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Abstract

The zinc-containing enzyme HDAC-like amidohydrolase (FB188 HDAH),
identified in the Bordetella alcaligenes bacteria, is similar to enzymes that par-
ticipate in epigenetic mechanisms such as histone modifications. The X-ray
crystal structure of FB188 HDAH complexed with the antagonist SAHA (sub-
eroylanilide hydroxamic acid) has been solved (PDB ID: 1ZZ1). Notably, the
complex crystallizes as a tetramer in the asymmetric unit cell of the crystal.
The crystal yielded a suitable structure to analyze the dynamics of the inhibi-
tory mechanism of SAHA on this histone deacetylase. Applying computation-
al chemistry techniques and quantum mechanics theory, several physico-
chemical properties were calculated to compare the active site of the enzyme
of the four monomers. Significant differences were observed in the areas and
volumes of the binding pocket, as well as hydrophobic interactions, dipole
moments, atomic charges and electrostatic potential, among other properties.
Remarkably, a free-energy curve resulting from the evaluation of the energies
of SAHA and the interacting amino acids of the four crystal monomers un-
veiled the biophysical mechanism of the FB188 HDAH inhibition exerted by
SAHA to a greater extent. The biophysical mechanism of SAHA inhibition on
FB188 deacetylase was clearly observed as a dynamic process. It is possible to
define the physicochemical dynamics of the molecular complex by the appli-
cation of computational chemistry techniques and quantum mechanics theory
by studying the crystal structures of the interacting molecules.
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1. Introduction

Three classes of histone deacetylases (HDACs) have been found using phyloge-
netic analysis of all HDAC-related proteins. These have been divided into three
groups, namely: Class 1, class 2, and a third class related to the human HDACI11
gene; the third group has been classified as “class 4” since the term “class 3” was
previously reserved for unrelated sirtuin deacetylases [1]. According to the se-
quence similarity classes 1 and 2 (also named I and II), HDACs share significant
homology in their catalytic sites and feature a coordinated zinc atom. Class 3
(also termed “III”) is a well-conserved family of Sir2-nicotinamide adenine di-
nucleotide-(NAD) dependent deacetylases [2]. Class 1 and 2 HDACs are zinc
metalloenzymes that act similarly to histone acetyltransferases (HAT) at the ly-
sine residues of the histone cores that are complexed with DNA to form the
nucleosomes. HDAC and HAT deacetylate and acetylate, respectively, the NH;
group of lysine that modulates gene expression to some extent. HDAC, in par-
ticular, have been associated with gene silencing; however, the opposite has also
been proposed: HDACs may also be able to activate the gene [3].

Histone acetylation is a dynamic, reversible process that allows chromatin
remodeling and directly influences gene expression. However, the cellular func-
tion of HDAG:s is not restricted to chromatin remodeling. There is evidence that
HDACs participate in acetylation of non-histone proteins [4]. Some epigenetic
mechanisms, such as histone modifications, are exerted by HDACs along with
HATs. Both types of enzymes determine a pattern of histone deacetyla-
tion-acetylation that is involved in the regulation of gene expression [2]. Some
pathological processes may occur as a consequence of dysfunctional histone ace-
tylation processes. The diseases associated with histone acetylation-deacetylation
failure include cancer and abnormal proliferative process [5], neurodegenerative
and mental disorders such as Alzheimer disease [6], schizophrenia [7] and car-
diovascular diseases such as atherosclerosis and restenosis [8]. The enzymatic
activity of HDACs seems to increase in the aforementioned diseases. In fact,
HDAC:s inhibitors have been clinically proven successful in many pathological
entities.

The molecular mechanism of HDACs inhibitors has been elucidated, describ-
ing the role of the residues and the zinc-ion in the binding site as well as struc-
tural details of a histone deacetylase-like protein obtained from Agquifex aeolicus,
an anaerobic bacterium that is inhibited by trichostatin A (TSA) and suberoyla-
nilide hydroxamic acid (SAHA) [9]. Likewise, the crystal structure and analysis
of HDAC?7 [10], HDACS [11] and HDAC2 [12], among other HDAC-like pro-
teins, have provided important insight into the mechanism of action of some
HDAC inhibitors [13]. Interestingly, a bacterial HDAC-like amidohydrolase has
been cloned from Bordetella alcaligenes. The sequence database analysis of
FB188 HDAH confirms that this amidohydrolase belongs to the family of
HDACs and bears a Zn** ion in its catalytic core. This enzyme exhibits signifi-
cant activity in standard HDAC assays and is also inhibited by TSA and SAHA
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[14]. The crystal structure of FB188 HDAH has been solved (PDB ID: 1ZZ) and
used as a model for the catalytic core of class 2 HDACs due to their significant
homology [15].

