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Abstract—Histone deacetylases (HDACs) have recently attracted considerable interest as targets in the treatment of cell proliferative
diseases such as cancer. In the present work, the chemical properties of the active site of HDAC were theoretically investigated at a
high computational level. Evidence was gathered for a novel catalytic mechanism, which differs from a previous proposal in the
native protonation state of the His—Asp dyads, and in the deprotonation of water as a distinct step in the mechanism.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Histone deacetylases (HDACsSs) are very promising tar-
gets for so-called mechanism-based anti-cancer drugs
that may combine clinical efficacy with relatively mild
toxicological side effects.!> Medicinal applications of
HDAC inhibitors are however not limited to the treat-
ment of cancer, but may vary from fibrotic diseases,’
including liver fibrosis,*> an important cause of death
in Western society, over autoimmune® and inflamma-
tory’ diseases, to polyglutamin disease.®® Also, they
have been shown to inhibit dedifferentiation in cell cul-
tures.’ Not only do histone deacetylases regulate chro-
matin structure, recent discoveries indicate that the
histone deacetylase isoform HDACG6 actually functions
as a tubulin deacetylase and plays a major role in tubu-
lin remodelling events, which are vital for mitosis.'°

Since the HDAC family appears to play a key role in a
very diverse set of regulatory events in the cell,'! under-
standing its common reaction mechanism may yield
valuable information for drug development. The X-ray
structure of HDLP (histone deacetylase like protein,
an HDAC analogue with the same active site as any
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member of the HDAC family), was, until very recently,
the only available structure that provides information in
this respect.'> After completion of the present work,
X-ray structures of inhibitor-bound human HDACS,
another HDAC isoform, were published by two inde-
pendent groups,'>!'4 showing that the catalytic site is
essentially the same as in HDLP (see ‘Discussion’).
However, the precise catalytic mechanism of these en-
zymes still remains unclear, as the active site exhibits
features of both serine proteases and zinc proteases.
Moreover, they contain two adjacent His—Asp dyads,
unlike any other enzymes known to us. In line of the
current tendencies towards the application of quantum
chemical methods to biosystems and its successes,'>!°
a DFT study on this system is presented, on the basis
of which a proposal was made regarding the catalytic
mechanism of the HDAC family (Scheme 1).

2. Computational details
2.1. Energy minimisations

Gaussian 03 was used for all calculations.?’ DFT energy
minimisations were performed using the basis set and de-
grees of freedom described under ‘Results’. The default
convergence criteria were used for the energy minimisa-
tions; however, ‘tight’ convergence criteria were re-
quested for all SCF steps. Since the catalytic site is
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buried at the bottom of a narrow hydrophobic pocket,
no solvent model was included in the calculations on this
system. However, for the calculations on a free water
molecule or hydroxide ion, the SCIPCM?! solvent model
was used. In this case, single centre surface integration
has been selected instead of the default multicentre meth-
od, using an equally spaced Lebedev grid with 974 inte-
gration points. As recommended by Gaussian, inc.,
SCIPCM calculations were performed with Gaussian 94.

2.2. Calculation of BSSE corrected energy of interaction

All interaction energies were calculated using the coun-
terpoise method for correcting the basis set superposi-
tion error (BSSE).?? For interactions of the active site
with a hydroxide ion or water molecule, Gaussian’s
built-in counterpoise command was used, after which
the minimum energies of the active site and the solvated
ligand in their respective protonation states were sub-
tracted to account for the conformational change and
desolvation on binding. For proton affinities, usage of
the built-in counterpoise command was not possible
due to the failure of the program in recognising a single
proton and assigning its corresponding energy of zero,
so the counterpoise correction was performed by calcu-
lating the desired energetic contributions separately,
again taking into account the conformational change,
and, in the case of the hydroxide ion, the solvation.

