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Abstract

The zinc hydrolase histone deacetylase 6 (HDACS) is unique among vertebrate deacetylases in
that it contains two catalytic domains, designated CD1 and CD2. Both domains are fully
functional as lysine deacetylases /n vitro. However, the in vivo function of only the CD2 domain is
well defined, whereas that of CD1 is more enigmatic. We now report three X-ray crystal structures
of HDAC6 CD1-inhibitor complexes to broaden our understanding of affinity determinants in the
active site. Notably, cocrystallization with inhibitors was facilitated by using active site mutants of
zebrafish HDAC6 CD1. The first mutant studied, H82F/F202Y HDAC6 CD1, was designed to
mimic the active site of human HDAC6 CD1. The structure of its complex with Trichostatin A was
generally identical to that with the wild-type zebrafish enzyme. The second mutant studied,
K330L HDACG6 CD1, was prepared to mimic the active site of CD2. We previously demonstrated
that this substitution does not perturb inhibitor binding conformations to HDAC6 CD1,; here, this
mutant facilitated cocrystallization with derivatives of the cancer chemotherapy drug
suberoylanilide hydroxamic acid (SAHA). These crystal structures allow us to map out inhibitor
binding regions in the outer active site cleft, where one HDAC isozyme typically differs from
another. We expect that these structures will help guide the structure-based design of inhibitors
with selectivity against HDAC6 CD1, which in turn will enable new chemical biology approaches
to probe its cellular function.
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1. Introduction

The biological functions of many proteins are regulated by enzyme-catalyzed lysine
acetylation-deacetylation cycles (Choudhary et al., 2009; Verdin et al., 2015), and histone
deacetylases play a prominent role in this regulatory strategy (Lopez et al., 2016; Porter and
Christianson, 2019). These enzymes are named for their ability to catalyze the deacetylation
of nuclear histone proteins, the acetylation of which was first discovered nearly 60 years ago
(Allfrey et al., 1964). However, this enzyme nomenclature is somewhat misleading, in that
histone deacetylase substrates include not only histone proteins but also thousands of other
proteins in various subcellular locations (Hornbeck et al., 2015). For example, histone
deacetylase 6 (HDACG) operates predominantly in the cell cytosol (Verdel and Khochbin,
1999; Grozinger et al., 1999), where its substrates include a-tubulin (Hubbert et al., 2002;
Zhang et al., 2003; Li and Yang, 2015) and Tau (Min et al., 2010; Cohen et al., 2011; Noack
etal., 2014; Carlomagno et al., 2017; Tseng et al., 2017). The HDAC6-mediated
deacetylation of a-tubulin is required for proper microtubule dynamics, and deacetylation of
Tau influences phosphorylation and aggregation.

Human HDACG6 (Uniprot QOUBNY7) is a 1215-residue zinc-dependent hydrolase containing
two catalytic domains, CD1 and CD2 (Verdel and Khochbin, 1999; Grozinger et al., 1999;
Zhang et al., 2006; Zou et al., 2006). Amino acid side chains required for the chemistry of
catalysis are strictly conserved between CD1 and CD2: a tyrosine side chain assists the zinc
ion in polarizing the scissile carbonyl group of the substrate, and tandem histidine residues
serve general base-general acid functions (Lombardi et al., 2011; L6pez et al., 2016; Porter
and Christianson, 2019). However, the substrate specificity of CD1 is much narrower than
that of CD2 due to amino acid substitutions in the active site; moreover, the narrow substrate
specificity of HDAC6 CD1 from Homo sapiens (human) is even more stringent than that of
HDAC6 CD1 from Danio rerio (zebrafish) as measured using single- or di-domain enzyme
constructs (Hai and Christianson, 2016; Osko and Christianson, 2019). Curiously, a recent
study of full-length human HDAC6 suggests wider substrate specificity for CD1 (Kutil et al.,
2019), so further studies of both CD1 and CD2 are required to fully understand structure-
function relationships.