Notably, the HDAC-like protein FB188 complexed with SAHA (PDB ID:
1ZZ1) crystallizes as a tetramer in the asymmetric unit cell of the crystal [15].
The four monomers appear suitable to analyze the atomic interactions of the
enzyme-inhibitor complex and to calculate the free energy of the catalytic
process in a dynamic way. Our hypothesis assumes that the SAHA-FB188 tetra-
mer in the asymmetric unit cell of the crystal (Figure 1) can be useful to eluci-
date the dynamics of the enzyme-inhibitor biophysics through the measurement
of the interatomic binding process. Each monomer of the crystal structure

represents a glimpse of a continuum process.

2. Methods
2.1. Crystal

The 1.57 A crystal structure of the histone deacetylase-like enzyme from the
Bordetella alcaligenes strain FB188 (FB188 HDAH) with the PDB ID: 1ZZ1 was
downloaded from the Protein Data Bank (PDB) [16]. The enzyme is complexed
with the SAHA ligand, including a coordinated Zn** metal ion in the binding
pocket, and crystallizes as a tetramer in the asymmetrical unit cell of the crystal.
In the PDB crystal, four protein monomers named A, B, C and D, were sepa-
rated into mA, mB, mC and mD nomenclature for the entire study.

The four molecules of SAHA were extracted from the four protein monomers.
After that, each SAHA molecule was analyzed according to three structural re-
gions: the anilide group (an amide-phenyl group); the suberoyl middle group

derived from octanedioic acid, and the hydroxamic acid group. Interestingly, the

Figure 1. The 1.57 A crystal structure of the FB188 HDAH enzyme (PDB ID: 1ZZ1),
shows the asymmetric unit arrangement with four monomers (A, B, C and D) in complex
with SAHA inhibitor in van der Waals surface.
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covalent bond between the anilide moiety and the suberoyl acid forms a pep-
tide-like bond. The differences among the four SAHA structures were assessed
by measuring the torsion angles in the suberoyl chain and calculating the
root-mean-square deviation (RMSD) of overlapping pairs of SAHA monomers
using the VMD program [17]. The SAHA molecule in mB had outlier characte-
ristics, with different conformation in the anilide and suberoyl regions. To assess
the reliability and confident conformation of the SAHA molecules, the B-factor
(thermal-factor) was obtained directly from the 1ZZ1-PDB file to compare the
range of atomic motion among the monomers. Whenever necessary, torsion an-
gles and other molecular structure parameters were changed slightly to adjust
the crystal structure before applying any calculation. In addition, the catalytic
site was identified using the Ligand Explorer software [18]. The binding core was
offset by 4 A, including 11 residues that surround SAHA and Zn?" at this dis-
tance.

From this framework for the SAHA-histone complex, hydrophobic interac-
tions, hydrogen bonds and Zn** metal coordination were studied. The catalytic
site of each of the four monomers was analyzed individually. The following 11
residues that form the first core for each monomer were analyzed: Leu21, Ile100,
His142, His143, Phel52, Asp180, His182, Phe208, Asp268, and Tyr312 (from a
single monomer), and Phe341 (the 11th residue, which participates from the ad-
jacent asymmetric monomer). Zn*" ion coordination was part of the catalytic site
and was also included. All these elements were selected to define the biophysical
mechanism of SAHA-antagonism to the FB188 HDAH enzyme.