3. Results
3.1. Catalytic site model

To the HDLP/TSA complex obtained from the Brook-
haven Protein Data Bank* (entry code 1C3R, resolu-
tion: 2.1 A), hydrogen atoms were added, and their
positions were optimised using the ESFF force field**
as implemented in the Insight II software.>® The result-
ing geometry was used as a starting point for the gener-
ation of the catalytic site model containing a total
number of 103 atoms, shown in Figure 1. This model
comprises the catalytically important zinc ion, together

Figure 1. Empty unprotonated active site of HDLP. The electrostatic
isopotential surface at —0.284 a.u. is shown in magenta. Non-covalent
bonds are marked in green.

with the side chains of its coordinating residues Asp
168, His 170 and Asp 258. The main chain between
Asp 168 and His 170 was retained, because the hydrogen
bonds from aspartates 168 and 258 to the two amide
NH atoms in this backbone segment will likely influence
the electrostatic interactions upon coordination. The
phenolic side chain of Tyr 297 was added because its po-
sition in the active site suggest that it plays an important
role in catalysis, which is supported by mutagenesis
experiments.'? Also, the side chains of the two His—
Asp charge relay systems, His 131-Asp 168 and His
132-Asp 173, were included, because of their alleged
role in catalysis. Finally, the C, atom of Asp 173 was re-
tained, together with the carbonyl group of Asp 173 and
the NH group of Gly 174, because this NH is hydrogen
bonded to Asp 173, which may directly influence the ba-
sicity of the whole charge relay system. We consider this
model sufficiently extended for a pure quantum chemical
approach, as the closest polar centre that was not in-
cluded in the model is the amide nitrogen of Gly 295, lo-
cated at a distance of 4.6 A from the catalytic Zn>"* ion,
and the closest charged group is a sodium or potassium
ion at 7.4 A. Moreover, these groups, as well as all other
polar moieties surrounding the catalytic side model, are
shielded from the catalytic Zn*>" ion by bulk protein, so
that they are not likely to interfere directly with cataly-
sis. On this model system, a DFT/B3LYP study was
conducted, using the 6-31G* basis set as a starting point
for all atoms. Diffuse functions were added to all non-
hydrogen atoms involved in binding or in proton trans-
fers (the catalytic zinc ion, the phenolic oxygen atom of
Tyr 297, the four nitrogen atoms of His 131 and His 132
and the four side-chain oxygen atoms of Asp 166 and
Asp 173) and to the oxygen atom of the active site-
bound hydroxide ion or water molecule.

In all subsequent geometry optimisations, the heavy
atoms from the X-ray structure were kept fixed because
a full minimisation on the catalytic site would lead to large
structural deviations due to the lack of the rest of the
protein, which is needed to keep the active site in shape.
The OH hydrogen atom of Tyr 297 was allowed to move,
as well as any ligand present in the active site and any
protons interacting with the imidazole nitrogen atoms
of His 131 and His 132. All other hydrogen atoms were
kept fixed, because they are bound to the heavy atoms
in the X-ray structure. Following the minimisations,
interaction energies between the active site and the ligand
were determined, as well as proton affinities, using the
procedure discussed under ‘computational details’.

3.2. Force relaxations of the empty active site

Both His—Asp dyads in the active site can either be or
not be protonated at N', yielding four different combi-
nations for the protonation state of the active site. Addi-
tionally, for a protonated His-Asp system, the N”
proton of the histidine can either remain bound to N”,
or be transferred onto the aspartate residue, or alterna-
tively exist in an intermediary situation.?® After minimi-
sation of the two extreme starting configurations, the
latter turned out to be the case for the His 131-Asp
166 pair, whilst two distinct configurations were found
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Table 1. Results of geometry optimisations

Protonation state at Ligand Proton affinity AE of proton transfer® Ligand binding energy
N*(X = protonated)
His 131 His 132 His 131 N* His 132 N*
None
X None —382.9
X None —359.8 —-1.4
X X None -324.2 -301.2 N/AP
OH™ 36.8
X OH™ —433.1 —13.3
X OH™ —409.6 5.4 —13.3
X X OH™ —3734 —349.8 -1.9 —63.6
H,O —44.7

All energies are reported in kilocalories per mole.

& AE of proton transfer from His 132 N™ to Asp 173. Out of the two consequent protonation states, the one with the lowest energy is described in the

table.