To enable structure-based inhibitor design strategies, the X-ray crystal structures of human
HDACG6 CD2 and zebrafish HDAC6 CD1 and CD2 have been reported along with structures
of selected enzyme-inhibitor complexes (Hai and Christianson, 2016; Miyake et al., 2016).
Human HDAC6 CD1 was refractory to crystallization; moreover, even though human
HDACG6 CD2 yielded a crystal structure, crystals were inferior to those of the zebrafish
enzyme. Thus, X-ray crystallographic studies of HDAC6 CD1 and CD2 have relied on the
zebrafish enzyme as a surrogate for the human enzyme. More than fifty structures of
zebrafish HDAC6 CD2-inhibitor complexes have since appeared in the literature (Osko et
al., 2020; Bhatia et al., 2018; Mackwitz et al., 2018; Porter et al., 2017; Porter et al., 2018;
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Porter, Osko, et al., 2018; Porter, Shen et al., 2018; Shen et al., 2020). In contrast, only seven
additional crystal structures of zebrafish HDAC6 CD1-inhibitor complexes have since been
reported (Osko and Christianson, 2019). These structures illuminate active site features that
contribute to inhibitor affinity and selectivity. In light of the structural differences between
human and zebrafish HDAC6 CD1, as well as structural differences between HDAC6 CD1
and CD2, a deeper understanding of active site binding determinants is needed to inform
inhibitor design strategies.

In order to broaden our understanding of inhibitor binding to HDAC6 CD1, we now report
three new X-ray crystal structures of zebrafish HDAC6 CD1 mutants complexed with
inhibitors containing hydroxamate zinc-binding groups (Fig. 1). First, we report the crystal
structure of H82F/F202Y HDAC6 CD1 complexed with the natural product inhibitor
Trichostatin A. The H82F and F202Y substitutions convert the active site of the zebrafish
enzyme into a mimic of the human enzyme active site. Since the binding conformation of
Trichostatin A does not change significantly in complex with the mutant, the structure of this
complex verifies that the zebrafish enzyme serves as a valid surrogate of the human enzyme.
Finally, we report two crystal structures of K330L HDAC6 CD1 complexed with derivatives
of suberoylanilide hydroxamic acid (SAHA), a drug currently in clinical use for cancer
chemotherapy (Richon et al., 1996; Marks, 2007). These structures provide the first view of
SAHA-based inhibitor binding in the HDAC6 CD1 active site, illuminating features of the
protein landscape beyond the immediate active site that contribute to inhibitor binding.

2. Materials and methods

2.1. Reagents

All chemicals and buffers were purchased from Fisher, Millipore Sigma, or Hampton
Research and used without further purification. The inhibitors Trichostatin A, SAHA-
BPyne, and 4-iodo-SAHA were purchased from Caymen Chemicals and used without
further purification (each compound was listed with >98% purity).

2.2. Preparation of Danio rerio HDAC6 CD1 mutant plasmids

The HDACS6 gene from D. rerio (residues 60-798, Uniprot FBW4B7) was synthesized by
Genscript and the CD1 catalytic domain (residues 60-419) was recombinantly expressed in
Escherichia coli using a pET-28a(+) vector. The gene sequence was optimized for £. coli
expression. The genes for the H82F/F202Y HDAC6 CD1 and K330L HDAC6 CD1 mutants
were similarly prepared by Genscript using PCR mutagenesis. Both of these constructs
utilized a Ndel/BAMHI cloning site and contained kanamycin bacterial resistance. By nature
of the pET-28a(+) vector, His tags were located at both the N-terminus and C-terminus with
an N-terminal thrombin cleavage site. The final constructs utilized for crystallization are
summarized in Table 1.

2.3. Expression and purification of Danio rerio HDAC6 CD1 mutants

The expression and purification of Danio rerio (zebrafish) HDAC6 CD1 was completed as
recently described for wild-type and mutant enzymes (Osko and Christianson, 2019). To
briefly summarize, £. coli One Shot BL21(DE3) cells (Invitrogen) were used for protein
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expression and grown in 2xYT medium with 50 pg/mL kanamycin. Cells were grown in an
Innova 40 incubator shaker at 37 °C and 250 rpm until ODggq reached approximately 0.80.
The temperature was then decreased to 18 °C until ODgqg reached 1.0. At ODgqq of 1.0, the
cells were supplemented with 400 UM isopropy! p-L-1-thiogalactopyranoside (IPTG; Gold
Biotechnology) and grown for an additional 18 h at 250 rpm. Lastly, cells were centrifuged
using a Sorvall LYNX 6000 centrifuge at 5000 rpm for 20 min. Cell pellets were stored at
—80 °C until further use.

Prior to purification, the cell pellet was thawed and resuspended in 100 mL of buffer A [50
mM KoHPQO4 (pH 8.0), 1 mM tris(2-carboxyethyl)phosphine (TCEP), 300 mM NacCl, 30
mM imidazole, and 5% glycerol]. Two protease inhibitor tablets, 0.1 mg/mL lysozyme, and
50 pg/mL DNase were added to the solution. Sonification was used to lyse the cells and the
cell lysate was centrifuged using a Sorval LYNX 6000 centrifuge for 1 h at 15000 rpm. Once
complete, the lysate was applied to a 5 mL pre-equilibrated HisTrap HP column.

