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Histone deacetylase (HDAC) inhibitors have recently attracted considerable interest because of their therapeutic
potential for the treatment of cell proliferative diseases. An X-ray structure of a very potent inhibitor, Trichostatin
A (TSA), bound to HDLP (an HDAC analogue isolated from Aquifex aeolicus), is available. From this structure, an
active site model (322 atoms), relevant for the binding of TSA and structural analogues, has been derived, and TSA
has been minimized in this active site at HF 3-21G* level. The resulting conformation is in excellent accordance with
the X-ray structure, and indicates a deprotonation of the hydroxamic acid in TSA by His 131. Also, a water molecule
was minimized in the active site. In addition to a similar deprotonation, in accordance with a possible catalytic
mechanism of HDAC as proposed by Finnin et al. (M. S. Finnin, J. R. Donigian, A. Cohen, V. M. Richon, R. A.
Rifkind and P. A. Marks, Nature, 1999, 401, 188–193), a displacement of the resulting OH� ion in the active site was
observed. Based on these results, the difference in energy of binding between TSA and water was calculated. The
resulting value is realistic in respect to experimental binding affinities. Furthermore, the mechanism of action of the
His 131–Asp 166 charge relay system was investigated. Although the Asp residue in this motif is known to
substantially increase the basicity of the His residue, no proton transfer from His 131 to Asp 166 was observed on
binding of TSA or water. However, in the empty protonated active site, this proton transfer does occur.

Introduction
Inhibitors of HDAC (histone deacetylase) have an antifungal,
antiprotozoal and phytotoxic activity 1 and are potentially
important therapeutics in the treatment of various cancers.2,3,4

In addition, promising in vitro results have been reported con-
cerning a wide variety of other diseases, such as fibrotic dis-
eases,5 including liver fibrosis,6 an important cause of death in

† Present address: Universiteit Gent, NMR and Structural Analysis
Unit, Krijgslaan 281 S4, B-9000 Gent, Belgium.

Western society, autoimmune 7 and inflammatory 8 diseases and
polyglutamin disease.9,10 Also, they have been shown to inhibit
dedifferentiation in cell cultures.11 TSA (1) (Fig. 1) was the first
potent HDAC inhibitor discovered.12 Although the synthesis 13 of
the compound itself is too complex to allow economical pharma-
ceutical use and its metabolization is too rapid,14 it is an interest-
ing lead compound for the development of HDAC inhibitors as it
features a high affinity for HDAC 15 and a small size in com-
parison with other natural HDAC inhibitors like Apicidin 16 (3)
and Trapoxin 17 (4). For example, the TSA analogue Suberoyl-
anilide hydroxamic acid 18 (SAHA) 2 is in Phase I clinical trials.3

Fig. 1 Some known HDAC inhibitors.D
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Recently, efforts have been made to model the interaction of
TSA analogues with HDAC using empirical methods.15,19,20,21,22

However, it is still unclear why some series of similar inhibitors
display large differences in binding affinity.23 This may be due to
the fact that, except for the chelation of the catalytic zinc ion by
the hydroxamic acid, it is difficult to identify common specific
interactions between the enzyme and its inhibitors. For
example, in the X-ray structures of TSA (1) and SAHA (2) in
complex with HDLP,24 little evidence for polar interactions can
be found, except for the chelation of the zinc atom by the
hydroxamic acid. Moreover, hydroxamates lacking an aromatic
group show a smaller binding affinity than their counterparts
having an aromatic ring,25,26 which might indicate that inter-
actions involving π–electron clouds play an important role.
Unfortunately, such interactions are more difficult to quantify
and are not included in MM force fields. These considerations
led us to the use of a quantum mechanically based approach to
gain insight into these interactions, as we recently also applied
to other biomolecular systems.27

An active site model for HDLP was constructed based on the
abovementioned X-ray structures.

At the computational level, Hartree–Fock calculations were
performed with a 3-21G* basis set. Despite the fact that DFT
calculations are very cost-effective and would presumably yield
more accurate results, they are currently still computationally
prohibitive for a minimization on a model of this magnitude.
The semi-empirical models AM1 and PM3 were also con-
sidered for their low computational cost, but rejected because
both yielded unsatisfactory results when minimizing TSA in
vacuum (vide infra).

