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ABSTRACT: Histone deacetylases (HDACs) are essential for the
regulation of myriad biological processes, and their aberrant
function is implicated in cancer, neurodegeneration, and other
diseases. The cytosolic isozyme HDACG6 is unique among the
greater family of deacetylases in that it contains two catalytic
domains, CD1 and CD2. HDAC6 CD2 is responsible for tubulin
deacetylase and tau deacetylase activities, inhibition of which is a
key goal as new therapeutic approaches are explored. Of particular
interest as HDAC inhibitors are naturally occurring cyclic
tetrapeptides such as Trapoxin A or HC Toxin, or the cyclic
depsipeptides Largazole and Romidepsin. Even more intriguing are
larger, computationally designed macrocyclic peptide inhibitors.
Here, we report the 2.0 A resolution crystal structure of HDAC6
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CD2 complexed with macrocyclic octapeptide 1. Comparison with the previously reported structure of the complex with
macrocyclic octapeptide 2 reveals that a potent thiolate—zinc interaction made by the unnatural amino acid (S)-2-amino-7-
sulfanylheptanoic acid contributes to nanomolar inhibitory potency for each inhibitor. Apart from this zinc-binding residue,
octapeptides adopt strikingly different overall conformations and make few direct hydrogen bonds with the protein. Intermolecular
interactions are dominated by water-mediated hydrogen bonds; in essence, water molecules appear to cushion the enzyme—
octapeptide interface. In view of the broad specificity observed for protein substrates of HDAC6 CD2, we suggest that the binding of
macrocyclic octapeptides may mimic certain features of the binding of macromolecular protein substrates.

B INTRODUCTION

Reversible posttranslational modifications allow for the
regulation of protein function and myriad cellular processes,"”
and lysine residues in particular are subject to a variety of such
modifications, including acetylation.” At physiological pH, the
side chain of lysine is positively charged; neutralization of this
charge by acetylation can influence interactions with binding
partners.” Two key enzyme families govern lysine acetylation:
lysine acetyltransferases and lysine deacetylases, the latter
family also known as histone deacetylases (HDACs). The
HDAC s consist of 18 enzymes divided into four classes based
on phylogenetic analysis.” The zinc-dependent HDACs adopt
the arginase-deacetylase fold and consist of class I (HDACs 1—
3 and 8), class Ila (HDACs 4,5,7,9), class IIb (HDACs 6 and
10; HDAC6 contains two catalytic domains, CD1 and CD2),
and class IV (HDAC11) deacetylases.”” The class III enzymes,
better known as sirtuins, adopt a different fold and employ an
alternative chemical mechanism for lysine deacetylation.”” The
history of HDAC nomenclature is based on Allfrey’s discovery
of histone acetylation nearly 60 years ago,'® but this
nomenclature belies the diversity of this enzyme family:
HDAC:s differ in expression patterns, cellular localization, and
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catalytic activities. Moreover, HDAC substrates include more
than just histone proteins, since proteomics studies indicate
that 5—10% of mammalian proteins are subject to lysine
acetylation.''~"? Additionally, there is catalytic diversity even
within the HDAC family in that HDACIO is a polyamine
deacetylase'* and HDACI11 is a lysine fatty-acid deacylase.'*"°

Inhibition of HDAC isozymes represents a critical thrust in
medicinal chemistry due to the link between aberrant HDAC
activity and human diseases. Currently, four HDAC inhibitors
have been approved for clinical use by the U.S. Food and Drug
Administration (FDA)."”'® The general design of HDAC
inhibitors consists of three components: a zinc-binding group,
a hydrophobic linker, and a cappin§ group that can interact
with the outer active site surface.”” A fascinating group of
HDAC inhibitors includes cyclic peptide or depsipeptide
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Figure 1. Comparison of the HDAC substrate acetyllysine with macrocyclic peptide and depsipeptide inhibitors. Cyclic peptide natural products
Trapoxin A, HC Toxin, and Apicidin contain epoxyketone or ketone side chains in which the ketone carbonyl is isosteric with the amide carbonyl
of acetyllysine. The ketone carbonyl undergoes nucleophilic attack by zinc-bound solvent to yield a zinc-bound gem-diol(ate) that mimics the
tetrahedral intermediate in acetyllysine hydrolysis. The cyclic depsipeptide natural product Largazole thiol and the de novo designed macrocyclic
peptides 1 (ICy, = 4.4 nM) and 2 (ICy, = 3.6 nM) contain thiol side chains that target zinc coordination. The zinc-binding residue, (S)-2-amino-7-
sulfanylheptanoic acid (SHA), is highlighted in red in 1 and 2. The ICs, = 670 nM for pure SHA, so interactions with the remainder of each
macrocyclic octapeptide enhance the inhibitory activity by more than 150-fold.>’