2.2. Binding Interaction Assessment of SAHA in the Enzyme
Catalytic Pocket

The binding mode for each monomer was evaluated by calculating the free
energy of SAHA and the binding core of amino acids, comprising three types of
interaction, namely hydrophobic interactions, hydrogen bonds and Zn** ion
coordination interactions. The crystal was used to measure the dihedral angles of
SAHA-interacting atoms and those of side-chains of the involved amino acids,
as well as interacting distances of SAHA and Zn*" coordination with the residues
that form the catalytic site, the number of hydrophobic interactions, hydrogen
bonds and metal contacts using Ligand Explorer software [18]. In the case of
Asp180 and Asp268, the H-bond energy was calculated by slightly adjusting two
of the three interacting H-atoms to obtain the optimal distance and minimum
energy value. Likewise, in mB and mC, the x2 and x1 dihedral angles of I1le100
and Phe341 were slightly rotated to correct abnormal atomic distances with
SAHA. The binding pocket volume from each monomer was calculated for
comparison with the Detector Cavity Tool of the DeepView/Swiss PDB viewer
4.1.0 [19]. To preserve the atomic arrangement of the crystal in the binding site,
only single point calculations were carried out. In this way, dipole moment,
atomic charges and electrostatic potentials were calculated. Likewise, the binding
Gibbs free energy for each of the four monomers calculated. The Density Func-
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tional Theory (DFT) was applied with the wB97X-D functional at the 6-31G* ba-

sis set level. All calculations were performed using Spartan’ 14 software [20].

2.3. Atomic Charge Calculations

Atomic charges of SAHA and the residues that form the binding pocket were
calculated for each monomer. The variation in atomic charges under the bound
and unbound conditions was calculated, and the resulting differences were as-

sessed and plotted.

2.4. Molecular Electrostatic Potential Determination

The surface of the molecular electrostatic potential (MEP) was derived from
DFT calculations using the wB97X-D functional and 6-31G* basis set level of
theory. Isodensity surfaces were set to 0.002 a.u., and the property range was
—200 to 200 kJ/mol.

2.5. Total Free Energy Assessment

The total free energy of the binding pocket core was assessed separately for each
monomer. Three steps were followed to determine the total free energy. The first
step individually evaluates the energy of each of the 11 residues (Aa) that form
the first core at 4 A, plus the energy of SAHA. The second step gives the energy
of each of the Aa-zinc interactions and uses a similar procedure for SAHA-zinc
interactions (SAHA-Zn). The third step determines the total free energy of each
of the four monomer complexes. Each step is represented by an equation as fol-
lows:

Free energy calculation for each of the seven residues interacting with SAHA
AEAaSAHA = LpasAHA — (EAa + ESAHA) (1)

where AE, gy, is the free energy from amino acid-SAHA complex, E,, s ua 1S
the energy calculated for the amino acid residue-SAHA complex, E,, is the
energy for amino acid residues that interact with ligand, and Eg,y, is the single
point energy for ligand SAHA.

Free energy calculation of either amino-acid zinc, or SAHA-zinc paired inte-

ractions
AE‘ZnAa or ZnSAHA — EZn/SAHA or EZn/Aa - (EZn + ESAHA or EAa) (2)

where AE

. . . . 2+
naaorznsana 1S the free energy of amino acid residue-Zn** complex or

ligand-Zn®* complex, Ej suya OF Eyya, is the energy calculated for the li-
gand-Zn®* or the amino acid -Zn*" interactions, E,, is the energy for ion Zn*,
Egana is the energy for ligand SAHA and, £,, is the energy for amino acid resi-
dues that interact with Zn*".
The total free energy of each complex was obtained as indicated in equation
(3).
AE; = AE, saua + AEup0 + AE 5014 3)

where AE;is the total free energy for the catalytic site of each monomer, A, B, C
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and D.

All molecular energies were assessed using single point calculations, as stated
previously. The total free energy value for each monomer was fitted to the SAHA
inhibition curve of the enzyme FB188 HDAH reported by Hildmann, ef al [14].

3. Results
3.1. SAHA Structure and Electronic Properties

At first glance, the SAHA molecule showed conformational differences among
the four monomers, to a lesser extent in monomer B and monomer C.

The conformational differences for SAHA were revealed to some extent by the
B-factor taken from the 1ZZ1-PDB data, showing the highest mean value of 20.5
A? form B compared to mD, mA and mC (14.3, 15.6 and 16.0 A% respectively).
Those differences in B-factor, denotes larger atomic motion and higher flexibili-
ty for mB compared with three other SAHA molecules. The anilide group of mB
and mC was somewhat opposite to mA and mD. Some torsional angles were
quite different in mB and mC, mostly those including atoms from C2 to C10 of
the SAHA molecule. The direct measurement of the dihedral angle C8-N2-C9-C10,
which includes the phenyl ring of SAHA, was 90° for mB, but for mA, mC and
mD were 135°, 138" and 134°, respectively, showing that the ring is able to ro-
tate. Table 1 shows several torsion angles for the four SAHA molecules; mB was
the most variable, followed by mC.