Buffer B [50 mM K,HPO4 (pH 8.0), 1 mM TCEP, 300 mM NaCl, 300 mM imidazole, and
5% glycerol] was used to elute the His-tagged HDAC6 CD1 protein bound to the HisTrap
HP column. All CD1-containing fractions were concentrated using a 15 mL centrifugal filter
unit with a molecular weight cutoff of 10 kDa to 5 mL. The protein was then filtered using a
0.22 uM 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, and 5% glycerol]. The 5 mL sample of HDAC6 CD1 protein was injected at a rate of
1 mL/min, and 5 mL fractions were collected. Pure “humanized” H82F/F202Y and K330L
HDACS6 CD1 proteins were confirmed by sodium dodecy! sulfate—polyacrylamide gel
electrophoresis, concentrated to approximately 10 mg/mL, and stored at —80 °C.

2.4, Crystallization of HDAC6 CD1 mutant—inhibitor complexes

The crystallization of zebrafish HDAC6 CD1 mutants complexed with inhibitors was
achieved by sitting drop vapor diffusion, as recently described for cocrystallization with a
different series of inhibitors (Osko and Christianson, 2019). Briefly, a 100-nL drop of
protein solution [10 mg/mL HDAC6 CD1 mutant, 50 mM HEPES (pH 7.5), 100 mM KClI,
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 uL of precipitant solution in the well
reservoir of a 96-well PS MRC crystallization plate using a Mosquito crystallization robot
(TTP Labtech).

For cocrystallization of the H82F/F202Y HDAC6 CD1-Trichostatin A complex, the
precipitant solution was 0.2 M potassium acetate and 20% PEG 3350. For cocrystallization
of the K330L HDAC6 CD1-SAHA-BPyne complex, the precipitant solution was 0.2 M
potassium sodium tartrate tetrahydrate and 20% PEG 3350. For cocrystallization of the
K330L HDAC6 CD1-4-iodo-SAHA complex, the precipitant solution was 0.2 M
magnesium chloride hexahydrate and 20% PEG 3350. Crystals of each enzyme-inhibitor
complex formed within 2-3 days at 21° C (room temperature) and were soaked in their
respective mother liquors augmented with 20% ethylene glycol prior to flash-cooling.
Crystallization parameters are summarized in Table 2.
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2.5. Data collection, data reduction, and crystal structure determinations

X-ray diffraction data were collected on Northeastern Collaborative Access Team (NE-CAT)
beamline 24-1D-C at the Advanced Photon Source (APS) from crystals of the H82F/F202Y
HDAC6 CD1-Trichostatin A complex. A PILATUS 6M-F detector with an incident X-ray
beam wavelength of 0.98 A and temperature of 100 K was used for data collection. A full
180° of data were collected at a detector distance of 300 mm, in 0.20° angle increments, and
0.20 s exposure periods.

X-ray diffraction data were collected on beamline 17-1D-1 (AMX) at the National
Synchrotron Light Source Il (NSLS-I1) from crystals of the K330L HDAC6 CD1-SAHA-
BPyne complex. A Dectris Eiger 9M detector with an incident X-ray beam wavelength of
0.92 A and temperature of 100 K was used for data collection. A full 180° of data was
collected at a detector distance of 230 mm, in 0.20° angle increments, and 0.02 s exposure
periods.

X-ray diffraction data were collected on NE-CAT beamline 24-1D-E at APS from crystals of
the K330L HDAC6 CD1-4-iodo-SAHA complex. A Dectris Eiger 16M detector with an
incident X-ray beam wavelength of 0.98 A and temperature of 100 K was used for data
collection. A full 180° of data was collected at a detector distance of 150 mm, in 0.20° angle
increments, and 0.20 s exposure periods. Although the completeness and redundacy of this
dataset were lower than expected, the structure of this complex ultimately refined
satisfactorily and yielded excellent electron density maps. All data collection statistics are
recorded in Table 3.