natural products, which can differ in the structures of their
zinc-binding groups and their macrocyclic capping groups
(Figure 1). Such macrocyclic inhibitors have been isolated
from various sources including fungi, cyanobacteria, proteo-
bacteria, and marine invertebrates.”>**

The cyclic tetrapeptide inhibitors Trapoxin A and HC Toxin
contain epoxyketone zinc-binding groups. Crystal structures of
the HDAC8—Trapoxin A and HDAC6 CD2-HC Toxin
complexes reveal that the ketone group of each inhibitor
undergoes nucleophilic attack by a zinc-bound solvent to form
a gem-diolate (thus mimicking the tetrahedral intermediate in
the HDAC mechanism).”>*® The epoxide moiety of each
inhibitor is not required for gem-diolate formation, since the
ketone group of Apicidin similarly binds to HDAC2 as a gem-
diolate.”* Ketones readily undergo nucleophilic attack by the
metal-bound solvent in zinc hydrolase active sites to yield gem-
diolates, as first demonstrated with carboxypeptidase A.>>*°

In contrast, Largazole thiol is a cyclic depsipeptide with a
thiolate zinc-binding group liberated by hydrolysis of a
thioester precursor.””>® The crystal structure of the
HDACS8—Largazole thiol complex shows that the inhibitor
side chain thiolate group coordinates to the catalytic zinc ion
with nearly perfect geometry.”” The macrocyclic backbone of
Largazole thiol partially mimics that of the reduced, active
form of Romidepsin, a cyclic depsipeptide approved by the
FDA for the treatment of cutaneous T-cell lymphoma.**!

Cyclic peptides can mimic structural features of proteins
including loops, strands, helices, and turns.>>** Elements of
such mimicry are evident in the binding of the cyclic
tetrapeptides HC Toxin and Trapoxin A to HDAC6 CD2
and HDACS, respectively, since the conformation of the zinc-
binding residue is generally identical to that of the acetyllysine
substrate in complexes with these HDACs.””**** Thus, a zinc-
binding residue in a cyclic peptide as small as a tetrapeptide
can still adopt an ideal conformation for binding in an HDAC
active site. With regard to the potential for structure-based
drug design, the rigidity of cyclic peptides can enhance
metabolic stability, binding affinity, and target specificity.’**°
Thus, there is significant potential for the development of
selective high-affinity cyclic peptides that inhibit HDAC
isozymes.

Recently, a computational approach termed “anchor
extension” was developed in which macrocyclic peptides
containing eight or nine amino acids were optimized for
binding to the active site of HDAC2.”” During the course of
this investigation, selective high-affinity inhibitors of HDACG6
CD2 were discovered. HDAC6 CD2 is a tubulin deacety-
lase,”**” inhibition of which leads to cell cycle arrest and
apoptosis, which makes this isozyme an attractive target for
cancer chemotherapy.’”*' HDAC6 CD2 is also a tau
deacetylase,*”** and its inhibition may accordingly be useful
in the treatment of neurodegenerative disorders.*** Thus, the
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Figure 2. Crystal structure of the HDAC6 CD2—1 complex. Atomic color codes are as follows: C = yellow (chain B), gray (chain A), or blue
(inhibitor 1); N = blue; O = red; and S = yellow. (a) Polder omit map of inhibitor 1 (contoured at 3.06). (b) Hydrogen bond interactions (dashed
black lines), n — 7* interactions (dashed orange lines), and metal coordination interactions (solid black lines). The catalytic Zn®* ion is shown as a
gray sphere and water molecules are shown as red spheres. The water molecule in the center of the macrocycle that makes three hydrogen bond
interactions with the peptide backbone and a fourth hydrogen bond with another water molecule is shown as a green sphere.

pharmaceutical importance of HDAC6 CD2 drives the
discovery of new inhibitor designs and an understanding of
their structure—affinity relationships.