Additionally, in mB, the angles x2 (Ca-CS-Cy1-Cd) and x1 (N-Ca-CpS-Cy) of
Ile100 and Phe341 showed abnormally short hydrophobic distances to the C6
and C7 atoms of SAHA. Both X2 and X1 angles were rotated in a one-degree step:
x2 from 159.83" to 99.83" and x1 from 174.70° to 168.70°, in this case, only six
degrees were needed to achieve trustworthy structural parameters. Thus, the C51
atom of Ile100 was adjusted to the C6 and C7-SAHA atoms and the Cel atom of
Phe341 to C7 and C8 SAHA atoms. Consequently, all these atoms were cor-
rected to uphold reliable van der Waals distances.

All mB and mC corrections were a prerequisite to proceeding with physico-
chemical and energy calculations. Thus, regardless of the adjusted conformation
to mB-SAHA, this molecule showed the highest total energy and the largest
HOMO-LUMO gap. Table 2 shows values for the important electronic and phy-
sicochemical properties of the four SAHA conformers.

Because of the significant differences in conformation, the four molecules of
SAHA showed marked differences in electrostatic potential and dipole moment
vectors. This implies different atomic charge arrangements and different total
energy. Figure 2 shows the structure, atom numbering, dipole moment and
electrostatic potential for the four SAHA molecules. Each monomer has been
labeled with its respective letter and a different color to facilitate identification.

The superimposition of pairs of the four monomers of SAHA to calculate the
RMSD values showed that two pairs of monomers, AC and AD, were markedly
similar, with the lowest RMSD score. However, the CD pair showed higher
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Table 1. Torsion angles (°) differences among SAHA molecules in the four monomers.

SAHA C2-C3-C4-C5 C3-C4-C5-C6 C4-C5-C6-C7 C5-C6-C7-C8 C6-C7-C8-N2 C7-C8-N2-C9 C8-N8-C9-C10
mA 52.64 160.21 -177.83 167.29 -121.36 177.22 135.42
mB 161.75 -101.15 —126.88 —-118.01 —134.64 171.55 89.71
mC 80.99 162.43 159.68 117.99 77.31 177.28 138.02
mD 68.29 156.72 168.23 168.88 -117.97 176.84 133.65

*Bold values in mB and mC are significantly different from mA and mD.

Table 2. Electronic and physicochemical properties of the four SAHA molecules.

Energy* (a.u.) Dipole (Debye) Volume (A?) Exnomo (eV) Eiumo (eV)
SAHA-B —-880.321846 5.50 281.35 -8.83 1.60
SAHA-A —-880.342772 5.65 281.11 -8.74 1.56
SAHA-C —-880.346274 4.67 281.40 -8.17 1.58
SAHA-D —-880.365679 6.64 280.86 -8.30 1.54

*Energy arranged from the highest to the lowest value.

0

Figure 2. SAHA structures of A, B, C and D monomers from the FB188 HDAH enzyme
crystal, on panel A, are showed both atoms numbering and colors of SAHA atoms. Carbons
(grey), oxygens (red) and nitrogens (blue). Differences in SAHA conformation are clearly

-208] kJ/mol

observed, highlighted by the electrostatic potential maps encoded in a van der Waals sur-
face. The carbonyl group of the anilide group shows similar positions in mA and mD, but
some differences in the suberoyl hydrophobic chain. The hydroxamic acid group maintains
almost the same conformation in all four cases. The dipole moment vector (yellow arrows)
points in different directions. Electrostatic potential values were cut-off at 200 (blue) and
—200 (red) kJ/mol. Grey, red, blue and white are for C, O, N and H, respectively.
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values. Clearly, two of the three pairs where monomer B participates (AB and
BD) showed the highest RMSD values. Table 3 shows all RMSD scores for the

six pairs that result from the four monomer combinations.

3.2. Binding Pocket Area and Volume

The binding pocket volume of the FB188 HDAH enzyme showed marked dif-
ferences among the four cavities where SAHA is bound. To conserve the idea of
variability among monomers and logical secuence, the binding pocket volume
and SAHA area showed according to the following trend: mB < mD < mC < mA.
The SAHA volume, however, remained almost unchanged in the four mono-
mers, showing the following trend mD < mA < mB < mC. Figure 3 depicts the
binding pocket shape and position of the four monomers of the enzyme. The
trend values of the binding pocket volume and SAHA physical properties are
shown in Table 4.

