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Abstract
Biochemical studies reveal that a conserved arginine residue (R37) at the centre of the 14 Å
internal cavity of histone deacetylase (HDAC) 8 is important for catalysis and acetate affinity.
Computational studies indicate that R37 forms multiple hydrogen bonding interactions with the
backbone carbonyl oxygen atoms of two conserved glycine residues, G303 and G305, resulting in
a ‘closed’ form of the channel. One possible rationale for these data is that water or product
(acetate) transit through the catalytically crucial internal channel of HDAC8 is regulated by a
gating interaction between G139-G303 tethered in position by the conserved R37.
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Post-translational modification of histones is a crucial mechanism for gene regulation.1

Acetylation and deacetylation of the ε-amino group of specific lysine residues within
histones and other proteins is one frequent covalent transformation that regulates many
cellular processes.2 The balance between acetylated and non-acetylated proteins is
controlled by the activity of histone acetyltransferases (HATs) and histone deacetylases
(HDACs), respectively.3 Inhibition of HDAC activity is a recognized strategy for cancer
chemotherapy,4 with FDA approval for the use of Zolinza® in treating certain tumors. There
are 18 known human HDAC isozymes, divided into four distinct classes: class I (HDAC1, 2,
3, 8), class II (HDAC4, 5, 6, 7, 9, 10), class III (NAD-dependent sirtuins, SIRT1-7), and
class IV (HDAC11).5 Class I, II and IV HDAC isozymes are metalloenzymes6 with a
largely conserved catalytic core. HDAC8 is a member of the class I histone deacetylases that
localizes mainly with the cytoskeleton of smooth muscle cells.7 In addition to its role in
histone modification in the nucleus,8 HDAC8 is also implicated in protecting a telomerase
activator from ubiquitin-mediated degradation,9 and regulating smooth muscle contractility.7
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From a chemotherapeutic point of view, importantly, inhibition of HDAC8 has been shown
to induce apoptosis in T-cell-derived tumor cells,10 and HDAC8 activity has been recently
shown to play a crucial role in neuroblastoma tumorigenesis.11

In the crystal structures of histone deacetylase-like protein (HDLP), HDLP complexes with
trichostatin A (TSA) or suberanilohydroxamic acid (SAHA), and HDAC8 inhibitor
complexes, inhibitors bind in a hydrophobic 11 Å tube-like channel that leads to the active
site (entrance channel, Fig. 1a).6b,12-14 In addition, a second 14 Å ‘internal’ channel has
been identified adjacent to the metal active site that is lined by charged residues on one side
and hydrophobic side chains on the other (‘internal’ channel, Fig. 1a). Wiest and co-workers
used computational methods to investigate the role of this internal cavity in HDLP and
concluded that it plays a key role in the deacetylation catalytic cycle, accepting the cleaved
acetate group and releasing it on the far side of the cavity.14 Consistent with this
hypothesis,15 one of the crystal structures of HDAC8 shows the internal cavity exposed to
the outside environment, seemingly indicating flexibility in the opening and closing of this
channel at the protein surface. The residues surrounding the active site channel and the 14 Å
cavity are highly conserved in HDAC1, 2, 3, 8 and HDLP12 so the role of the internal cavity
is relevant to all class I HDACs. Furthermore, it is possible that this cavity may also be
exploited for designing specific inhibitors.14 We describe here computational and
experimental studies on the role of this cavity in HDAC8, demonstrating the importance of
this cavity for efficient catalysis of deacetylation.

According to the Wiest hypothesis,14 following deacetylation of the substrate at the active
site of HDAC, the acetate product dissociates from the enzyme via passage through the
‘internal’ channel.14,15 Inspection of the X-ray crystal structure of HDAC8 (PDB code
2V5W) revealed three possible exit channels traversing the β3 and α6-helix downstream of
the ‘internal’ channel (Fig. 1a). Furthermore, a conserved Arg37 (R37) residue was apparent
at the centre of the ‘internal’ channel. R37 forms multiple hydrogen bonding interactions
with the backbone carbonyl oxygen atoms of conserved G303 and G305 positioned in a loop
between the β8 and α10-helix (Fig. 1). These interactions tether the loop in position such
that the backbone amide of G303 forms a hydrogen bond with the carbonyl oxygen atom of
the conserved G139 located in the loop between the β3 and α6-helix. This G139-G303
hydrogen bond blocks the channel. Since the solved structures of HDAC8 do not contain
bound acetate, the observed functionally ‘closed’ state of the exit channel is likely the most
stable conformation. Consistent with this, a molecular dynamics (MD) simulation designed
to examine the dynamics of the channel,16 demonstrated that the diameter of the passage
remained in the closed state (2.89 Å) over the course of the 20 ns simulation. Furthermore,
the interactions between R37 and G303 and G305 are maintained throughout the course of
the simulations (Fig. 2a). Therefore, in the absence of a crystal structure of an open form of
HDAC8, it would not be completely incorrect to speculate local or global conformational
changes around the channel exit to maintain an open state. Analysis of the water trajectories
within the HDAC8 channel (Fig. 2b) reveal that the solvent water molecules are positioned
within 2.5 Å on either side, but cannot cross the barrier maintained by the G139-G303
interactions (at least on a 20 ns timescale). These distances are consistent with the closed
state of the channel and persist throughout the simulation time.