® Not calculated, but can be inferred from the other results to be negative and lower than —1.4 kcal mol ™.

for His 132—-Asp 173. These findings indicate the absence
of an energetic barrier to the displacement of the N”
proton in the former case and the presence of such a bar-
rier in the latter case.

Consequently, both configurations were considered for
all species protonated on His 132 N*, while for the spe-
cies protonated on His 131 N*, an intermediate situation
was used as a starting structure. This resulted in a total
of six force relaxations on the empty active site.

Subsequently, proton affinities were calculated for the
N* atoms of His 131 or His 132 (Table 1).

3.3. Force relaxations of a water molecule in the active
site

Preliminary calculations indicated that a water molecule
coordinating the catalytic zinc ion is likely to be deproto-
nated by His 131.27 To verify this hypothesis, the energy
minimum of a water molecule in the unprotonated active
site was compared to the minimum of a hydroxide ion in
the active site, protonated at His 131. This resulted in an
energy difference of 20.2 kcal mol™!" in favour of the
latter, confirming the deprotonation of water when
bound to HDLP. Also, the resulting hydroxide ion
accepts a hydrogen bond from Tyr 297 in the final
geometry. Subsequently, minimisations of the active site
containing a OH™ ion were performed, taking the same
six protonation states into consideration as for the
empty active site. Then, proton affinities were again
calculated, and additionally, the binding energy of the
hydroxide ion was obtained (Table 1).

4. Discussion
4.1. The His—Asp charge relay systems
Already from geometrical considerations, it is apparent

that both His—Asp dyads are different in structure and

Non-BSSE corrected; BSSE corrected value: 18.7 kcal mol ™.
l1cal =4.18417J.

function. More specifically, the distance between His
131 N” and the nearest carboxylate oxygen of Asp 166
is 2.5 A and the imidazole ring is in plane with the carb-
oxylate group, resembling the short, strong hydrogen
bond in the ‘basic’ His—Asp pair in serine proteases.’®
In contrast, in the His 132-Asp 173 dyad, the distance
is 2.8 A and both groups are in completely different
planes from one another, which makes it more similar
to the ‘acidic’ His—Asp pair of ribonucleases,?” in which
a ‘weak’ hydrogen bond is present.’® These differences
are reflected in an energetic barrier to proton transfer
in the His 131-Asp 166 pair that is absent in the His
132-Asp 173 pair. Moreover, the proton affinities of
the His residues differ by 23.1 kcal mol ™', which implies
that, while His 131 will preferably be protonated by an
active site-bound water molecule, this is not the case
for His 132. This suggests that in the catalytic mecha-
nism, His 131 could function as ‘general base’ and His
132 as ‘general acid’, as expected from the geometry.

Less trivial is that the charge separation induced by the
protonation of one of the His—Asp dyads strongly disfa-
vours the protonation of the other. When comparing the
proton affinity of one of the His residues in the empty,
unprotonated active site to the proton affinity of the
same His residue when the active site is protonated on
the other His residue, the magnitude of this effect
amounts in both cases to about 60 kcal mol~'. The latter
value may however be an overestimation, since in the
complete protein, the effect of the abovementioned
charge separation may be partially counteracted by in-
duced polarisation of the surrounding ‘bulk protein’.
This damping effect is difficult to quantify, given our
computational limits. However, to establish a lower lim-
it for the coupling energy between the two His—Asp
pairs, the proton affinity of one His residue in the empty
and otherwise unprotonated active site can be compared
to the proton affinity of the same residue when the active
site is protonated on the other histidine and an OH™ ion
is present in the active site, the latter functioning as a
crude and exaggerated mimic of the polarisation of the
‘bulk protein’. This difference is about 10 kcal mol™',
so that the actual coupling energy of the two His—Asp
pairs can be expected to lie between 10 and
60 kcal mol ™', clearly indicating that the negative
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coupling between the protonation of the two His—Asp
dyads will have a significant impact on their functioning.