Here, we report the 2.0 A resolution X-ray crystal structure
of HDAC6 CD2 complexed with one of these macrocyclic
octapeptide inhibitors, originally referred to®” as “des4.2.0” and
here referred to simply as compound 1 (Figure 1). The crystal
structure of macrocyclic octapeptide inhibitor “des4.3.1”
(compound 2, Figure 1) complexed with HDAC6 CD2 was
described in the original report.”” These cyclic peptides
contain an unnatural amino acid side chain, (S)-2-amino-7-
sulfanylheptanoic acid (SHA), containing a thiol group that
coordinates to the catalytic zinc ion. Notably, these are the
largest peptides successfully cocrystallized with any HDAC
isozyme, and their binding modes provide fascinating
inferences on protein—protein recognition. While the con-
formations of the zinc-bound SHA residues are generally
identical for 1 and 2, the macrocyclic octapeptides otherwise
adopt strikingly different conformations. The majority of
enzyme—inhibitor interactions are water-mediated, which may
suggest that a flexible cushion of water molecules in the outer
active site cleft facilitates broad specificity while maintaining
high affinity. These water-mediated interactions contribute to
more than a 150-fold enhancement of inhibitory activity: 1 and
2 exhibit ICy, values of 4.4 and 3.6 nM, respectively, against
HDAC6 CD2, whereas for SHA alone, ICs, = 670 nM.”” We
suggest that the binding of these high-affinity peptide
macrocycles may mimic certain features of the binding of
high-activity protein substrates.

B RESULTS AND DISCUSSION

Structure of the HDAC6 CD2—1 Complex. The X-ray
crystal structure of the HDAC6 CD2—1 complex was solved at
2.0 A resolution. The overall backbone conformation and most
side chain conformations of the macrocycle are clearly outlined
in the electron density map (Figure 2a); only the solvent-
exposed side chain of Arg-7 is characterized by weak or missing
density, presumably due to disorder (henceforth, macrocyclic
peptide and protein residues are indicated by three- and one-
letter amino acid abbreviations, respectively).

Inhibitor binding does not trigger any major structural
changes in comparison with the unliganded enzyme, and the
root-mean-square deviation (rmsd) is 0.18 A for 312 Ca atoms
between the two structures. The inhibitor makes several
intermolecular and intramolecular interactions in the active site
(Figure 2b), key among which is coordination of the catalytic
Zn*" ion by the SHA-1 thiolate group (S-Zn** separation =
2.3 A, C—S-Zn*" angle = 119°, and C—C—S:-Zn*" dihedral
angle = 32°). The Zn**-bound thiolate also accepts a hydrogen
bond from Y74S. Apart from the C—C—S--Zn** dihedral
angle, thiolate—zinc coordination geometry is generall;r similar
to that observed in the HDAC8—Largazole complex.”’

The macrocycle makes three additional hydrogen bonds
with protein residues, but just one of these interactions is
biologically relevant: the backbone NH group of SHA-1
donates a hydrogen bond to the side chain hydroxyl group of
§531, just as the backbone NH groups of acetyllysine in two
different linear peptide substrates donate hydrogen bonds to
§531.> This is the only direct interaction made with the
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Figure 3. Molecular dynamics simulations of 1 and 2 in HDAC6 CD2-bound and unbound states. Superpositions of the crystallographically
determined structures of 1 (a) and 2 (b) bound to HDAC6 CD2 are shown with representative structures from the three highest occupancy
clusters identified in MD simulations of the complexes. Each representative MD structure is shown in pairwise comparison with the
crystallographically determined structures of 1 (c) and 2 (d). Torsion angle bins for clusters A—C and X—Z are defined in Table S1. Each
individual unbound peptide MD simulation cluster representative is compared with the crystallographically determined structure of 1 (e) or 2 (f).
A total of 110 us of MD simulations were performed (10 independent trials of the unbound peptide for S us each for each peptide and five
independent trials of the HDAC6 CD2—peptide complex for 1 us each for each peptide). Simulation frames were collected every 10 ps.

backbone of the macrocyclic octapeptide, just as it is the only
direct interaction made with the backbones of linear peptide
substrates. The binding of the macrocyclic octapeptide thus
mimics substrate binding.