3.3. Overview of the Conformational Variations of SAHA and
Binding Pocket Residues

The superimposition of the SAHA-binding pocket cut-off at 4 A includes the 11
nearest amino acids and the zinc ion, showing that the hydroxamic acid region
of SAHA is an important H-bond network concurrent with zinc ion coordina-
tion. The H-bonds and zinc coordination in the four monomers varies very little.
In the side-chain region of SAHA (suberoyl group), most interactions are hy-
drophobic and exhibit some degree of mobility. Interestingly, the ring moiety
(amide-phenyl group) lacks interactions and shows marked mobility, as occurs
with its nearby residues. These amino acids show that residues near the ring
have greater mobility and those closer to the Zn-ion show invariability. Figure 4
superimposes variations in the four SAHA molecules embedded in the catalytic
core of the enzyme. The 11 adjacent residues and Zn-ion are included, as are

dipole moment vectors.

3.4. Conformational Variability of SAHA Molecules and Residues
of the Enzyme Binding Pocket

Comparison by superimposition of the four SAHA molecules shows important
conformational variations near the phenyl group, but to a lesser extent near the
suberoyl side-chain. The hydroxamic acid region is nearly invariable. Conformer
B is the most distorted, followed by C, while conformers A and D have similar

structures. Likewise, amino acids near the phenyl ring and contiguous suberoyl

Table 3. RMSD values among the six pairs for the four SAHA monomers.

Monomer RMSD (A) Monomer RMSD (A)
AandC 0.063 AandD 0.079
Band C 0.337 Cand D 0.452
Aand B 0.506 Band D 0.549
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Table 4. Different monomer trends of the binding pocket volume and SAHA’s area and
volume values.

Monomer Binding Pocket Monomer SAHA Monomer SAHA
Volume (A2)* Area (A?) Volume (A%)**

B 116 B 180 D 280.86

D 153 C 223 A 281.11

C 166 A 230 B 281.35

A 189 D 249 C 281.40

*From lowest to highest values; **Trend with negligible differences.

Pocket volumg

Figure 3. Shape and position of the enzyme binding pocket (green). The binding pocket
volume is arranged from smallest to the largest value among monomers. Surrounding re-
sidues are depicted in red.

His182
-hlh_ ‘\

|
Asp180 L&

{ N

2+ &(k/
* /A [ Asp26s

Figure 4. Overlapping of the enzyme-SAHA complex of the four monomers in the cata-
Iytic site from crystal PDB ID: 1ZZ1. SAHA is colored similar to the corresponding mo-
nomer; that is: A (orange), B (blue), C (green) and D (pink). Residues Ile100, Leu2l,
Phel52 and Phe208 are markedly closer to the SAHA-ring area and show larger confor-
mational changes among monomers, while the hydroxamic group closer to the zinc ion,
the polar residues: Tyr312, Asp180 and 268 and His142, 143 and 182 and Phe341 (yellow)
from the adjacent asymmetric monomer remain almost invariable. The four Zn atoms
overlay in the same place. Dipole moment vectors show similar tendencies.
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chain have more conformational variability than those interacting with the hy-
droxamic acid moiety. Figure 5 shows the conformation variability of SAHA

and the 11 residues of the deacetylase catalytic pocket.

3.5. Amino Acids, Dihedral Angle Analysis

The conformational variability of residues (Aa) was assessed by measuring the
dihedral angles of the 11 residues of each of the four monomer binding pockets.
Thus, four residues: Leu21, 11e100, Phe208 and Tyr312 showed significant dif-
ferences in X1 and x2 dihedral angles among the four monomers. Thus, the x2
and x1 dihedral angles of Ile100 and Phe341, respectively, were slightly rotated
to correct atomic distances with SAHA.

Notably, the backbone y angle in Ile100 differed only in monomer B. The ob-
served dihedral angle variations correlate quite well with the conformational
differences observed in the overlapping of SAHA-enzyme complexes. Table 5
shows the values of the measured dihedral angles; significant differences among

monomers and their respective residues are highlighted.