The CCP4 program suite (Winn et al., 2011) was used for data reduction for all three
structures. All data were indexed using the CCP4 program iMosflm (Battye et al., 2011) and
scaled using Aimless (Evans and Murshudov, 2013). The initial electron density map of each
enzyme-inhibitor complex was phased by molecular replacement using the atomic
coordinates of HDAC6 CD1 (PDB 5EEF) (Hai and Christianson, 2016) as a search probe
with Phaser (McCoy et al., 2007). The interactive graphics program Coot (Emsley et al.,
2010) was used to build and manipulate atomic models of each enzyme-inhibitor complex.
Crystallographic refinement was performed using Phenix (Adams et al., 2010). Final refined
structures were validated using MolProbity (Chen et al., 2010) prior to deposition in the
Protein Data Bank (www.rcsb.org). All data reduction and refinement statistics are recorded
in Table 3.

In order to improve the protein data bank statistical sliders for the HDAC6 CD1 enzyme-
inhibitor complexes, the resolutions were adjusted during the final phases of refinement. The
resolution of the H82F/F202Y HDAC6 CD1-TSA complex was adjusted from 1.90 A to
2.30 A; the resolution of the K330L HDAC6 CD1-SAHABPyne complex was adjusted from
2.15 A t0 2.40 A; and the resolution of the K330L HDAC6 CD1-4-iodo-SAHA complex was
adjusted from 1.74 A to 1.90 A. The electron density for each inhibitor is unambiguous.
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3. Results and discussion

3.1. Crystal structure of the H82F/F202Y HDAC6 CD1-Trichostatin A complex

Active site residues in zebrafish HDAC6 CD1 and human HDACG6 CD1 are generally
conserved with the exception of H82 and F202 in the zebrafish enzyme, which appear as
F105 and Y225, respectively, in human HDAC6 CD1. Therefore, the double mutant H82F/
F202Y was prepared to “humanize” zebrafish HDAC6 CD1 and provide a view of how these
residues might influence inhibitor binding.

The 2.30 A-resolution crystal structure of the H82F/F202Y HDAC6 CD1-Trichostatin A
complex contains two monomers in the asymmetric unit. The inhibitor hydroxamate chelates
the catalytic Zn2* ion with bidentate coordination in each monomer ( Figs. 2a,b ). The Zn2*-
bound hydroxamate C=0 group accepts a hydrogen bond from Y363, the ZnZ*-bound
hydroxamate N-O™ group accepts a hydrogen bond from H192, and the hydroxamate NH
group donates a hydrogen bond to H193. The linker resides in an aromatic crevice defined
by Y202 and W261. The ketone carbonyl of the capping group accepts a hydrogen bonds
from K330. No major conformation changes are triggered by the H82F or F202Y
substitutions (Fig. 2c), and the root-mean-square (rms) deviation is 0.14 A for 301 Ca atoms
between the H82F/F202Y and wild-type HDAC6 CD1-Trichostatin A complexes.

Overall, there are no major conformation changes between monomers A and B, and the root-
mean-square (r.m.s) deviation is 0.19 A for 286 Ca. atoms. However, residues 74-87 in
monomer A appear predominately disordered with the exception of F82 and P83; in
contrast, these residues are well-ordered in monomer B. In both monomers, 0.3-1.3 A
structural changes are observed for F82, P83, and Y202 compared to the wild-type HDAC6
CD1-Trichostatin A complex (PDB 6UQ2). Remaining active site residues adopt similar
conformations to those observed in the wild-type HDAC6 CD1-Trichostatin A complex.

3.2. Crystal structure of the K330L HDAC6 CD1-SAHA-BPyne complex

The pan-HDAC inhibitor SAHA-BPyne contains a SAHA scaffold derivatized with a
benzophenone linker and an alkyne tag. As such, this inhibitor can be used to profile cellular
HDAC through click chemistry (Salisbury and Cravatt, 2007). Until now, no crystal structure
has been reported for an HDAC6 CD1 complex with SAHA or any SAHA derivative. Some
HDACG6 CD1-inhibitor complexes crystallize more readily with K330L HDAC6 CD1 (Osko
and Christianson, 2019), and we found this to be the case for cocrystallization trials with
SAHA-BPyne.

The 2.40 A-resolution crystal structure of the K330L HDAC6 CD1-SAHA-BPyne complex
contains one monomer in the asymmetric unit. The inhibitor hydroxamate chelates the
catalytic Zn%* ion in bidentate fashion (Fig. 3). The SAHA amide group forms water-
mediated hydrogen bonds with S150 and zinc ligand H232. Similar hydrogen bond
interactions are observed with corresponding residues S531 and H614 in several HDAC6
CD2-inhibitor complexes (Osko and Christianson, 2020; Hai and Christianson, 2016; Porter
etal., 2017; Bhatia et al., 2018; Mackwitz et al., 2018). The benzophenone carbonyl group
forms a hydrogen bond with a water molecule that, in turn, forms hydrogen bonds with D79
and S81. The interaction with S81 has not been observed previously for inhibitor binding to
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HDACS6 CD1. This residue is conserved only in human HDAC6 CD1 as S104; the
corresponding residue is a histidine in human and zebrafish HDAC6 CD2. Thus, interactions
with S81 can be targeted in future inhibitor designs for selective inhibition of HDAC6 CD1.