The remaining two enzyme—inhibitor hydrogen bonds are
made with an adjacent HDAC6 CD2 monomer in the crystal
lattice. These interactions are not biologically relevant for
inhibitory activity since they are the consequence of packing in
the crystal lattice: the backbone carbonyl group of dGlu-3
accepts a hydrogen bond from the phenolic hydroxyl group of
Y448 in the adjacent monomer, and the side chain hydroxyl
group of dSer-4 forms a hydrogen bond with Q450 in the
adjacent monomer. It could be argued that interlattice contacts
influence the macrocycle conformation, so we utilized
molecular dynamics simulations to ascertain the conforma-
tional flexibility of 1 as described in the next section.

Other than the intermolecular interactions of SHA-1, the
macrocyclic octapeptide makes no direct hydrogen bonds with
the protein. However, numerous water-mediated protein—
peptide interactions are observed such that the inhibitor
appears to sit on a cushion of water molecules (Figure 2b).
These water-mediated hydrogen bonds appear to stabilize the
peptide conformation; indeed, a single water molecule in the
center of the macrocycle forms hydrogen bonds with the side
chain of dAsp-6, the backbone carbonyl of Val-8, the backbone
NH group of dSer-4, and a second water molecule.

Finally, two intramolecular n — #* interactions are observed
that may contribute to the stabilization of peptide
conformation. The first n — 7% interaction occurs between
the backbone carbonyl oxygen of Val-8 and the carbonyl
carbon of SHA-1, and the second n — 7z* interaction occurs
between the carbonyl oxygen of dSer-4 and the carbonyl
carbon of Ser-S (Figure 2b). Both of these interactions occur

between the n and n + 1 residues, as also found for n —» #*
interactions in a-helices.*>*” This is notable since the ® and ¥
angles of SHA-1 correspond to those of a residue in an a-helix.

Molecular Dynamics Simulations. To evaluate the
extent to which interlattice contacts influenced the binding
conformation of inhibitor 1, we performed molecular dynamics
(MD) simulations of both the free macrocycle as well as its
complex with HDAC6 CD2. Given that macrocyclic
octapeptide inhibitor 2 (Figure 1) also makes an array of
different interlattice contacts (Figure S1), we also performed
MD simulations for 2 in both the free and HDAC6 CD2-
bound states. In total, we performed 10 independent trials of 5
pus each for each unbound macrocyclic octapeptide and five
independent trials of 1 us each for each HDAC6 CD2-bound
macrocyclic octapeptide.

For each set of simulations, we systematically clustered the
trajectories based on backbone dihedral torsion angles in an
approach similar to that previously employed for the
computatlonal design and analysis of ordered peptide macro-
cycles.* Here, torsion angle bins A—C and X-Z for the
analysis of peptide conformations are defined in Table SI and
used in Figure 3 to summarize the MD results.

The top three clusters identified from simulations of either 1
or 2 bound to HDAC6 CD2 account for the majority of the
conformational heterogeneity (Figure S2). Each of these
clusters preserves the geometry of the zinc-bound SHA residue
and adjacent residues with torsional fluctuations primarily in
the solvent-exposed region (Figures 3a—d and S2). Notably,
simulations of the unbound peptide structures also display
substantial preorganization of the SHA residue and adjacent
residues for binding to HDAC6 CD2 (Figures 3e,f and S2).
Preorganization of key binding site interaction residues in
HCDR3 loop-derived macrocyclic peptides was previously
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Figure 4. (a—c) Ramachandran plots illustrating the conformations of residues flanking acetyllysine or other zinc-binding groups (“residue 0”) in
crystal structures of peptide complexes with HDAC isozymes (individual entries are listed in Tables S2—S4). (d) Ramachandran plot illustrating
the conformations of residues flanking known lysine acetylation sites in crystal structures of protein substrates of HDAC6 CD2 (individual entries

are listed in Tables SS and S6).

identified as an important contributor to peptide affinity."’
Similarly, the tertiary structures of the macrocyclic peptides
remain near their crystallographic conformers in both
simulations of the complexed and unbound states. Altogether,
our MD simulation results suggest that interlattice contacts do
not appreciably influence the binding poses of the peptide
macrocycles to HDAC6 CD2. Specifically, these results
indicate that interlattice contacts do not influence or alter
binding interactions of the cyclic octapeptide in the HDAC6
CD2 active site.