To experimentally examine the function of R37 of HDAC8, this residue was substituted
with either alanine (R37A) or glutamate (R37E). Both of these mutant enzymes express19 as
recombinant proteins in E. coli to levels similar to that of wild-type HDAC86. The catalytic
activity measured for these two mutants is decreased enormously, as determined using the
Fluor de Lys HDAC8 substrate (R-H-K(Ac)-K(Ac)-fluorophore) and the Co(II)-substituted
enzymes6. The values for kcat/KM decrease by 530-fold for removal of the side chain
(R37A) and by 4 × 105-fold for substitution with the negatively charged glutamate (Table
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1). These data demonstrate that the positively charged side chain at position 37 is important
for the high catalytic activity of HDAC8, even though it is located 9 Å from the catalytic
zinc ion.

To examine whether R37 affects the interaction of HDAC8 with acetate, we measured the
IC50 value for inhibition of turnover by acetate for recombinant wild-type and R37A
HDAC8.20 For WT HDAC8, the initial rate for deacetylation is decreased by the addition of
the product, acetate, with an IC50 value of 2.5 mM. These concentrations of sodium acetate
have little to no effect on the ionic strength of the assay. However, for the R37A mutant, the
initial rate of deacetylation is unaffected by the addition of small concentrations of acetate;
the measured value for the IC50 is increased 160-fold to 400 ± 60 mM, assuming complete
inhibition at saturating acetate (Fig. 3).20 This is a lower limit for the value of IC50 as the
increased concentration of sodium in the assay may also inhibit turnover.21 The IC50 values
are directly comparable and approximate the inhibition constant, Ki, assuming that the
inhibition is competitive with substrate, since the substrate concentration in the activity
assays is below the KM for both enzymes. Therefore, the affinity of WT HDAC8 for acetate
is at least 3 kcal/mol greater than that of the R37A mutant. Furthermore, the transition state
stabilization for deacetylation (ΔΔG‡) conferred by the R37 side chain is only slightly
higher in energy (3.5 kcal/mol) than the stabilization of acetate affinity.

To investigate the impact of mutations at R37 on the secondary structure of HDAC8, we
measured the circular dichroism (CD) spectrum.22 For WT HDAC8, the CD spectrum has a
minimum a 222 nm with a shape that is characteristic of α-helical structure, consistent with
previously published results.12 The CD spectrum of the R37A HDAC8 mutant is nearly
identical to that of WT, indicating that the overall structure is unaffected by deletion of the
R37 side chain. Of note, the CD spectra are also similar for the WT and R37A apo-enzymes
(data not shown). In contrast, the molar ellipticity at most wavelengths is significantly
decreased in the CD spectrum of R37E (Fig. 4). These results suggest that the decrease in
kcat/KM observed in R37A HDAC8 is primarily due to a perturbation in the catalytic
mechanism rather than a change in the structure of the enzyme while the additional decrease
in kcat/KM observed for the R37E mutant is at least partially due to global unfolding of this
protein.

These data demonstrate that the R37 side chain is crucial for enhancement of both the
catalytic activity and acetate affinity of HDAC8. One possible explanation for these effects
is an indirect mechanism, whereby the G139-G303 interaction behaves like a gate to the
egress channel, which is tethered in position by the conserved R37. R37 may therefore
function as a gatekeeper for the internal channel, regulating water or product (acetate) transit
from the active site of HDAC8. In the R37A mutation, a short hydrophobic side chain of Ala
replaces the longer charged side chain of Arg. Our computational studies suggest this would
result in the loss of tethering of the loop between β8 and α10-helix and the G303-G139
gating interactions. Since the catalytic effects of the mutation are observed in the value of
kcat/KM, it is unlikely that the decreased catalytic activity is due to slow dissociation of
acetate. However, the R37A mutation could lead to a loss of the gating mechanism, flooding
the active site with water that disrupts interactions important for stabilization of the
transition state stabilization and the bound acetate product.

Another plausible explanation of these data is direct stabilization of both bound acetate and
formation of acetate in the transition state by the side chain of R37. However, computational
and structural studies indicate that the side chain of R37 forms interactions with G303 and
G305 when the gate is closed (presumably the catalytic conformation) and these contacts are
maintained throughout the course of a 20 ns simulation. Therefore the side chain of R37 is
not available to directly interact with acetate bound to the active site. Furthermore, the active
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site zinc ion is located more than 9 Å from the R37 side chain and is shielded by the β8-
α10-helix loop. Therefore, direct stabilization of the transition state is unlikely.
Furthermore, electrostatic effects over a distance of 9 Å should not provide 3 kcal/mol
stabilization of bound acetate by the R37 side chain.