Using the chosen ab initio method, TSA and water were min-
imized in this active site model, providing insight into the mode
of enzyme–inhibitor interaction.

Theory and computational details

Preparation of the X-ray structure

To the HDLP/TSA complex obtained from the Brookhaven
Protein Data Bank 28 (entry code 1C3R, resolution: 2.1Å),
hydrogen atoms were added and minimized, using the ESFF
forcefield 29 as implemented in the Insight II software.30

Ab initio energy minimizations

All optimizations were gradient based, carried out at the
HF/3-21G* level until all Cartesian forces on non-fixed atoms
were below 0.001 mdyn. For these calculations, the ab initio
program BRABO 31 was used. This program uses the multi-
plicative integral approach (MIA),32 which yields a substantial
reduction in required CPU-time without affecting the accuracy
of the results, especially for large systems, the geometry
determination of Crambin being a prominent example.33 The
total time taken for the minimizations of TSA in the active site
of HDLP was about 57 days on an alpha EV6.8CD (1001
MHz, 2Gflops) CPU.

Calculation of BSSE corrected energy of interaction

The interaction energy was calculated using the counterpoise
method 34 for correcting the basis set superposition error
(BSSE). In this type of calculation, the difference is made
between the total energy of the complex E EL

bind(EL), the energy
of the ligand in the presence of the basis sets of the enzyme
E EL

bind(L) and the energy of the enzyme in the presence of the
basis sets of the ligand E EL

bind(E). This difference is the inter-
action energy between enzyme and ligand in their respective
binding conformations. Then, to assess the energetic cost to
reach this binding conformation, the parts that previously were
not fixed in the active site, were minimized in the absence of the
ligand to yield E E

min(E), and the resulting total energy was com-
pared to the energy of the binding conformation E E

bind(E). The

energy of the binding conformation of TSA E L
bind(L) was like-

wise compared to the energy of the absolute minimum of a
MMFF94 systematic conformational search, re-minimized at
3-21G* level, E L

min(L). This procedure can be summarized as
following: 

∆Ebinding = [E EL
bind(EL) � E EL

bind(E) � E EL
bind(L)] � 

 [E E
bind(E) � E E

min(E)] � [E L
bind(L) � E L

min(L)]

where E C
B(A) denotes the energy of molecule A at geometry B

and with the basis sets of C, A and C being either the enzyme E,
the ligand L or the complex EL.

As mentioned in the introduction and further discussed in
‘results and discussion’, a proton transfer from the ligand to the
active site was observed during the minimizations. To execute
the subsequent BSSE procedure, a choice had to be made as to
whether this proton was to be counted as part of the ligand or
of the active site. If the former would be chosen, the
hydroxamic acid OH bond would measure 1.79 Å and one of
the OH bonds in water 3.65 Å. Since an RHF calculation can-
not be expected to yield accurate energies under these circum-
stances,35 the mobile proton was counted as part of the active
site. However, as a result of this choice, it is necessary to
incorporate deprotonation energies into the calculation of the
binding energy of TSA relative to water. For reasons of con-
sistency, these energies of deprotonation were calculated in
vacuum, using the same BSSE procedure as mentioned above.
Taking into account the fact that a single proton does not
possess an electrostatic energy, this procedure is reduced to the
following form: 

∆Eprot = [E HB
HB(HB) � E HB

HB(B�)] � [EHB
B�

(B�) � E B�

B�(B�)]

Then, the process depicted in Fig. 2 was considered.

The energy difference associated with this process is: 

∆∆Etot = ∆Ebinding(TSA�) � ∆Eprot(TSA�) � 
∆Ebinding(OH�) � ∆Eprot(OH�)

Results and discussion

Preliminary semi-empirical study

The X-ray structure of TSA was minimized both at the AM1
and the PM3 level. However, neither of these minimizations
resulted in a planar structure as would be expected both from
the resonance forms depicted in Fig. 3 and from the X-ray struc-
tures of TSA 36 and TSA bound to HDLP.24 This motivated the
choice of an ab initio method for the minimization of TSA in
the active site.