3.6. Analysis of the Hydrophobic Interactions of SAHA-Enzyme
Complexes in the Binding Pocket

The abundant and different hydrophobic interactions were analyzed both indi-
vidually and collectively. Important hydrophobic interactions occur between the
suberoyl backbone of SAHA and seven residues of the catalytic pocket. Three of
them, Leu2l, Ile100 and the aromatic Phe208, show among the four monomers a
different number of interactions and different interacting atoms. Notably, Leu21
and Ile100 show the largest atomic distances variability. The other three residues

which are aromatic, i.e., Phel52, His182 and Tyr312, interact almost in the same

1

AN

)

lle100 Phe152

7 e

Asp180 His182 Phe208 Asp268 Tyr312 Phe341

Figure 5. Conformation variability of SAHA and binding pocket residues. Monomers B
and C (blue and green, respectively) fluctuated most. Mobility is larger at the phenyl ring
followed by the suberoyl chain. The 11 neighbour amino acids forming the catalytic
pocket of the enzyme are presented from the most variable Leu21 to the almost unvarying
Tyr312 and Phe341 (yellow) from the adjacent asymmetric monomer. The five most va-
riable residues are those close to the phenyl ring and suberoyl chain. The almost un-
changed residues are those close to the hydroxamic acid and the Zn ion. Colors corres-
pond to the respective monomer: A (orange), B (blue), C (green) and D (pink).
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Table 5. Dihedral angles for each residue from catalytic site of monomers A, B, C and D.

Dihedral Angles
Monomer A Monomer B Monomer C Monomer D
Aa LA A D T N S 2 T (R CHEL R S CHE CHE CHE A 2 A A <
Leu2l -155 -73 -142 -150 -153 -70 178 68 -151 =73 177 53 -156 -69 -171 65
Ile100 -126 -36 -59 —60 -127 8 63 100* -128 -48 -65 =72 -123 -34 173 148
Phe208 -161 137 -165 81 -177 -166 136 -175 79 -177 -163 135 -172 -96 177 -162 134 -169 -97 177
Tyr312 -133 3 -56 =75 177 -135 5 -58 99 -176 -133 5 57 =75 176 -135 3 56 97 -176
His142 -70 -16 75 150 -180 -71 -13 74 154 180 -70 -16 71 155 -180 -68 -17 73 154 180
His143 -8 -17 -67 -51 -179 -8 -13 -61 -53 -178 -8 -16 -67 -49 -179 -83 -19 -69 -47 179
Asp268 81 0 38 9 -80 1 39 8 -79 -1 37 11 =77 -6 40 8
Phel52 80 -3 —-46 149 180 79 -1 —43 146 179 78 1 -47 151 178 80 2 47 152 179
Aspl80 -52 143 174 -64 =52 143 177  -61 -50 142 177 -66 =52 140 178 -65
His182 -102 156 -51 100 -180 -96 155 57 106 -177 -98 154 -56 105 -177 -97 157 =55 102 -178
Monomer D Monomer C Monomer B Monomer A
Phe341 -52 -47 177 62 179 -54 -42 169* 69 -180 -58 —-45 174 64 178 =55 -45 174 67 180

Larger variations in dihedral angles are in boldface. *Ile100-x2 dihedral angle rotated from 160° to 100° in mB and Phe341-x1 dihedral angle rotated from
175° to 169° in the adjacent asymmetric monomer (mC). Dihedral angles and related atoms:®: C-N-Ca-C. y: N-C-Ca.-N. x;: N-Ca-CS-Cy (His, Leu, Phe,
Tyr, Asp, Ile). x,: Ca-Cp-Cy1-Cd (Ile), Ca-CB-Cy-C81 (Leu, Phe, Tyr), Ca-CB-Cy-081 (Asp), Ca-Cp-Cy-N81 (His). x;: CS-Cy-C81-Cel (Phe, Tyr),
Cp-Cy-N81-Ce (His).

way through van der Waals forces between the aromatic ring of each one of
them and the aliphatic chain of SAHA. Phel52 for instance, interacts similarly in
monomers A and B, while, Tyr 312 interacts with monomers A and D and
His182 presents two different type of interactions, one comprising A and D
monomers and the other one including B and C monomers. Ile100 is the only
non-polar residue that interacts with the amide phenyl group of SAHA. It is
noteworthy that the SAHA amide-phenyl group is almost free of hydrophobic
contacts showing high mobility, yielding different positions in the four mono-
mers. Particularly, Phe341 the seventh residue from the adjacent asymmetric
monomer showed two hydrophobic interactions in a similar manner in mA, mC
and mD while in mB six interactions were observed. Figure 6 shows the charac-
teristic interactions of SAHA with the main six hydrophobic amino acids in the
binding pocket of the four monomers from the FB188 HDAH crystal. Phe341
the seventh residue from the adjacent asymmetric monomer is not shown. Addi-
tionally, in Table 6, are shown Leu21 and Ile100 as an example of varied atomic
interactions with SAHA in the four monomers.