Comparison of Enzyme-Bound Inhibitor Conforma-
tions. There are notable differences in the binding
conformations of 1 and 2 in the HDAC6 CD2 active site.
However, both retain the n — #* interaction between the
carbonyl oxygen of residue 8 (Val-8 in 1, dArg-8 in 2) and the
carbonyl carbon of SHA-1. This interaction, as well as the
hydrogen bond between the backbone NH group of SHA-1 in
each inhibitor and S531, stabilize the backbone conformation
of the zinc-binding residue. Each SHA-1 residue exhibits
backbone torsion angles @ ~ —75° and ¥ ~ —35° comparable
to those of zinc-binding residues in all other peptides bound to
HDAC6 CD2, HDACS, or HDAC2, including zinc-bound
acetyllysine in linear peptide substrates and zinc-bound
epoxyketone or ketone side chains of cyclic tetrapeptide
inhibitors (Figure 4a—c and Tables S2—S4 and Figure S3).
Regardless of the zinc-binding residue and regardless of its
context in a cyclic or linear peptide, its binding conformation is
essentially identical in each HDAC active site.

An additional conformational regularity in the peptide
backbone is observed for the —1 residue relative to the zinc-
binding residue in peptide substrates and inhibitors: apart from
the —1 residue in cyclic octapeptide 2 and the cyclic
tetrapeptides HC Toxin and Trapoxin A, the —1 residue in
complexes with HDAC6 CD2 and HDACS adopts backbone
torsion angles @ and W that generally correspond to an
extended f-strand conformation (Figure 4ab and Tables S2
and S3). Less regularity in the conformation of the —1 residue
is observed for peptide binding to HDAC2, but here the
conformations of the +1 residue tend to cluster in the f-strand
region of the Ramachandran plot (Figure 4c and Table S4). A
structural trend thus begins to emerge for the conformations of
residues immediately flanking the scissile acetyllysine residue
that may favor binding to one HDAC isozyme or another.

Beyond the immediate vicinity of the zinc-binding residue,
the conformations of macrocyclic octapeptides differ signifi-
cantly (Figure 5 and Table S2). In its complex with HDAC6
CD2, 2 contains a f-turn in which the backbone carbonyl of
Lys-4 accepts a hydrogen bond from the backbone NH group
of Asp-7. In comparison, 1 lacks this secondary structural motif
and adopts an alternative backbone conformation. Interest-
ingly, two direct intramolecular hydrogen bonds stabilize the
macrocyclic peptide conformation in the HDAC6 CD2—2
complex. In contrast, intramolecular hydrogen bonds are not
direct in the HDAC6 CD2—1 complex but instead are
mediated through a central hydrogen-bonded water molecule
(Figure 2b).

https://doi.org/10.1021/acschembio.3c00113
ACS Chem. Biol. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.3c00113?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.3c00113?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.3c00113?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.3c00113?fig=fig4&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.3c00113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Chemical Biology pubs.acs.org/acschemicalbiology

Figure S. (a) Overlay of 1 and 2 (PDB 6WS]) bound in the active site of HDAC6 CD2. Atomic color coding is as follows: C = blue (1), lavender
(2), or yellow (protein surface); N = dark blue; O = red; and S = dark yellow. (b) Stereoview of the binding conformations of 1 and 2 shown with
no side chains except for SHA-1 highlights striking differences in main-chain conformations.