Delineation of the active site model

The X-ray structure, prepared as discussed in “Theory and
computational details”, was stripped of its water molecules and
all residues outside a radius of 4.5 Å around TSA were deleted.
To this crude active site model, Asp 166 and Asp 173 were
reintroduced, because they are both part of His–Asp charge
relay systems involving His131 and His132 in the active site and
thus probably play important roles in binding and catalysis.
Then, Asn 20 was removed because this surface residue is
outside the reach of TSA’s dimethylaminobenzoyl terminus,

Fig. 2 Formal mechanism for estimating the binding energy of TSA,
relative to water.
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and the polar side chain points away from TSA’s capping
group. Phe 200 was removed because TSA doesn’t make any
contact with it and molecular mechanics conformational
studies on TSA and comparable molecules 15,19,20,21,23 indicate
that this region of the protein surface cannot be accessed by the
capping group. For the same reason, His 21 was replaced by a
Gly residue, retaining its main chain because its amide group is
close enough to TSA’s dimethylamino moiety to form a polar
interaction. Gly 295 was removed because the nearest part of
TSA, the hydroxamic acid function, chelates the Zn2� ion and
cannot get close enough to form nonpolar interactions. Finally,
Ile 167 and Ile 169 were replaced by Gly residues because they
are on the inside of the “bulk” protein and their side chains
point away from the active site, so these can be considered

Fig. 3 Resonance structures of the “dimethylamino-terminal” π-
system.

irrelevant for binding. All C-termini were capped as amides and
all N-termini as formamides, except the N-terminus of residue
21, which was capped as an acetamide because the resulting
amide bond is in a suitable position to interact with the nearby
dimethylamino moiety of TSA, thus necessitating a more
accurate description of its electronic properties. This finally
resulted in an active site model consisting of 322 atoms (1924
contracted gaussians for a 3-21G* basis set), depicted in Fig. 4.

Force relaxation of TSA in the active site model of HDLP

The positions of all atoms of the HDLP protein including the
catalytic Zn2� ion were fixed, except for the OH hydrogen atoms
of Tyr 91 and Tyr 297, because their positions cannot
unequivocally be derived from the X-ray structure, and an ad
hoc placement of these atoms could greatly influence the
electrostatical and sterical properties of the protein. Also, the
Nπ protons of His 131 and His 132 were not fixed to allow both
the His–Asp charge relay systems in the active model to adapt
during the course of the calculation; see Fig. 5.

No constraints were imposed on TSA itself. Following energy
minimization, a proton transfer from TSA to His 131 was
apparent: in the final conformation, TSA’s hydroxamic acid
proton was located closer to Nτ of His 131 (1.05 Å) than to the
oxygen atom of TSA’s hydroxamic acid function (1.77 Å).
While HDLP is an atypical zinc protease, its active site display-
ing features of both metallo- and serine proteases,24 this type of
proton transfer was previously observed in a calculation by
Cross et al 37 on TACE, a zinc proteinase with a “conventional”
active site, and is in accordance with the increased acidity of the
zinc-bound ligand that resulted from their calculations.

Fig. 4 The active site model, with bound TSA. Hydrogen atoms are omitted for clarity. The His131-Asp166 charge relay is marked; see Fig. 5 for its
mechanism of action.

Fig. 5 The His–Asp charge relay system.
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Force relaxation of water

Water was positioned in the active site with its oxygen atom at
the same position as the hydroxamic acid OH oxygen atom, and
with one of its hydrogen atoms pointing towards the Nτ atom of
His 131. During the minimization, the geometry remained
virtually the same. Because of the spontaneous deprotonation
of TSA, a second minimization was started in which water was
deprotonated by His 131 Nτ. In this minimization, the OH� ion
was displaced to the other side of the active site, near Tyr 297,
as depicted in Fig. 6.

