAGIL-NH, 1.00 £ 0.07

i CD1 Ac-QPKKn. 6 + 1

39 CD1 Ac-TKacP 1.00 + 0.07

40

41 CD1 Ac-KaKIET-NH, 1.0 £ 0.1

42 CD1 Ac-Ka.PVD-NH, 1.00 + 0.01

43

44 All measurements represent mean * average of absolute deviations from the mean in a given set of data.
45 Ac-AKx. and Ac-GAK, served as positive controls (K,. = acetyllysine). All measurements were run in
46 triplicate at 25° C.

47

48 . . . . . .
49 Peptide Ac-RGKa.G-NH, derives from cytoplasmic dynein 1 heavy chain 1.55% Given
50

51 that the linker between CD1 and CD2 in full-length human HDACG6 contains a dynein motor
52

53 protein binding segment,'®1® we were curious to see if HDAC6 CD1 might exhibit catalytic
54

55

56

57

58

59
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activity against the dynein-based peptide or other peptides containing a —Kx.G— segment.

However, HDAC6 CD1 exhibits lower activity against these substrates.
DISCUSSION

HDACG is unique among all metal-dependent HDAC isozymes in that it contains two
fully functional catalytic domains CD1 and CD2, and these catalytic domains exhibit striking
differences in substrate specificity and inhibitor binding. While HDAC6 CD2 is the most-studied
of the two, given its identification as a tubulin deacetylase?®?” and as a tau deacetylase,?®-3 the
biological function of HDAC6 CD1 has remained enigmatic. We expect that in-depth structural
characterization of HDAC6 CD1 will further illuminate structure-function relationships that, in
turn, will inform the design and development of selective inhibitors. As the first step toward this
goal, we have presented an array of seven HDAC6 CD1—inhibitor complexes to facilitate the
study of affinity interactions in the active site of HDAC6 CD1. While these inhibitors are “pan-
HDAC” inhibitors, i.e., they are not particularly selective for the inhibition of HDACG6 over other
HDAC isozymes, structural analyses of their complexes with HDAC6 nonetheless yield valuable
information regarding potential interactions that could be targeted in the design of second-

generation inhibitors with improved properties of affinity and selectivity.

The Zn?* binding site and catalytic residues are identical in HDAC6 CD1 and CD2, so
the chemical mechanism of amide bond hydrolysis must be identical in both catalytic domains:
the Zn?* ion and the catalytic tyrosine residue polarize the scissile carbonyl of acetyllysine for
nucleophilic attack by a Zn?*-bound water molecule, assisted by tandem histidine residues that
serve general base-general acid functions.?3-?> However, there are nearby structural differences,
including the aromatic crevice that accommodates the linker moiety of most inhibitors. In
HDACG6 CD2, this crevice is formed by F583 and F643, whereas in HDAC6 CD1 this crevice is

formed by F202 and W261. Since aromatic linkers of inhibitors bind in this crevice and make
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favorable offset -1 interactions, the slightly larger aromatic crevice of HDAC6 CD1 may be

capable of accommodating modified aromatic substituents.

On the opposite side of the aromatic crevice in the active site of HDAC6 CD1 is K330,
which confers specificity for acetyllysine substrates bearing a free a-carboxylate group.® It is
thought that the additional steric bulk of this residue, in comparison with the leucine residue at
this position in HDACG6 CD2, accounts for differences in the binding conformations of
Trichostatin A to each catalytic domain (Figure 2b).36:37 While the side chain of K330 is mainly
disordered in this complex (Figure 2a), its steric influence must nevertheless contribute to the
shift in the capping group of Trichostatin A. This shift is further accommodated by the

conformational difference observed for W78 in HDAC6 CD1 compared to HDAC6 CD2.

Direct comparison of the active site contours of HDAC6 CD1 and CD2 reveals notable
differences that could impact inhibitor binding. For example, D149, H263, and W261 in HDACG6
CD1 appear as N530, N645, and F643 in HDAC6 CD2 (Figure 7c). An additional amino acid
substitution includes K330 in HDAC6 CD1, which appears as L712 in HDAC6 CD2 (Figure 9). It
is striking, too, that conformational differences in conserved residue W78/W459 also contribute
to differences in the active site contours. Overall, the active site cleft of HDAC6 CD1 is wider
than that of HDAC6 CD2, which contrasts with the narrow substrate specificity exhibited by
HDAC6 CD1. Since the K330L substitution relaxes this narrow substrate specificity,3¢ K330
must play an important role in substrate binding; similarly, it could play an important role in

inhibitor binding and selectivity.