4.2. Electrostatic potential

In order to gain additional insight into the functioning
of the active site as a whole, the electrostatic potential
of the empty, unprotonated active site was investigated.
As expected, the minimum near His 131 N
(—=0.316 a.u.) is deeper than the minimum near His 132
N* (-0.287 a.u.) Also, the isopotential surface at
—0.284 a.u. (Fig. 1) shows a connection between the
minima of His 131 and His 132, which disappears in
the isopotential surface at —0.285a.u. (not shown).
Hence, the saddle point in the electrostatic potential
must be situated between these two values, and conse-
quently, the activation energy of the proton transfer
from HisH" 132 to His 131 can roughly be estimated
at —0.284 a.u. + 0.287 a.u. = 0.003 a.u. or 2 kcal mol ',
suggesting that a proton transfer from His 132 to H1s
131 will readily occur at biologically relevant
temperatures.

4.3. Protonation state of the empty active site

As demonstrated by theore‘ucal31 as well as experlmen-
tal®? studies, the catalytic Zn>* ion will significantly in-
crease its ligand’s acidity. Moreover, the acidity of an
active site-bound water molecule may be further in-
creased by accepting a hydrogen bond from either His
131 or Tyr 297. However, the magnitude of these effects
cannot be inferred from our calculations, because the
net charge of our active site model makes comparison
of proton affinities in the active site with ‘free’ proton
affinities impossible.

Still, it is possible to determine the native state of the
protein, which yields valuable information about its
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catalytic mechanism. From the strongly negative energy
for transferring a proton from an active site-bound
water molecule to His 131 (—18.7 kcal mol ™), it can be
concluded that the latter will be protonated in the
native state of the enzyme. Additionally, the large
binding energy of the resulting hydrox1de ion in the pro-
tonated active site (—13.3 kcal mol™") suggests that this
ion will remain bound in the active site, in analogy with
the carbonic anhydrase class of zinc enzymes.>? Also, the
large difference in proton afﬁmty between His 131 and
His 132 (+23.4 kcalmol ™' in the presence of an OH™
ion) excludes a consecutive proton transfer from the
former to the latter. Consequently, the source of a proton
for His 132 could only be a second water molecule.

When, as a starting point, the protonation of His 132
by a single active site-bound water molecule is
considered:

AE = —AEpq(H,0-HDLP®) — AE,,,,,(OH ™)
+ AEpror(His 132) + AEpi,a(OH -HDLP-H 1327)
= (44.7 +332.9 — 359.8 — 13.3) kcal mol '
= +4.5 kcal mol ™

the results suggest moderately unfavourable energetics.
However, the effects of the preceding protonation of
His 131 by a zinc-bound water molecule are neglected
m thls approach. More precisely, the presence of a

**_bound OH ™ ion will sterically and electrostatically
dlsfavour the formation of a second hydroxide ion, and,
as mentioned above, the protonated form of His 131 will
disfavour the subsequent protonation of His 132. The
influence of the former effect is difficult to infer from
our results but can be expected to be very significant,
and, as argued above, the magmtude of the latter effect
amounts to 10-60 kcal mol™", out of which can be con-
cluded that the protonation of His 132 is unfavourable
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Scheme 1. Tentative catalytic mechanism for HDAC.
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by at least 14 kcal mol~!, and probably by much more.
Thus, it is reasonable to assume that the starting situa-
tion for the catalytic mechanism will be an active site,
protonated at His 131 but not at His 132, with a hydrox-
ide ion coordinating the catalytic zinc ion, as shown in
Scheme 1.