The absolute energy of this structure was 16.8 kcal mol�1 ‡
lower than the final energy of the previous minimization, thus
indicating that water is deprotonated in the HDLP active site.
Finally, as a test, Tyr 297 was deprotonated by the nearby OH�

ion and, starting from this structure, a third minimization was
started. However, the resulting energy was 9.5 kcal mol�1

higher, confirming the final geometry of the second minimiza-
tion as the most likely situation. Consequently, this geometry
was be used for further BSSE calculations. The fact that water is
deprotonated by His 131 confirms the first step of a proposed
catalytic mechanism by Finnin et al.24 However, the dissociation
of water prior to eventual substrate binding and the subsequent
displacement of the resulting OH� ion to another location sug-
gest that this mechanism involves a slightly different geometry
than the one proposed.

Reference structures for the calculation of the binding energy

An estimate of the interaction energy in vacuum between the
active site and the ligand in their respective final conformations
can easily be calculated using BSSE correction. However, to
make a meaningful estimate for the energy of binding, the ener-
getic cost of bringing both systems in this binding conform-
ation has to be included. For the protonated active site, the
aforementioned Tyr OH hydrogen atoms, the His 131 and His
132 Nπ protons and the His 131 Nτ proton were relaxed, in
order to obtain a reference structure in which the same protons
were allowed to move as in minimization of the HDLP-TSA
complex. For TSA itself, a systematic conformational search
was performed using the MMFF94 forcefield,38 as included in
the Sybyl software.39 The conformation corresponding to the
absolute minimum of this search was then further minimized at
3-21G* level. For reasons of consistency, water was also minim-
ized at 3-21G* level.

BSSE corrected binding energy for TSA

The interaction energy was calculated using the counterpoise
method for correcting the Basis Set Superposition Error, as

Fig. 6 Dissociated water in the HDLP active site.

‡ 1 cal = 4.184 J.

explained in “theory and computational details”. For TSA, this
resulted in: 

∆Ebinding = [E EL
bind (EL) � E EL

bind (E ) � E EL
bind (L)] � [E E

bind (E ) � E E
min (E )]

� [E L
bind (L) � E L

min (L)]
= �62.0 kcal mol�1 � 9.1 kcal mol�1 � 14.8 kcal mol�1

= �38.0 kcal mol�1

The magnitude of the first term is explained by the formation
of a salt bridge between the negatively charged hydroxamic acid
and the positive charges on Zn2� and the histidine ring. The
most significant contributions to the second term are probably
the stretch of the His 131 Nτ–H bond and the transfer of this
residue’s Nπ proton towards Asp 166. The third term is the
conformational cost for deprotonated TSA to reach its binding
conformation. Overall, the salt bridge provides the dominant
contribution to the resulting energy of binding

In absolute value, the total energy of interaction is of the
same order of magnitude as the experimental value for the
Biotin-Streptavidin complex, �32 kcal mol�1.40 Since the latter
is one of the higher-affinity noncovalent protein-ligand com-
plexes described (Kd = 3.9 10�14 M) and possibly the complex
with the highest ∆H� reported, our result can be considered
unlikely. However, as discussed below, comparison of this
energy with the binding energy for water and inclusion of the
deprotonation energies of TSA and water will produce a more
realistic result.

BSSE corrected binding energy for water

The interaction energy was calculated in exactly the same way
as described for TSA: 

∆Ebinding = [E EL
bind (EL) � E EL

bind (E ) � E EL
bind (L)] � [E E

bind (E ) � E E
min (E )]

� [E L
bind (L) � E L

min (L)]
= �71.3 kcal mol�1 � 7.9 kcal mol�1 � 1.8 kcal mol�1

= �61.6 kcal mol�1

The values of the different terms can be explained using simi-
lar arguments as developed for TSA. In comparison with the
case for TSA, the first term is lower when water is present in the
active site. This may be attributed to the relative lack of steric
hindrance between the ligand and the active site, the fact that
OH� has much more freedom to find an optimal position to
chelate Zn2�, and to the higher basicity of OH�. The second
term is comparable in magnitude with the case of TSA and the
lower value for the third term is no surprise, given the fact that
an OH� ion has only one degree of conformational freedom.
The higher total binding affinity for OH� has to be interpreted
with care, since the energy of deprotonation was not taken into
account, which can be expected to be substantially higher for
water than for an acidic ligand as TSA.