Figure 6. Structures of HDAC6 CD2 complexes with 1 (a) and 2 (b) showing molecular surfaces. While the conformations of the SHA-1 residue
in each inhibitor are essentially identical, differences in the overall macrocycle conformation yield significant differences in the overall molecular
shape. Despite these differences, there is general complementarity of molecular surfaces in the regions where protein—peptide association is closest,
especially as mediated by a flexible cushion of water molecules (red spheres). Water molecules common to both structures appear as cyan spheres.
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Given that the backbone conformation of SHA-1 in both
macrocyclic octapeptides is similar to the backbone con-
formation of an acetyllysine peptide substrate, we suggest that
each macrocyclic octapeptide inhibitor may mimic certain
features of the binding of a macromolecular protein substrate
in the HDAC6 CD?2 active site. Protein—peptide or protein—
protein binding requires molecular surfaces with complemen-
tary shapes; it is interesting that despite differences in the
overall peptide sequence and conformation between 1 and 2,
each inhibitor is generally complementary in shape to the
active site contour of HDAC6 CD2. Moreover, the structural
complementarity of each inhibitor is facilitated by a cushion of
ordered water molecules. Four of these water molecules are
conserved in each complex, and the remaining water molecules
occupy different positions (Figure 6). It is notable that the
active site solvent structure can adjust to accommodate
different macrocyclic octapeptides with different conforma-
tions yet comparable inhibitory potencies.

Conformations of Protein Substrates. Analysis of
backbone torsion angles in confirmed protein substrates of
HDAC6 CD2 for which structures are available in the Protein
Data Bank reveals that many lysine residues known to be
reversibly acetylated adopt backbone torsion angles ® and ¥
characteristic of residues in an a-helix (Table S5). However,
other conformations are also observed, such as f-strand or
random coil (loop). Regardless that these lysine residues are
known to be HDAC6 CD2 substrates indicates that their
conformations must be sufficiently flexible to fit in the active
site such that the scissile acetyllysine residue can adopt
backbone torsion angles of ® ~ —75° and ¥ ~ —35°.

In addition to protein substrates of HDAC6 CD?2 identified
through in vivo biochemical methods (Table SS), additional
putative protein substrates have been identified by screening
peptide fragments in vitro for activity and then correlating
peptide sequences with the corresponding proteins for which
crystal structures are available.’””' Analysis of protein
structures identified through this approach yields additional
examples of lysine residues contained in loops, a-helices, and
one in a f-strand (Table S6).

Conformational analysis of confirmed and putative protein
substrates indicates that no trends are evident for the backbone
conformations of the substrate acetyllysine residue +2 flanking
residues (Figure 4d). This is consistent with the general lack of
trends observed for binding conformations of smaller peptides
in complexes with HDAC6 CD2, HDACS, and HDAC2, apart
from the conformation of the zinc-binding residue (Figure 4a—
c). This conformational variability is consistent with the
generally broad substrate specificity of HDAC isozymes. In
particular, there is no strong consensus sequence flanking the
scissile acetyllysine residue in confirmed and putative protein
substrates of HDAC6 CD2 (Figure 7), regardless of whether
their structures have been determined (Tables SS and S6) or
not (Tables S7 and S8). As long as the scissile acetyllysine
residue can adopt backbone torsion angles of ® ~ —75° and ¥
~ —35°, and as long as the backbone torsion angles of flanking
residues are sufficiently flexible to enable binding in the active
site without causing steric clashes, the acetyllysine residue can
be an HDAC substrate. Even if the acetyllysine residue is
contained in an a-helix, the helix does not necessarily have to
fully unwind to enable substrate binding in the HDAC6 CD2
active site (Figure S4). However, the ability for the peptide
segment to fit in the HDAC6 CD2 active site is necessary but
not sufficient for protein substrate binding. Additional

-2 -1 0 +1 +2

Figure 7. Analysis of protein substrates of HDAC6 CD2 reveals no
significant consensus sequence flanking the acetyllysine substrate. (a)
WebLogo of substrates and putative substrates with known three-
dimensional structures as listed in Tables S5 and S6, respectively. (b)
WebLogo of substrates and putative substrates for which three-
dimensional structures are unavailable, as listed in Tables S7 and S8,
respectively. (c) WebLogo resulting from combining sequences in

panels (a) and (b).

structural features beyond the scissile acetyllysine residue
must be important for molecular recognition of specific
HDAC6 CD2 substrates. In other words, if virtually any
sequence can fit in the HDAC6 CD2 active site, HDAC6 CD2-
substrate recognition must be based in large part on the
tertiary structure surrounding the scissile acetyllysine residue
and long-range enzyme—substrate interactions.