4.4, Catalytic mechanism

In summary, the most important results of the present
work are: (a) His 131 has pronounced basic characteris-
tics, whilst His 132 is more acidic; (b) simultaneous pro-
tonation of His 131 and His 132 is unlikely because
protonation of the one strongly inhibits protonation of
the other; (c) a low potential channel between His 131
N* and His 132 N* should facilitate proton transfer;
(d) the native state of the active site was identified. Based
on these findings and starting from the abovementioned
native state, we propose the following catalytic mecha-
nism (Scheme 1). Upon binding of an acetylated lysine
side chain, the zinc-bound hydroxide ion would attack
the amide carbon, in analogy with the mechanism of
carbonic anhydrase.?> The result is a tetrahedral transi-
tion state, in which an excess of negative charge is ex-
pected between His 132 N and the amide nitrogen,
indicated by the symbol * in Scheme 1. This energeti-
cally unfavourable situation could be resolved by trans-
ferring His 131’s N* proton to His 132, via the low
potential channel that exists between these two residues.
From there, taking into account the higher acidity of
His 132, protonation of the amide nitrogen is evident,
resulting in the cleavage of the amide bond. Finally,
after a proton transfer from acetic acid to the histone’s
lysine and the subsequent release of the products (not
shown in the scheme), a new water molecule may bind
the Zn>* ion and protonate the basic His 131 to com-
plete the catalytic cycle.

4.5. Similarities between HDLP and hHDACS

The significance of the present results strongly depends on
the premise that HDLP is a good model for human
HDACs in general and the class | HDACs in particular.!!
Since HDACS, of which a TSA-bound X-ray structure
was recently published (PDB*? entry code 1T64, resolu-
tion: 1.9 A),'? belongs to this class, it is a relevant point
of reference in this respect. The RMSD after overlap of
all 56 heavy atoms in our catalytic site model with the cor-
responding atoms in HDACS is 0.41 A (Fig. 2).

Despite the high similarity revealed by this picture, two
problems remain to be addressed: a shift in atomic posi-
tions of 0.4 A can disrupt the short, strong hydrogen
bond detected in this paper, as well as the low potential
channel. However, a closer examination learns that the
measured RMSD is mainly the result of a repositioning
of the different catalytic motifs in the site. Consequently,
the RMSD between the heavy atoms of the indole ring
and the carboxylate group of the His 131-Asp 166 dyad
in our model and the corresponding dyad in HDACS is
only 0.12 A, and the distance between the N atom of
the His residue and the nearest carboxylate oxygen of
the Asp residue in this dyad is even 0.05 A shorter in

4 N

e

Figure 2. Overlap between the catalytic sites of HDLP (green) and
hHDACS (red).

HDACS, confirming the presence of a short, strong
hydrogen bond. Measured analogously, the RMSD for
the His 132-Asp173 dyad is 0.11 A and the His—Asp dis-
tance in HDACS is 2.71 A, which is 0.12 A shorter than
in HDLP, but still within the limits for an ‘weak’ hydro-
gen bond.?® Thus, our conclusions regarding the His—
Asp hydrogen bonds and the acid-base properties of
the catalytic histidine residues remain unchanged. As
for the low potential channel, the distance between the
N atoms of both histidines is 0.33 A shorter in HDACS,
which makes the presence of this channel even more
likely. Overall, it can be concluded that, if the proposed
mechanism is correct for HDLP, it probably also holds
for HDACS and the other class I HDACs.

5. Conclusions

The catalytic site of HDLP was thoroughly investigated
at B3LYP/6-31G* level. In the His 132-Asp 173 charge
relay system, an energetic barrier for the displacement of
the N™ proton was found to be present, while in the His
131-Asp 166 pair, no such barrier was shown to exist.
The difference in proton affinity between the two
His—Asp charge relay systems was determined, and a
negative coupling between the protonation of the two
His—Asp systems was observed and quantified at more
than 10 kcal mol~!. An electrostatic potential was gener-
ated for the empty unprotonated active site, and a low
potential channel was observed between the minima
near the N* atoms of His 131 and His 132. All com-
bined, these results strongly indicate that HDAC, in
its native state, is protonated at His 131 but not at
His 132, and contains a hydroxide ion that is bound
to the active site zinc ion with a binding energy of
—13 kcal mol~'. Based on these findings, a catalytic
mechanism that differs from other metalloproteases
was suggested. This mechanism also differs from the
previous proposal by Finnin et al.,'? in the native pro-
tonation state of the His—Asp dyads, and in the deproto-
nation of water as a distinct step in the mechanism. As
the geometric similarity between HDLP and a human
class I HDAC is strong enough to assume conservation
of this mechanism, our findings may have implications
for the kinetics of this pharmaceutically highly relevant
class of enzymes.
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