Finally, the alkyne tag of SAHA-BPyne is disordered between two conformations, and

electron density is weak or absent toward the end of the tag (Fig. 3). This portion of the
inhibitor makes no hydrogen bond interactions with protein residues or ordered solvent
molecules.

3.3. Crystal structure of the K330L HDAC6 CD1-4-iodo-SAHA complex

The pan-HDAC inhibitor 4-iodo-SAHA is essentially isosteric with SAHA apart from the
substitution of a bulky iodine atom for a hydrogen atom at the para position of the phenyl
ring in the capping group. The 1.90 A-resolution crystal structure of the K330L HDAC6
CD1-4-iodo-SAHA complex contains 2 monomers in the asymmetric unit. There are no
major conformation changes between monomers A and B, and the rms deviation is 0.16 A
for 293 Ca atoms. The inhibitor hydroxamate chelates the catalytic Zn2* ion with bidentate
coordination, and the aliphatic linker resides in an aromatic crevice defined by F202 and
W261 ( Figs. 4a,b ). As observed in the binding of SAHA-BPyne to K330L HDAC6 CD1,
the amide moiety of the capping group forms water-mediated hydrogen bonds with S150
and zinc ligand H232.

Interestingly, the iodine atom of the inhibitor capping group makes a halogen bond with the
carboxylate side chain of D79 in the outer active site cleft of monomer A (I---O separation =
3.1 A). Due to conformational differences of the inhibitor capping group in monomers A and
B involving a 3.3 A shift of the iodine atom, this enzyme-inhibitor halogen bond interaction
is not observed in monomer B. Electron density for the capping group is broken in monomer
A and somewhat weak in monomer B, consistent with disorder. Even so, refinements were
better fit with an iodo group than a hydroxyl group at the para position of the aromatic
capping group. Residual negative density on the iodine atom in the final IF,l — IF.| map is
likely the consequence of disorder, i.e., less than full occcupancy of the electron-rich iodine
atom.

Overall, there are no major conformation changes for protein atoms between the HDAC
CD1 complexes with 4-iodo-SAHA and SAHA-BPyne, and the rms deviation is 0.22 A for
329 Ca atoms between these two complexes. Superposition of these two complexes reveals
that the binding of the SAHA moieties are generally similar, with slight variations in
capping group conformations (Fig. 4c).

3.4. Analysis of inhibitor binding

The use of histone deacetylase inhibitors to modulate acetylation-deacetylation cycles is a
validated strategy in cancer chemotherapy and is also being explored for the treatment of
other diseases (Arrowsmith et al., 2012; Falkenberg and Johnstone, 2014; Dokmanovic et
al., 2007; West and Johnstone, 2014). The first HDAC inhibitor to be approved for clinical
use was SAHA (formulated as Vorinostat, trade name Zolinza) for the treatment of
refractory cutaneous T-cell lymphoma (Richon et al., 1996; Marks, 2007; Mann et al., 2007).
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However, SAHA is a pan-HDAC inhibitor, in that it inhibits most HDAC isozymes nearly
equally well; thus, its use can lead to unwanted off-target effects (Duvic et al., 2007).

HDACS6 CD2 is a particularly important target for the design of selective inhibitors for
treating cancer and neurodegenerative diseases owing to its biological function as a tubulin
deacetylase (Hubbert et al., 2002; Zhang et al., 2003; Haggerty et al., 2003) and as a Tau
deacetylase (Min et al., 2010; Cohen et al., 2011; Noack et al., 2014). The design of
selective inhibitors has been guided by numerous X-ray crystallographic studies that have
illuminated distinctive structural features contributing to inhibitor affinity and selectivity
(recently reviewed by Osko and Christianson, 2020). However, as increasing numbers of
inhibitors are being developed for inhibition of HDAC6 CD?2, it is critical to understand the
impact that these inhibitors may have on the catalytic domain CD1 of HDACS.