Seven amino acids—five aromatic and two aliphatic—form the hydrophobic
core that surrounds the SAHA molecule. However, a close view shows a different
arrangement of hydrophobic interactions for the four monomers. Most hydro-

phobic interactions occur in the SAHA suberoyl backbone. The rings of the
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Figure 6. Characteristic hydrophobic interactions of six amino acids with SAHA in the
four crystal monomers. The three amino acids with different type and number of contacts
in the four monomers are shown in the left panel. In the right panel, Phel52 has a similar
pattern of interactions with A and B monomers. Similarly, Tyr312 displays the same in-
teractions with A and D monomers, while His182 has the same contacts with mA and
mD, but a different pattern with B and C monomers. Phe341 from the adjacent asymme-
tric monomer not shown.

Table 6. Hydrophobic interactions for residues Leu21 and Ile100 with SAHA monomers.

Interacting Atoms

X Number of
Monomer Residue Residue
Contacts SAHA Atom Distance (&)
Atoms
Leu2l 1 C52 Cé6 4.0
cyl cs 38
A cn C9 3.8
Ile100 5 Cyl C10 3.7
Cy2 c7 39
Cy2 c8 39
Leu2l 1 Cé1 Cc7 3.6
1le100 8 Cé1 Cé6 2.7% - 3.7
Cé1 C7 2.6 - 3.8
Cy C7 3.8
B V.
cyl c8 4.0
cyl Cl4 39
Cy2 c8 4.0
Cy2 co 3.6
Leu2l 2 Cé1 C6 3.9
Cd1 C7 4.0
C 1le100 3 Cyl C9 3.8
cy C10 3.5%-3.6
Cy2 c7 38
Leu2l 1 Cé1 C7 4.0
Ile100 4 Cé1 C7 3.6
D Cyl C8 3.3* - 3.6
Cy2 c8 38
Cy2 C10 38

Minimal interatomic distance allowed was 3.6 A. *Abnormal shorter distances adjusted to 3.6 - 3.8 A.
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aromatic residues clearly interact to different extents among the four monomers.
Thus, the A and D monomers have 24 and 26 interactions, respectively, while
mC has the lower score with 20 and B has the highest, with 35 contacts. Ile100
and Phe341 are the only residues that interact with the SAHA ring. Ile100 inte-
ract with SAHA at two, one and one abnormal shortest distances in mB, mC and
mD, respectively (all corrected to 3.6 A before calculations). Figure 7 shows the
varying hydrophobic environments of the SAHA-enzyme catalytic binding
pocket in the four monomers of the FB188 HDAH crystal.

3.7. Hydrogen Bonds

An invariable network of eight H-bonds occurs in the four monomers among
the hydroxamic acid moiety of SAHA and the polar atoms of histidines 142, 143
and 182, aspartic acids 180 and 268 and Tyr312. The zinc ion is surrounded, to
some extent, by the H-bond network. Unlike the hydrophobic interactions, the
H-bonds are defined in a similar number and placement in the four monomers,
creating a stable polar environment. Figure 8 shows the H-bond network for the
four monomers. A data summary of distances and H-bonding atoms is shown in
Table 7.

C 27 Leu21 Phe152 Tyr§12

Phe1s2 1312

N \/:

~ Phe208|
Phe341 " His182

‘ Phe152
Tyr312

. Phe15 Tyr312

" Leu21 5 ;
NN 's

|
lle10

Phe208

,

Phe341 His182 .. Phe208

Phe341

Figure 7. Hydrophobic interactions of SAHA and the residues of the catalytic pocket.
Monomer C (shown first), has the fewest hydrophobic contacts, while the most contacts
are found in monomer B. Although monomers A and D have similar hydrophobic inte-
ractions, their pattern of interaction is quite different. Leu21 and Ile100 present the larg-
est conformational variations among the seven residues. Anomalous shorter distances of
1le100 are found in monomers B, C and D. The Zn ion is included for reference and
SAHA molecules keep their assigned colors.
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Figure 8. Close view of the H-bond network as observed in the four monomers of the

enzyme-SAHA complexes. The H-bond network results from the negative oxygen charges
from the hydroxamic acid of SAHA and the concurrent positive charges of the N-atoms
of histidines 142, 143 and 182, the carbonyl and hydroxyl groups of aspartic acids 180 and
268, and the hydroxyl group of Tyr312. The symmetry of the H-bond network in the four
monomers is remarkable and includes the nearby zinc ion in the same position.