The importance of long-range interactions for HDAC-
substrate recognition and catalysis was first demonstrated for
the class I deacetylase HDAC8 using linear peptide
substrates.”” These studies revealed that an exosite accom-
modates the basic sequence KRHR in the +4 to the +7
position relative to the scissile acetyllysine of peptide substrates
and that these distal residues are important for substrate
binding and catalysis. More recently, Fierke and colleagues
measured steady-state kinetics using singly acetylated histone
protein H3 prepared by unnatural amino acid mutagenesis,
demonstrating that HDAC8 catalyzes the deacetylation of
H3(Ac)/H4 tetramers more efficiently than the deacetylation
of the corresponding 7-, 13-, and 17-mer linear peptides.”
Thus, long-range enzyme—substrate interactions are important
for HDACS activity with protein substrates. We expect that the
same holds true for HDAC6 CD2 activity with protein
substrates.

B CONCLUSIONS

The X-ray crystal structure of the HDAC6 CD2—1 complex
reveals that a potent thiolate—zinc interaction made by SHA-1,
also stabilized by a hydrogen bond with Y745, contributes to
nanomolar inhibitory potency. The macrocyclic octapeptide
makes only one additional direct interaction with the protein:
the backbone NH group of SHA-1 donates a hydrogen bond to

https://doi.org/10.1021/acschembio.3c00113
ACS Chem. Biol. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.3c00113?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.3c00113?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.3c00113?fig=fig7&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.3c00113/suppl_file/cb3c00113_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.3c00113?fig=fig7&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.3c00113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Chemical Biology

pubs.acs.org/acschemicalbiology

the hydroxyl group of S531, thereby mimicking the hydrogen
bond interaction made by the acetyllysine residue of an actual
HDAC6 CD2 substrate.”> All other hydrogen bond
interactions between the enzyme and the macrocyclic
octapeptide by residues flanking SHA-1 are made through
intervening water molecules. Peptide binding is accommodated
by a cushion of water molecules in the outer active site cleft.

Similar conclusions hold for the previously reported”” crystal
structure of the HDAC6 CD2—-2 complex, ie, no direct
enzyme—inhibitor hydrogen bonds are observed apart from
interactions with SHA-1, and inhibitor binding is accom-
modated by a cushion of water molecules. Macrocyclic
polypeptides 1 and 2 adopt strikingly different conformations
apart from the SHA-1 residue when bound to HDAC6 CD2,
yet each conformation exploits shape complementarity for
binding in the enzyme active site with nanomolar inhibitory
potency. Thus, high-affinity binding of a macrocyclic peptide
inhibitor is based on molecular recognition of the tertiary
structure rather than the primary structure surrounding the
zinc-binding residue and may be facilitated by a flexible
cushion of water molecules. We suggest that the same
conclusion may hold for the binding of protein substrates to
HDAC6 CD2. This feature may contribute to the broad
protein substrate specificity of HDAC6 CD2 as well as other
lysine deacetylases in the HDAC family.

B METHODS

For X-ray crystallography, catalytic domain 2 from Danio rerio
(HDAC6 CD2) encoded in the His,-MBP-TEV-HDAC6-pET28a(+)
vector was purified as previously described.>* Macroc;rclic octapeptide
inhibitor 1 (des4.2.0) was prepared as described.”” The HDAC6
CD2—1 complex was crystallized via sitting drop vapor diffusion and
full details of the structure determination at 2.0 A resolution are
summarized in the Supporting Information.

For sequence analyses of protein substrates, WebLogos were
gcelne;rgast?d using the online server at https://weblogo.berkeley.
edu.”°

For computational modeling, we performed refinement of both the
crystallographically solved protein—peptide complexes and the
peptides in the unbound state using Rosetta. Following refinement
in Rosetta, we prepared our models for all-atom explicit solvent
molecular dynamics (MD) simulations in Amber.*” A total of 10
independent simulations were run for 5.0 ps each for each of the
unbound peptides. A total of five independent simulations were run
for 1.0 ps each for each of the HDAC-bound peptides. Altogether, the
total production simulation time was therefore 110 ys. We analyzed
our simulation trajectories through torsion-based clustering. A
detailed description of our molecular modeling protocols is found
in the Supporting Information.
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