The /n vivo function of HDAC6 CD1 is not fully understood. Measurements made with cell
extracts suggest that CD1 serves as an E3 ubiquitin ligase (Zhang et al., 2014) as well as an
RNA helicase DDX3X deacetylase (Saito et al., 2019). However, the only activity that has
been confirmed /n vitro for a single-domain HDAC6 CD1 construct is as a lysine
deacetylase with much narrower substrate specificity than CD2 (Hai et al., 2016; Osko et al.,
2019), although CD1 substrate specificity is reported to be wider for the full-length enzyme
(Kutil et al., 2019). Regardless of the elusive biological functions of HDAC6 CD1, it is
important to understand how this catalytic domain accommodates bound inhibitors. The
crystal structures of HDAC6 CD1 mutant complexes with pan-HDAC inhibitors reported
herein represent the first step in understanding how different active site features can be taken
into account to guide the design of domain-specific inhibitors.

How valid is the “humanized” zebrafish enzyme, H82F/F202Y HDAC6 CD1, as a surrogate
for the actual human enzyme HDAC6 CD1? A definitive answer may be elusive due to the
lack of a crystal structure of the human enzyme, but useful inferences may be drawn
nonetheless from the current study. The binding conformation of the pan-HDAC inhibitor
Trichostatin A in the active site of the zebrafish enzyme is unperturbed by the H82F/F202Y
substitutions (Fig. 2c). In studies with another pan-HDAC inhibitor, a SAHA derivative
bearing a para-substituted fluorescein tag designated “fl-SAHA” (Kim et al., 2015), inhibitor
dissociation constants change very little from wild-type zebrafish HDAC6 CD1 (Ky=1.6 =
0.3 uM) to zebrafish H82F/F202Y HDAC6 CD1 (Ky = 2.9 + 0.7 uM) (Hai and Christianson,
2016). The binding of fl-SAHA to a di-domain construct of the human enzyme in which
CD2 is deactivated by mutation, H651V CD12, indicates approximately 10-fold weaker
binding (Ky = 30 + 20 uM) (Hai and Christianson, 2016). Given the general conservation of
amino acids defining the active site contours of zebrafish and human HDAC6 CD1 enzymes,
the similar binding conformations of Trichostatin A, and the slightly perturbed fl-SAHA
binding affinities, we suggest that both wild-type and “humanized” zebrafish H82F/F202Y
HDACS6 CDL1 serve as valid and readily studied surrogates of human HDAC6 CD1.

We have previously observed that the K330L mutant of zebrafish HDAC6 CD1 can be more
amenable to crystallization with certain inhibitors than the wild-type enzyme (Osko and
Christianson, 2019). Even though this amino acid substitution makes the CD1 active site
more like that of CD2, inhibitor binding is identical in the active sites of both wild-type and
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mutant zebrafish CD1 enzymes. Here, the use of K330L HDAC6 CD1 enabled
cocrystallization with two different SAHA derivatives, which represent the first structures of
CD1 complexed with analogues of an approved drug for cancer chemotherapy. The SAHA
core of each inhibitor studied binds in similar fashion (Figure 4c); intriguingly, the
benzophenone proteomics tag of SAHA-BPyne maps out a region of the outer active site
cleft that could be targeted in the design of a CD1-selective inhibitor, including interactions
with S81 (Fig. 3b), a residue unique to CD1 in the zebrafish and human enzymes. The
SAHA-BPyne inhibitor is the largest inhibitor studied to date in complex with HDAC6 CD1,
so the structure of this complex reveals new information regarding the accessibility of the
protein surface surrounding the active site cleft that can be targeted by a bound inhibitor.

4. Conclusions

The current work demonstrates that active site mutants of zebrafish HDAC6 CD1 enable
cocrystallization with inhibitors to map out intermolecular interactions in the active site
contributing to enzyme-inhibitor affinity. The active site of H82F/F202Y zebrafish HDAC6
CDL1 is a more faithful mimic of the active site of human HDAC6 CD1, yet inhibitor binding
conformation and affinity are quite similar between wild-type and H82F/F202Y HDAC6
enzymes. Even so, an interaction with the side chain of Y202 in human HDAC6 CD1 might
confer isozyme selectivity, since this tyrosine residue is unique to human HDAC6 CD1 and
the phenolic hydroxyl group protrudes into the active site.

