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Abstract: Histone deacetylases (HDACs), together with histone acetyltransferases (HATs), regulate
gene expression by modulating the acetylation level of chromatin. HDACS is implicated in many
important cellular processes, particularly in cancer cell proliferation and metastasis, making inhibi-
tion of HDAC3 a promising epigenetic treatment for certain cancers. HDAC3 is activated upon
complex formation with both inositol tetraphosphate (IP4) and the deacetylase-activating domain
(DAD) of multi-protein nuclear receptor corepressor complexes. In previous studies, we have
shown that binding of DAD and IP4 to HDACS significantly restricts its conformational space
towards its stable ternary complex conformation, and suggest this to be the active conformation.
Here, we report a single mutation of HDACS3 that is capable of mimicking the stabilizing effects of
DAD and IP4, without the presence of either. This mutation, however, results in a total loss of
deacetylase activity, prompting a closer evaluation of our understanding of the activation of

HDACS.
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Introduction

Histone deacetylases (HDACs) were originally discov-
ered and named for their role as keepers of the his-
tone code.! Through deacetylation of acetyllysines
located on the n-termini, or “tails,” of histone pro-
teins, HDACs repress transcription of certain genes.?
It is now known, however, that HDACs also modulate
the activity of many other nonhistone proteins, like
p53 and NFxB.! HDAC3 is a deacetylase that has
quickly become a popular drug target as it not only
promotes cell proliferation and metastasis in cancer
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cells, but is also implicated in several neurodegenera-
tive diseases as well as in HIV-1 latency.®®

Like nearly all other HDACs, HDAC3 is only
active upon recruitment to a multiprotein nuclear
receptor corepressor complex. Specifically, HDAC3
must be minimally bound to the deacetylase-
activating domain (DAD) of either the silencing
mediator for retinoid and thyroid hormone receptors
(SMRT) or the homologous nuclear receptor co-
repressor 1 (NCoR) complex.”™

Upon resolving the crystal structure of HDACS,
bound to DAD, Watson et al. also discovered that a
molecule of inositol tetraphosphate (IP4) rested at
the protein-protein interface (1).!° Although it was
established that IP4 is necessary for both formation
of the HDAC3:DAD complex and for deacetylase
activation, the underlying structural mechanism
was not clear. Mutagenesis data has suggested that
a delicate interdependence between IP4 and DAD is
important in the activation of HDACS3.1%:1
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Recently, using molecular dynamics (MD) simu-
lations, we showed that binding of either DAD or
IP4 to HDACS3 results in a restriction of its confor-
mational space, which is further exemplified once
both are present in the active ternary (HDACS3:IP4:-
DAD) complex.'? We proposed that this rigid confor-
mation is important for the activation of HDACS,
likely by priming the deacetylase for substrate
recognition.

Here, we report an HDAC3 mutant that mimics
the rigid ternary complex deacetylase conformation,
without the need for DAD or IP4. A single arginine-
to-proline substitution at position 265 (R265P) is
capable of biasing the HDAC3 conformational
ensemble towards its active state, identifying the
265 position as a critical hot spot in the allosteric
activation of HDAC3. Intriguingly, despite its struc-
tural dynamics that suggest it to be constitutively
active, the HDAC3%255F mutant was actually shown
to be inactive.!® We discuss the implications of these
results on our understanding of the general activa-
tion mechanism of HDAC3 by DAD and IP4.

Results

In our previous work, we showed that the conforma-
tional ensemble of apo HDAC3"7 is restricted upon
binding to DAD and IP4.!? Here, we use several
structural metrics, outlined below, to compare the
conformational flexibility of  the inactive
HDAC3"265F mutant to that of the free and com-
plexed HDAC3"7? states, based on triplicate 100-ns
molecular dynamics (MD) simulations for each state.

Global stability of apo HDAC372%°F resembles
that of activated HDAC3""

Using principal component (PC) analysis, we charac-
terized how the HDAC3 dynamics change according
to its two most dominant low-frequency modes. By
projecting the HDAC3:IP4, HDAC3:DAD, and HDA-
C3:IP4:DAD trajectories onto a PC space built from
the apo HDAC3"” simulations, we previously
showed a constriction of the deacetylase ensemble
upon binding to DAD and IP4 (2, panels A-D).!2 We
note that binding of either DAD or IP4 results in
comparable restriction of dynamics along these
modes and the deacetylase backbone is further
restricted in the active ternary complex.