Total difference in binding energy between TSA and water

The energy of protonation was calculated using the counter-
poise method to correct the Basis Set Superposition Error, as
explained in “Theory and computational details”. For TSA,
this resulted in: 

∆Eprot = [E HB
HB (HB) � E HB

HB (B�)] � [EHB
B�

(B�) � EB�
B�

(B�)]
= �390.9 kcal mol�1 � 8.7 kcal mol�1

= �382.2 kcal mol�1

Analogously, the protonation energy for water was: 

∆Eprot = [E HB
HB (HB) � E HB

HB (B�)] � [EHB
B�

(B�) � EB�
B�

(B�)]
= �425.7 kcal mol�1 � 1.6 kcal mol�1

= �424.1 kcal mol�1
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Table 1 Changes in bond lengths for the mobile protons in the His–Asp charge relay systems

  
Bond length/Å

  Empty active site, deprotonated Complex with TSA Complex with water Empty active site, protonated

His 131 Nτ–H N/A a 1.048 1.008 1.005
 Nπ–H 1.055 1.125 1.159 1.354
Asp 166 COO–H 1.439 1.367 1.332 1.137
His 132 Nτ–H N/A a 1.654 N/A a N/A a

 Nπ–H 1.041 1.049 1.045 1.049
Asp 173 COO–H 1.787 1.779 1.783 1.779
a N/A: not available (the proton is not present in the given configuration). 

The final expression for the difference in binding energy
between TSA and water may thus be written as (see “theory and
computational details”): 

∆∆Etot = ∆Ebinding (TSA�) � ∆Eprot (TSA�) � 
∆Ebinding (OH�) � ∆Eprot (OH�)

= �38.0 kcal mol�1 � 382.2 kcal mol�1 �61.6 kcal mol�1 �
424.1 kcal mol�1

= �18.3 kcal mol�1

The experimental pKi value of 8.97 for the binding of TSA to
mouse HDAC1,20 § corresponds to a ∆Gbind of �12.7 kcal mol�1.
This figure could be regained by adding a �T∆S term of
5.6 kcal mol�1 to a ∆H value approximated as equal to our
∆∆Etot value. Since this �T∆S value is well within the range
that can be expected for a protein-small molecule interaction 41

it can be concluded that our calculations resulted in a realistic
energy of interaction.

Geometrical changes in TSA after energy minimization in the
active site

The starting and final conformations are depicted in Fig. 7.

Fig. 7 Relaxation of TSA in the HDLP active site. The starting
structure is colored yellow, the final structure green. Hydrogen atoms
are omitted for clarity, except the hydroxamic acid proton and the two
Tyr OH and His Nπ hydrogens. These hydrogen atoms are depicted by
thinner sticks.

§ Mouse HDAC1 differs from human HDAC1 only in three residues,
which are outside the region of homology between HDAC1 and the
shorter protein HDLP. It can thus be concluded that HDLP is as simi-
lar to mouse HDAC1 as it is to human HDAC1 (35.2 % identity, as
calculated by Finnin et al.) 24

The RMSD between the non-hydrogen atoms of TSA in the
X-ray structure versus the final structure of this calculation is
0.26 Å, so the result is in excellent accordance with this X-ray
structure.

Geometrical changes in the active site

As mentioned before, the Nπ protons of His 131 and His
132 were not fixed during the force relaxations in order to
observe the proton displacements induced by the action of the
His–Asp charge relay systems. The resulting bond lengths for
the relevant protons in the minimized empty active site and
complexes are listed in Table 1. For comparison, the empty
active site was also deprotonated and minimized under the
same conditions.

From these data, it can be concluded that, in comparison
with the deprotonated active site, upon protonation of the
Nτ atom of His 131 by TSA, the Nπ proton moves 0.07 Å
towards Asp 166, but can still be considered bound to His
131. To check whether this is not a metastable situation, the
Nπ–H bond length was set to 1.50 Å in the final structure of
the minimization of TSA, yielding a COO–H bond length of
0.99 Å, and the structure was re-optimized starting from
this point. However, this resulted in exactly the same conform-
ation as before. In addition to excluding the possibility of a
metastable situation, this finding indicates the absence of an
energetic barrier to the displacement of this proton. Still, when
the 3-21G* NH bond length of 1.001 Å in an isolated His�

residue is compared with the His 131 Nπ–H bond length
of 1.367 Å in the complex, the latter appears considerably
stretched.