Inhibitor binding conformations are generally identical between wild-type and K330L
HDACS6 CD1, even though the K330L substitution mimics HDAC6 CD2. Interestingly,
cocrystallization of wild-type zebrafish HDAC6 CD1 sometimes does not yield crystalline
enzyme-inhibitor complexes, whereas cocrystallization with the active site mutants
described herein yields high-quality crystals and high-resolution crystal structures. We
expect that these mutants will facilitate future X-ray crystal structure determinations of
HDAC6 CD1 complexes with inhibitors designed to selectively block its deacetylase
function.
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Synopsis Histone deacetylase 6 (HDACS) is an emerging target for the treatment of
various diseases such as cancer through selective inhibition. While the second catalytic
domain has been extensively studied (HDAC6 CD2), comparatively little research has
focused on the first catalytic domain (HDAC6 CD1). This work provides new structural
insight regarding inhibitor binding to HDAC6 CD1 enabled by the study of active site
mutants.
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Inhibitors studied in complexes with H82F/F202Y and K330L HDAC6 CD1 mutants.
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Figure 2.
Stereoviews of the H82F/F202Y HDAC6 CD1-Trichostatin A complex (PDB 6WYO). (a)

Polder omit maps showing Trichostatin A bound to monomer A (contoured at 3.5 o), F82
(contoured at 2.0 o), and Y202 (contoured at 2.5 o). Atoms are color-coded as follows: C =
light blue (monomer A), light gray (monomer B), or wheat (inhibitor), N = blue, O = red,
and Zn2* = gray sphere. Metal coordination and hydrogen bond interactions are indicated by
solid and dashed black lines, respectively. (b) Polder omit maps showing Trichostatin A
bound to monomer B (contoured at 3.5 o), F82 (contoured at 2.0 o), and Y202 (contoured at
2.5 o). Atoms are color-coded as in (a). (c) Superposition of the Trichostatin A complexes
with wild-type HDAC6 CD1 (PDB 6UO2; monomer B) and H82F/F202Y HDAC6 CD1
(PDB 6WYO; monomer A). Residue 82 displays slight flexibility, consistent with the
weaker electron density observed for F82 in (a) and (b). Atoms are color-coded as follows: C
= light blue (H82F/F202Y HDAC6 CD1), light gray (HDAC6 CD1), wheat (Trichostatin A,
bound to H82F/F202Y HDAC6 CD1) or orange (Trichostatin A, bound to wild-type HDAC6
CD1), N = blue, O = red, and Zn2* = gray sphere.
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Figure 3.
Stereoview of the K330L HDAC6 CD1-SAHA-BPyne complex (PDB 6WYP). Polder omit

maps showing SAHA-BPyne bound to monomer A and L330 (each contoured at 2.5 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 solvent = small red spheres.
Metal coordination and hydrogen bond interactions are indicated by solid and dashed black
lines, respectively.
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Figure 4.
Stereoviews of the K330L HDAC6 CD1-4-iodo-SAHA complex (PDB 6WYQ). (a) Polder

omit maps showing 4-iodo-SAHA bound to monomer A and L330 (each contoured at 2.5 o).
Atoms are color-coded as follows: C = light blue (monomer A), light gray (monomer B), or
wheat (inhibitor), N = blue, O = red, I~ = magenta, Zn%* = gray sphere, and solvent = small
red spheres. Metal coordination and hydrogen bond interactions are indicated by solid and
dashed black lines, respectively. The halogen bond between the inhibitor iodine atom and
D79 is indicated by a dashed magenta line. (b) Polder omit maps showing 4-iodo-SAHA
bound to monomer B (contoured at 3.5 o) and L330 (contoured at 3.0 o). Atoms are color-
coded as in (a), except that C = light blue for monomer B and light gray for monomer A. (c)
Superposition of the K330L HDAC6 CD1 complexes with 4-iodo-SAHA (monomer A and
inhibitor, blue and wheat, respectively; monomer B and inhibitor, gray and light gray,
respectively) and SAHA-BPyne (protein and inhibitor, orange and dark orange, respectively)
reveal that the SAHA moieties of each inhibitor bind with generally similar conformations,
with slight variations in capping group conformations.
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Table 1

Macromolecule production

Source organism: Escherichia coli.

DNA source: HDACG6 gene from Danio rerio (Uniprot FSW4B7; CD1 residues 61-419)

Cloning vector: pET28a

Expression vector: pET28a

Expression host: Escherichia coli.