The projection of the mutant HDAC3F25%% tra-
jectories onto the WT apo PC space demonstrates a
bias in its conformational ensemble toward the
active state (2, panel E). We also note that the
mutant deacetylase, in its apo form, maintained a
surprisingly low RMSD (~ 1.5A) to the crystal struc-
ture of the WT deacetylase in the HDAC3:IP4:DAD
complex.

PC1 and PC2 (movies available in Ref. 12)
together describe a contractile motion around the
active site. PC2 is dominated by the dynamics of
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Loop 1, whereas PC1 primarily results from con-
certed motions of Helix 6, the C-terminal helix, and
Loop 6 (1). The mutated residue, R265, resides on
Loop 6, where it interacts with either the solvent or
IP4, if present. Nearby K25 on Loop 1 also interacts
with IP4, and causes a charge-charge repulsion with
R265 in the absence of IP4. The proline at this posi-
tion could trivially be expected to stabilize Loop 6,
both by removing one of the positive charges from
this basic region, and by the rigid nature of the pro-
line residue itself. The dramatic constriction of the
conformational ensemble observed for apo
HDAC3R2%5F however, involves other regions quite
far from the mutation site, such as the C-terminal
helix and Helix 6, indicating several wide-spread
allosteric networks in HDACS3 that can be triggered
at position 265.

To further dissect the effect of the inactivating
R265P mutation on the deacetylase conformational
plasticity, we also analyzed the change in the per-
residue root mean squared fluctuations (ARMSF') for
the mutant and the WT complexed states, relative to
the apo HDAC3"7 fluctuations. In this way, nega-
tive ARMSF values indicate residues that are stabi-
lized in the mutant or complexed states, relative to
HDAC3"7 in its apo form.

First, we note that the R265P mutation results
in the stabilization of the same WT deacetylase
regions that are stabilized upon complex formation
with either DAD, IP4, or both (3). The random coil
region at positions 340 to 348 (1) is the only excep-
tion to this trend, as it is only destabilized in the
ternary complex, but not by DAD, IP4 or the R265P
mutation alone. We also identified a striking similar-
ity  between the HDACS3®2%P  and  the
HDACS3:IP4ARMSF plots (3). For both the mutant
and the IP4-bound, but not DAD-bound deacetylase,
we observed negative peaks at the C-terminal helix,
which is believed to include the nuclear localization
signal (NLS) of HDACS3.'® Other motifs that are sta-
bilized to a greater extent by DAD, for example,
Loop 1, were affected to a lesser extent by either the
binding of IP4 or by the mutation. The replacement
of just one of the three key IP4-interacting residues
appears to result in the same curious ARMSF signa-
ture as seen with IP4 binding.

Geometry of apo HDAC3%2%°F active site

channel resembles that of activated HDAC3""

Most of the key stabilized regions in HDAC3"™7 form
a channel (= 10A) to the active site. By analyzing
the radii along the length of the channel during the
MD simulations, we observed that the channel in
the active ternary complex maintains its geometry,
whereas the apo HDAC3"7 channel has large fluctu-
ations in its geometry (4). The apo HDAC3%2¢5F data
also indicate a very restrained active site channel
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Figure 1. Cartoon representation of HDACS3 (green ribbon) bound to DAD (purple ribbon) and IP4 (sticks), from Protein Data
Bank (PDB) identification code: 4A69."° Arrow indicates the location of the active site. For reference, some loops and helices

are identified, as well as the location of the R265 residue.

geometry, although not identical to that of the ter-
nary complex deacetylase.

The form of this active site channel is likely an
important part of the substrate recognition mecha-
nism of HDAC3. An analysis of the key channel-
lining residues highlights a cluster of hydrophobic
residues at the opening of the channel, followed by
more polar residues closer to the active site. This
distribution of channel-lining residues is indicative
of the current pharmacophore of HDAC inhibitors,
as well as of the acetyllysine binding mode.*

One of the key features of the active site chan-
nel is the conserved residue Tyr298, which serves to
anchor the acetyllysine substrate (5). From the mul-
tiple MD simulations, we found that Tyr298 samples
two y; dihedral states, only one of which permits
the catalytic interaction with the carbonyl oxygen of
the acetyl group (5). For HDAC3"7Z, the binding of

both IP4 and DAD shifts the rotameric population
exclusively toward the catalytically relevant confor-
mation, inward, whereas the apo HDAC3"”
ble reflects nearly equal probability of inward and
outward Tyr298 conformations. The R265P muta-
tion, appears to also bias the Tyr298 conformation
toward the catalytically relevant state, without the
presence of DAD or IP4.