To further test the hypothesis that the R37 mutation affects catalysis by altering channel
opening using computational methods, we carried out molecular dynamics simulations
starting with an HDAC8 structure with an alternate side chain rotamer at R37 such that the
interaction between this side chain and G303-G305 was >10 Å. During a MD simulation
carried out in explicit solvent, the R37 side chain reformed interactions with G303-G305
within the first 5 ns. We therefore attempted steered MD to explore the likely mechanism of
gate opening. This however, proved not to be straightforward since it involved several hinge
points and indirect points of pulling. Indeed, a conformation would need to be generated
which corresponds to the open state of the gate, breaking the interactions between R37 and
G303-G305 and keeping these residues apart. Since a simulation biased to disallow R37
interactions would not allow us to understand the role of this residue in channel gating, we
abandoned this strategy. As a final study, we computationally mutated R37 to R37A and
carried out a MD simulation. Using this mutant structure, no effect on channel opening was
observed within the timescale of the simulation. These results lead us to conclude that
significant structural reorganization, including rearrangement of the R37 side chain to
disrupt the interactions with G303 and G305 that then breaks interactions with G139, would
be required to open the 14 Å cavity. Furthermore, these data suggest that the structure of the
open conformation would be quite different from the existing extremely stable closed state,
which the MD simulation is unable to reproduce on a 20 ns timescale. Currently, all of the
available crystal structures depict this region of the channel in the ‘closed’ state, blocked by
the G139-G303 interaction.

In summary we have performed both experimental and computational studies that reveal
R37 is a crucial residue within the internal cavity of HDAC8. Experimentally, R37 provides
significant stabilization of both bound acetate and the catalytic transition state, as indicated
by the loss of activity in the R37A mutation. While one plausible explanation of these data is
direct stabilization of acetate in the active site by R37, this hypothesis is inconsistent with
computational and structural studies. We therefore propose that an indirect mechanism is
occurring whereby R37 is a key gatekeeper for the internal channel and regulates water or
product (acetate) access to and/or transit from the active site of HDAC8.
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Figure 1.
(a) Global structure of HDAC8 with channels and residues R37, G139, G303 and G305
depicted. (b) Tethering of the loop between β8 and α10-helix by R37. The strong interaction
formed between G139 and G303, directly as a result of this tethering, prevents the
movement of water across it. In order for water to enter or leave the active site, there would
have to be a structural reorientation of R37 and the loop, which would then open the access
to the active site via the 14Å ‘internal’ channel.
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Figure 2.
(a) Plot of the Cα root mean squared deviation (RMSD) from the initial crystal structure of
HDAC8, plotted as a function of time. The average RMSD measured over the course of
20ns simulation is 1.65A. (b) Trajectories of two water molecules that come very close to
the G139-G303 interaction but are unable to cross it. Figure (a) and (b) do not use the same
distance scale.
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Figure 3.
Inhibition of wild-type and R37A HDAC8 by acetate. 0.4 μM wild-type (circle) and 10 μM
R37A (triangle) Co(II)-HDAC8 were incubated with varying concentrations of sodium
acetate (0 – 200 mM) in 25 mM Tris pH 8.0, 137 mM NaCl and 2.7 mM KCl for 5 min
before initiating the reaction by addition of 50 μM substrate (R-H-K(Ac)-K(Ac)-
fluorophore) (BIOMOL). Initial rates were determined from a change in fluorescence.20 The
fractional activity is the ratio of the initial rate in the presence ((kcat/Km)Ac) and absence of
acetate ((kcat/Km)0) (note that the activity of R37A HDAC8 is decreased >500-fold
compared to WT HDAC8). The value of IC50 is calculated from fitting (kcat /Km)Ac /(kcat/
Km)0 = 1 / (1 + [I]/ IC50) to the data.
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Figure 4.
CD spectra of wild-type, R37A, and R37E HDAC8. All enzymes were reconstituted with
stoichiometric zinc and then diluted to a final concentration of 1 μM in 10 mM MOPS pH
7.5. Each spectrum of HDAC8 (wild-type (closed circle), R37A (open square) and R37E
(open diamond)) is an average of three scans with the spectrum of the buffer subtracted. The
molar ellipticity (θ) was calculated using the formula: θ = (millidegrees / (pathlength in
millimeters × molar concentration of protein × the number of residues)).
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Table 1

Catalytic activity and acetate inhibition constant of wild-type and mutant HDAC8a

HDAC8 kcat/Km (M-1s-1) IC50, Acetate (mM)

Co(II)-WT 7400 ± 100 2.5 ± 0.3

Co(II)-R37A 14 ± 1 400 ± 60

Co(II)-R37E 0.19 ± 0.04 ndb

a
Measured in 25 mM Tris pH 8.0, 137 mM NaCl and 2.7 mM KCl.

b
Not determined
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