Complete amino acid sequence of the construct produced (His tag sequences underlined, CD1 sequence starts with T61 (boldface); mutated amino acids are underlined in bold):

K330L HDAC6 CD1
MGSSHHHHHHSSGLVPRGSMTGTGLVYVDAFTRFHCLWDASHPECPARVSTVMEMLETEGLLGRCVQVEARAVTEDELLLVHTKEYVELMKSTQNMTEEELKTLAE

H82F/F202Y HDAC6 CD1
MGSSHHHHHHSSGLVPRGSMTGTGLVYVDAFTRFHCLWDASFPECPARVSTVMEMLETEGLLGRCVQVEARAVTEDELLLVHTKEYVELMKSTQNMTEEELKTLAE
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Table 2

Crystallization

Method: Sitting drop vapor diffusion

Plate type: PS MRC crystallization plate

Temperature (K): 100 K

Protein concentration: 10 mg/mL

Buffer composition of protein solution: 50 HEPES (pH 7.5), 100 mM KCI, 1 mM TCEP, 5% glycerol, and 2 mM inhibitor
Composition of reservoir solution:

TSA = 0.2 M potassium acetate and 20% PEG 3350

SAHA-BPyne = 0.2 M potassium sodium tartrate tetrahydrate and 20% PEG 3350

4-iodo-SAHA = 0.2 M magnesium chloride hexahydrate and 20% PEG 3350

Volume and ratio of drop: 1:1 ratio protein to precipitant solution

\Volume of reservoir: 80 pL
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Table 3

Data Collection and Refinement Statistics for HDAC6 CD1 Mutant—Inhibitor Complexes

HDAC6 CD1 Mutant H82F/F202Y K330L K330L
Inhibitor Trichostatin A SAHA-BPyne 4-iodo-SAHA
Data Collection
Beamline 2iDC iDL (AMX) 2IDE
Wavelength (A) 0.98 0.92 0.98
Temperature (K) 100 100 100
Detector PILATUS 6M-F Dectris Eiger 9M Dectris Eiger 16M
Wilson B factor (A2) 32 46 15
Crystal-detector distance (mm) 300 230 150
Rotation range per image (°) 0.20 0.20 0.20
Total rotation range (°) 180 180 180
Exposure time per image (s) 0.20 0.02 0.20
Space group P2, C2212; P2,
ab,c (A) 53.1, 124.0, 55.0 66.0, 95.2, 119.7 53.1,123.8,55.1
a, B,y () 90.0, 114.4,90.0 90.0, 90.0, 90.0 90.0, 113.5,90.0
Rmerge. 0.054 (0.418) 0.190 (0.817) 0.091 (0.271)
Roim® 0.052 (0.395) 0.119 (0.507) 0.071 (0.231)
ccl,zd 0.996 (0.792) 0.971 (0.618) 0.981 (0.829)
Redundancy 34(3.2) 6.4 (6.7) 2.4(2.3)
Completeness (%) 98.7 (98.4) 100.0 (100.0) 77.9 (80.6)
/o 8.9 (1.9) 4.8 (2.0) 5.2 (2.0)
Refinement

Resolution (A)

No. reflections
e
Rwork/Rfree

No. atomsf
Protein
Ligand
Solvent

Average B factors (A?)
Protein
Ligand
Solvent

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Ramachandran p/ozg

Favored

48.34-2.30 (2.38-2.30)
28350 (2842)

0.170/0.232 (0.210/0.256)

5288
50
116

33
29

31

0.007
0.9

95.53

54.25-2.40 (2.49-2.40)
15104 (1483)

0.204/0.243 (0.263/0.274)

2688
73
47

47
44

43

0.002
0.6

96.63

39.14-1.90 (1.97-1.90)
39267 (3884)

0.177/0.223 (0.206/0.270)

5338
46
268

14
17

18

0.007
0.8

96.30
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HDAC6 CD1 Mutant H82F/F202Y K330L K330L
Inhibitor Trichostatin A SAHA-BPyne 4-iodo-SAHA
Allowed 447 3.37 3.70
Outliers 0.00 0.00 0.00
PDB codes 6WYO 6WYP 6WYQ

a\/alues in parentheses refer to the highest-resolution shell indicated.

Page 21

meerge =Y hkly i hkl— (I)/;kﬁljhk/z,l/;/;k/, where (1) s4/is the average intensity calculated for reflection A/ from replicate measurements.

cRp.i,m.: (3 AkALIN-1)) 25 1 i hkd = SO RN k3. i Vi bk, where (1) ik is the average intensity calculated for reflection A/ from replicate

measurements and N is the number of reflections.
d . -
Pearson correlation coefficient between random half-datasets.

e . L .
Rwork = Y!IFgl = IFclI/SIFql for reflections contained in the working set. IFgl and IFl 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.

f. -
Per asymmetric unit.

Ycalculated with MolProbity.
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