All geometry-based conclusions regarding the His131–Asp
166 charge relay system in the HDLP-TSA complex are also
valid for water, since the geometry of this charge relay system is
similar. The Nπ proton of His 131 was also released in a state
bound to Asp 166 and also returned to its position bound to
His 131. In comparison with TSA, this proton is 0.03 Å closer
to Asp 166. This can be rationalized by the observation that the
distance between the charge relay system and negative charge of
the ligand is substantially larger with water.

Finally, in the protonated active site, the Nπ proton of His
131 appears to be bound to Asp 166 rather than His 131. The
fact that this proton transfer did not occur in the presence of an
inhibitor can be explained by the polarizing effect of this
ligand. The presence of a negatively charged group favors a
polarized charge relay system, with a positively charged His
close to the “external” negative charge and a negatively charged
Asp further away, while in the absence of a site-bound anion,
this charge separation may be less favorable. More specifically,
the fact that this proton transfer did not occur in the HDLP–
OH� complex despite the relatively large distance of 7.49 Å
between the negatively charged oxygen atom of this ligand and
the Nπ proton of His 131, indicates a high mobility of this
proton, as could already be inferred from the absence of an
energetic barrier to its displacement, and motivates the choice
of an active site model that is relatively large for this type of
calculations.
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Table 2 Total charges and averaged atom-per-atom absolute deviations of Mulliken charges in different forms of the active site, compared to
Mulliken charges in isolated His and Asp residues in different configurations, in a.u.

His 131 in a Total charge b

Average absolute deviation b RMSD b

  His0(HNτ) a His0(HNπ) a His� a His0(HNτ) a His0(HNπ) a His� a

HDLP0 �0.563 0.127 0.056 0.126 0.155 0.061 0.151
HDLP�-TSA� �0.364 0.106 0.121 0.059 0.139 0.150 0.073
HDLP�-OH� �0.280 0.108 0.115 0.055 0.139 0.144 0.067
HDLP� �0.337 0.088 0.114 0.066 0.114 0.138 0.082
His0(HNτ) �0.403       
His0(HNπ) �0.414       
His� �0.149       

  
Average absolute deviation c

 
RMSD c

Asp 166 in a Total charge c Asp� a Asp0 a Asp� a Asp0 a

HDLP0 �0.644 0.010 0.069 0.011 0.078
HDLP�-TSA� �0.637 0.016 0.066 0.018 0.071
HDLP�-OH� �0.631 0.016 0.064 0.019 0.069
HDLP� �0.589 0.020 0.050 0.030 0.055
Asp� �0.644     
Asp0 �0.438     

a HDLP0: deprotonated active site, HDLP�-TSA�: TSA-bound active site, HDLP�-OH�: water-bound active site, HDLP�: protonated active site,
His0(HNτ): neutral isolated His residue with hydrogen on Nτ, His0(HNπ): neutral isolated His residue with hydrogen on Nπ, His�: protonated isolated
His residue, Asp�: deprotonated isolated Asp residue, Asp0: neutral isolated Asp residue. b For all His residues, the complete imidazole ring was
considered, but without eventual nitrogen-bound protons, to enable comparison between different configurations. c For the Asp residues, only the
terminal carboxylate group was considered (Cγ and its two bound oxygen atoms). 

Mulliken population analysis of the His131–Asp 166 charge
relay system

To further investigate the nature of the bonds of the His 131 Nπ

proton to His 131 and Asp 166, Mulliken charges were gener-
ated for this charge relay system. The results can be found in
Fig. 8.