ensem-

Discussion

We identified a mutation, R265P, on one of the active
site loops of HDAC3, which is capable of reproducing
many of the long-range stabilizing effects of IP4 or
DAD binding. These results confirm the presence of
an allosteric network in HDACS3 that can be triggered
at position 265, either by small molecule binding, or
as shown here through the R265P replacement. Fluc-
tuations in Loop 6 (1) are directly linked to large
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Figure 2. Principal component analysis of HDACS. (A) apo HDACS, (B) IP4-bound HDACS, (C) DAD-bound HDACS3, (D) IP4-
and DAD-bound HDAC3, and (E) apo HDAC3/?%%" mutant dynamics are each projected onto PC1:PC2 space of the apo
HDAC3"'2_ A white cross in each panel indicates the projection of the HDAC3:IP4:DAD crystal structure (PDB ID: 4A69'0).
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Figure 3. ARMSF Analysis of mutant and complexed
HDACS3. Differences between per-residue RMSF values (/&)
are shown for (from top to bottom) HDAC3:IP4:DAD,
HDAC3:DAD, HDAC3:IP4," and HDAC372%°F, with reference
to the apo HDAC3"” RMSF values. Negative ARMSF values
correspond to stabilized regions.

fluctuations in Helix 6 and the C-terminal helix, the
latter of which contains the NLS of HDAC3.'® These
fluctuations appear to be transmitted through the
protein backbone via the random coil region between
residues 340 and 348, as well as the other nearby
active site loops, resulting in an overall stabilized
backbone upon stabilization of a single amino acid
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side chain. Even though its conformational ensemble
suggests the HDAC3%2%” mutant may be constitu-
tively active, however, it was instead shown to result
in a loss of all WT deacetylase activity.'°

Activation of HDAC3 may require further
stabilization
Although the structural dynamics of the
HDAC3%2%5F mutant are biased towards the deacety-
lase conformation in the active ternary complex, our
results do show that the mutant ensemble more
closely resembles either the HDAC3:DAD or HDA-
C3:IP4 intermediate complexes, neither of which has
been shown to be active, to our knowledge. It is pos-
sible, then that the deacetylase activity requires
additional “fine tuning” of the conformational
ensemble. In each of our structural analyses, we
observed a synergistic restricting effect on the deace-
tylase dynamics when both IP4 and DAD were
bound, which was not observed in the simulations of
the apo HDAC3%2¢5F mutant. The R265P mutation
has been shown to preclude complex formation with
DAD,'° which may be required to further refine the
conformational ensemble toward the active state. We
should note, however, that we have also performed
simulations of the mutant bound to both IP4 and
DAD (not shown here), but did not observe any fur-
ther stabilization of the deacetylase backbone than
was observed in the apo HDACS3E265F case. The
HDAC3E2%P engemble, although biased toward the
active conformation, may still be lacking necessary,
yet subtle, structural rearrangements to be activated.
It is also possible that the physical presence of
IP4 and DAD themselves contributes to substrate
recognition or stabilization, in addition to their syn-
ergistic stabilizing effects of the deacetylase back-
bone. In this case, the loss of affinity for DAD and
IP4 would be enough to result in a loss of deacety-
lase activity associated with the R265P mutation.
We think this is unlikely, however, because even
though DAD is necessary for histone recognition of
HDACS3,'® the HDAC activity assay used to study
the mutant utilizes a peptide substrate that can be
deacetylated by a number of HDACs, which do not
specifically require DAD.°

R265P mutation may alter substrate specificity
It seems, then, that due to rather subtle details in
its dynamics, the HDAC3%2%5F mutant is unable to
deacetylate the same substrate that the WT can
deacetylate when bound to DAD and IP4. Because of
its stability and close resemblance to the WT deace-
tylase in the ternary complex, however, it is plausi-
ble that this mutant may still be active toward some
other acetyllysine substrates. In the future, alterna-
tive assays with multiple peptide substrates may be
used to detect possible changes in deacetylase target
specificity as a result of this mutation.
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Figure 4. Geometry of active site channel. (A) Two-dimensional histograms showing the distribution of radii along the channel
length for the apo, IP4-bound, DAD-bound, and ternary WT'2 simulations, as well as for the apo R265P mutant. (B) The stable
channel leading to the active site, from simulations of the HDAC3:1P4:DAD complex is shown schematically, with average diam-

eters indicated along the channel length.