With regard to inhibitor binding conformations in the active sites of wild-type and mutant
HDACG6 CD1 enzymes, it is important to note similar binding conformations regardless of
whether K330 is substituted with leucine (Figure 6b) or whether catalytic tyrosine Y363 is
substituted with phenylalanine (Figure 4b). Since we were unable to prepare crystalline

complexes of wild-type HDAC6 CD1 with all inhibitors described in this work, it is reassuring that
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inhibitor cocrystallization studies with Y363F and K330L HDAC6 CD1 are likely to yield

structures of complexes that are quite similar to those involving the wild-type enzyme.

The specific activity measurements recorded in Table 2 confirm the narrow substrate
specificity of zebrafish HDAC6 CD1, which exhibits maximal catalytic activity with acetyllysine
substrates bearing a free a-carboxylate group.3® However, weaker catalytic activity is also
observed for HDAC6 CD1 with substrates containing internal acetyllysine residues, such as Ac-
KacCGS-NH,, which derives from the tau protein. The specific activity of HDAC6 CD1 with this tau-based
substrate is only three-fold weaker than that measured with the best substrate, Ac-GAKx.. Therefore, it is
clear that zebrafish HDAC6 CD1 can accommodate substrates in which the scissile acetyllysine residue is
flanked by smaller amino acids. This is consistent with the identification of human HDAC6 CD1 substrates
containing internal acetyllysine residues using acetylome peptide microarrays in an elegant study
reported by Barinka and colleagues.5” Even so, our previously reported studies with a human HDAC6
CD1-CD2 di-domain construct (with the CD2 domain inactivated by mutagenesis) indicate stricter
substrate specificity for C-terminal acetyllysine residues compared with zebrafish HDAC6 CD1.3¢ Since
Barinka and colleagues used full-length human HDACS in their studies,5” activity differences may result
from the use of full-length human HDACG versus the truncated CD1-CD2 di-domain construct in enzyme

assays.

Figure 9. (a) Molecular surface of HDAC6 CD1 (light blue). (b) Molecular surface of HDAC6 CD2 (light
gray). Residues K330 and L712 differ between the catalytic domains, giving rise to different contours at
the mouth of the active site.
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CONCLUDING REMARKS

While the precise biological function of HDAC6 CD1 remains unknown, the current study
confirms our previous work3® showing that catalytic activity exhibits very narrow substrate
specificity, with maximal catalytic activity observed for acetyllysine substrates bearing a free a-
carboxylate group. Modification of the a-carboxylate group by amidation, or peptide bond
formation with an additional amino acid, compromises catalytic activity. Weak catalytic activity is
measured with certain substrates bearing a smaller residue on the carboxyl side of acetyllysine,
so the requirement for a free a-carboxylate group on acetyllysine is not absolute for weak
activity. The identification of glycine residues preceding the scissile acetyllysine residue in
HDACG6 CD1 substrates identified in microarray analyses®’ is consistent with a general
observation that smaller and flexible residues flanking acetyllysine appear to facilitate HDAC6

CD1 activity.

While the overall active site contour of HDAC6 CD1 is wider than that of HDAC6 CD2
(Figure 9), one side of the HDAC6 CD1 active site is constricted by K330. This residue
contributes to the catalytic specificity for C-terminal acetyllysine substrates.3¢ Our crystal
structures reported herein show that K330 can interact with bound inhibitors, but it can also be
disordered and thereby serve as a simple steric block. We cannot rule out the possibility that

HDACG6 CD1 may utilize an as-yet undiscovered non-peptide substrate in vivo.

Structural differences between the active sites of HDAC6 CD1 and CD2, such as the
aromatic crevice and the mouth of the active site in the vicinity of W78, lead to different binding
orientations for Trichostatin A. While different binding conformations are also observed for
Resminostat, binding to HDAC6 CD2 may also be influenced by two iodide ions that also bind in
the active site of this complex. Nevertheless, sufficient structural differences are found in the

active site of HDAC6 CD1 that could serve as the basis for the design and development of
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isozyme-selective inhibitors. Such inhibitors could prove useful in elucidating the biological

function of HDAC6 CD1. We will report our results to this end in due course.
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ASSOCIATED CONTENT
Accession Codes

The atomic coordinates and crystallographic structure factors of CD1 complexes with the
inhibitors shown in Figure 1 have been deposited in the Protein Data Bank (www.rcsb.org) with
accession codes as follows: HDAC6 CD1-Trichostatin A complex, 6U02; HDAC6 CD1-AR-42
complex, 6UO3; Y363F HDAC6 CD1-Trichostatin A complex, 6U04; Y363F HDAC6 CD1-AR-
42 complex, 6UO5; K330L HDAC6 CD1-AR-42 complex, 6UQO7; K330L HDAC6 CD1-

Resminostat complex, 6UOB; K330L HDAC6 CD1-Givinostat complex, 6UOC.
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