This exercise was repeated for the deprotonated active site,
the protonated active site and the active site with bound water.
The resulting charges in His 131 and Asp 166 were compared to
3-21G* Mulliken charges on isolated His and Asp residues: for
each atom, the charge in the isolated residue was substracted
from the charge in the active site. Then the absolute values of
the resulting “charge deviations” were averaged over the rele-
vant atoms in the residue. In the same way, RMSD’s of the

Fig. 8 Mulliken charges on the His–Asp charge relay systems, in e.

charges were calculated. The results of these calculations can be
found in Table 2.

Clearly, the charges in the HDLP-TSA complex corre-
spond much better with a protonated His� and a deprotonated
Asp� than with uncharged species, confirming the picture
proposed in the section “Geometrical changes in the active
site”. Again, the same conclusion is also valid for water.
However, in the protonated active site, the Mulliken charges
in the charge relay system resemble those of a protonated
His and a deprotonated Asp more than the charges on neutral
species of these residues, thus contradicting the conclusion
based on the geometry alone. Taking into account the elon-
gated “covalent” bonds for the Nπ proton, tabulated in Table 1,
and the absence of an energetic barrier to the displacement of
this proton, it seems reasonable to conclude that it should not
be considered bound to either the His or the Asp residue, but
exists in an intermediary situation. The high positive charge on
this proton also points in this direction, being 0.49 e in the
TSA-bound complex and 0.50 e in the water-bound complex
and the protonated active site, compared to 0.42 e and 0.44 e for
the acidic protons in an isolated Asp0 and His� residue,
respectively.

Conclusions
After the ab initio energy minimization of TSA in the active site
of HDLP, a conformation was obtained that was in good
agreement with the X-ray structure, lending credibility to the
active site model used. Moreover the ab initio method clearly
indicates, for the first time, a deprotonation of the hydroxamic
acid by the His–Asp charge relay, a binding mechanism that
cannot be demonstrated by molecular mechanics calculations.
The observed deprotonation is in accordance with the increase
in acidity of the zinc-bound ligand in zinc proteases calculated
by Cross et al.37 This deprotonation event, and the subsequent
formation of salt bridges, explain the high potency of hydrox-
amic acids as HDAC inhibitor.

In the same way, water was minimized in the active site of
HDLP. It was also deprotonated, confirming a possible cata-
lytic mechanism that was proposed by Finnin et al,24 based on
its X-ray structure. However, the geometry of the final structure
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of this minimization indicates that the catalytic mechanism has
a slightly different geometry than the one proposed.

After the minimizations, an estimate of the binding energy
was made. A realistic result was obtained, suggesting the
methodology presented here may be used systematically in the
future to compare the binding affinities of different inhibitors
within a reasonable timespan.

In addition to the minimization of the protonated empty
active site for determination of the binding energy, the depro-
tonated active site was minimized. The resulting geometries of
the His 131–Asp 166 charge relay system were compared,
together with the final structures of the abovementioned mini-
mizations. From this, it can be concluded that the the Nπ proton
is still bound to the His residue upon protonation of Nτ by
TSA, despite the strong effect of the Asp residue near the Nπ

proton of the His residue on its Nτ proton’s acidity and the
considerable elongation of the Nπ–H bond. Although in the
case of water, the distance of the negatively charged ligand to
this charge relay system is considerably increased, thus decreas-
ing its polarizing effect, the Nπ proton can still be considered
bound to the His residue. However, in the protonated active site
devoid of any ligand, the Nπ proton seems to be transferred to
the Asp residue.

Mulliken charges on the His 131–Asp 166 charge relay sys-
tem confirm the picture of a protonated His and deprotonated
Asp residue for the TSA- and water-bound complexes, but sug-
gest the situation is the same for the protonated active site,
contradicting the conclusion based on its geometry. Together
with the substantial elongation of the “covalent” bonds of the
Nπ proton in all positively charged His–Asp systems considered
in this work, the absence of an energetic barrier to the dis-
placement of this Nπ proton, and the high positive charge on
this proton, this leads to the conclusion that it is present in an
intermediary situation between the state bound to His 131 and
to Asp 166. This may in fact explain the ease of a His–Asp
charge relay system to accept or release its Nτ proton “at will”,
with relatively low energetic barriers, a catalytically interesting
property that accounts for the generous use of this motive in
nature.
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