Implications on HDACS3 biology

A shifted substrate specificity for the HDAC3%2657
mutant would be of particular biological relevance
as this mutation can occur as a result of a known
single nucleotide polymorphism (rs467744), not yet
associated with any known phenotypes, to our
knowledge. Moreover, if this intermediately
restrained conformational ensemble of HDAC3 is
associated with an altered substrate specificity, this
would have profound implications on the role of IP4
in modulating HDAC3"” activity, since the HDA-
C3:IP4 complex has a comparably restrained confor-
mational ensemble. Because HDAC3 is known to
localize to both the nucleus and cytoplasm, and has

been shown to modulate cellular processes even
when unable to bind to DAD,' it is possible that
IP4 may serve to activate cytoplasmic HDACS3
toward other nonhistone targets, and even promote
nuclear import of HDAC3 through stabilization of
its NLS. The HDAC3%?%%” mutant, on the other
hand, may be unaffected by the inositol signaling
pathway and have aberrant subcellular localization.

Evolutionary origins of a constitutively active
HDAC

The R265 residue is conserved in nearly all of the
class I HDACs, suggesting perhaps the same alloste-
ric network is conserved within the catalytic HDAC
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Figure 5. Population analysis of Tyr298 y, dihedral angle. (A) Normalized probability of the y4 side chain dihedral angle shows
two states (inward and outward) sampled in the HDAC3'2 simulations. (B) Cartoon representation of HDAC3 from the HDA-

C3:IP4:DAD (black) and apo (green) simulations are superimposed to highlight the two Tyr298 conformations. An arbitrary ace-
tyllysine peptide substrate was docked into the active site to show the functional relevance of the inward Tyr298 conformation

(hydrogen atoms are not shown).
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core.’®17 The exception, however, is HDACS, which
happens to also be the only deaetylase in its class
that is constitutively active.!® Intriguingly, in
HDACS, the conserved arginine at position 265 is
instead a proline. Our results on the R265P mutant
provide insight into the molecular mechanism
through which this constitutive activity may be con-
ferred to HDACS. Future assays of the HDAC3%2657
mutant specificity, among that of other HDACS8-like
mutants, would be necessary in order to address
this exciting idea.

Computational Methods

System setup and equilibration

The systems were built using the AMBER f{f99SB
force field, with the ildn modification for ILE, LEU,
ASP, and ASN residues.'® Parameters for both IP4
and the active site Zn center, as well as protonation
states were taken from previous work.'? Each sys-
tem was solvated in a 10.0 A TIP3P octahedron, and
potassium ions were added to neutralize the charge
in each case: HDAC (9), HDAC:IP4 (17), HDAC:IP4:-
DAD (13).%° Additional potassium and chloride ions
were added to simulate physiological salt concentra-
tion (0.15M). The updated Lennard Jones parame-
ters for ions were used.?’ Systems were heated to
300K at constant volume (NVT) with restraints on
the protein that were gradually reduced from 200 to
0 kecal/mol/A? over a period of 150 ps. The Langevin
thermostat was used with a collision frequency of
1.0 ps~ 1. The SHAKE algorithm was used to con-
strain bonds to nonpolar hydrogens, and a 1.0-fs
time-step was used during dynamics.?? An 8.0 A cut-
off was used for nonbonded interactions. Equilibra-
tion runs (100 ps) were done in the NPT ensemble,
using isotropic pressure scaling and a pressure
relaxation time of 2.0 ps.

Production MD simulations

For each system, three independent simulations
were started from different snapshots from the
equilibration simulations (taken at arbitrary inter-
vals after density of water box was equilibrated)
with randomized velocities. All production runs were
done in the same NVT conditions described above,
with the exception of a 2.0-fs time-step. All simula-
tions were done using the PMEMD module within
the Amberll simulation package.?® Production runs
were performed on GPUs using Amberll pmemd.-
CUDA, each for 100 ns.

Trajectory analysis

We used the ptraj module from the AmberTools pack-
age to perform RMSD, RMSF, and PC analyses. In
all analyses, the protein backbone atoms were
aligned to the coordinates in the crystal structure
(PDB ID 4A69). For the PC analysis, we build the
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PC1:PC2 space using the first two principal compo-
nents (over 50% of the total variance) of the three
100-ns apo HDAC3"7 trajectories, using C, atoms
only. C, atoms from all other trajectories were first
aligned to the crystal structure before projecting into
the PC space. For the analysis of the active site chan-
nel geometry, we used 100 snapshots taken from
equally spaced intervals from the three independent
100-ns simulations of each state. We used the Caver
algorithm to find tunnels in the protein, using start-
ing points in the active site (residues 132, 255, and
145), a probe radius of 0.9 A, and a shell radius of
6.0 A2 Clustering of tunnels was done using the
average linkage algorithm, with a threshold of 4.
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