Table 7. Hydrogen bond interactions from SAHA-residues complexes.

Interacting Atoms Distances (A)
Monomer Residue H-bonds
Residue SAHA ABCD
His142 1 Ne2 01 2.5,2.5,2.5,2.4
His143 1 Ne2 01 3.0,2.8,3.1,3.1
Asp180 5 082 O1H 2.3,2.1,2.2,2.4
A,B,C,D P 081H o1 2.0,2.1,2.0,2.3
02, 2.9,2.7,29,2.8
Asp268 2 082H
01 4.0, 4.0, 4.0, 3.9
Tyr312 1 OH 02 2.4,24,2.5,2.6
Total 7

The Zn** coordination forms an octahedral-symmetrical bi-tetrahedral geo-
metry in the four monomers. Two oxygen atoms of the hydroxamic acid of
SAHA form two vertices, and the four that remain are shared with the oxygen
atoms of Asp180 and Asp268 and the nitrogen atom of His182. The neat octa-
hedral structure makes the zinc ion a strong center of union and stability for the
enzyme-SAHA complex. Figure 9 shows the coordination geometry of the com-
plex formed by Zn®*, SAHA and the three residues. Table 8 shows data for coor-

dinated atoms and their respective distances.

3.8. Sum of the SAHA-Catalytic Pocket Electrostatic Interactions

Each of the four monomers of SAHA clearly interacts with the catalytic pocket
of the FB188 HDAH enzyme through 11 amino acids and one zinc ion. The
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His182

Figure 9. Zinc-ion forming an octahedral coordination with SAHA and adjacent polar
atoms. The similarity of the coordination geometry of Zn®* among the four monomers is
remarkable. Two-ligand coordination is directed to the SAHA oxygen terminal atoms;
two are shared with the two carboxyl oxygen atoms of Asp180, and the remaining two are
directed to Asp268 and the N31-atom of His182. The internal vertex angles are marked.

Table 8. Zinc interactions from SAHA-residues complexes.

Number of Distances (A
Monomer Residue K Residue Atoms (4)
Interactions ABCD
082 2.0,2.0,2.1,2.0
Aspl180 2
081 2.2,23,24,24
ABCD His182 1 N&1 2.2,2.2,2.2,22
Asp268 1 082 2.1,2.0,2.0,2.0
Total 4

number of van der Waals contacts (hydrophobic interactions) varies from 20 to
35. However, eight hydrogen bonds and the Zn** octahedral shape coordination
did not vary. Table 9 shows all data for the SAHA-FB188 HDAH interactions

and the range of their respective distances.

3.9. Electrostatic Properties

The extent of the electrostatic properties in the binding pocket of the
SAHA-enzyme complex was evaluated by measuring the dipole moment, elec-

trostatic potential and atomic charges of each monomer.

3.10. Dipole Moment Assessment

The dipole moment (DM) vector (Debyes), induced by the atomic charge ar-
rangement, is the result of the SAHA-residues-Zn** interaction in the binding
pocket of the four monomers and is oriented in almost the same direction to-
ward Phel52 (see Figure 4). However, the DM magnitude of mA was shortest
while the magnitude of mD was longest. The DM vector value, organized from
the lowest to the highest was 12.4, 21.6, 28.2 and 37.3 for monomers A, D, C and
B, respectively.
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Table 9. Total interactions found among SAHA, amino acids and Zn*" in the binding pocket of the four monomers of the crystal
of the SAHA-FB188 HDAH complex.

Hydrophobic ~ Hydrophobic H-bond  Zn* Interac- Zn**->SAHA  Zn® Aainte-  Zn*-> Aa
Monomer Aa . . K H-bonds K . . . .
interaction Distance* Distance tion Distance raction Distance
A 11 24 3.51 -3.98 8 2.40 - 1.61 2 1.9-22 4 2.0-22
B 11 36 3.01 - 3.96 8 2.36 - 1.47 2 20-21 4 20-23
C 11 21 3.43 - 3.99 8 2.28 - 1.64 2 2.0-2.1 4 20-24
D 11 26 3.27 - 4.00 8 2.34-1.63 2 2.0-2.1 4 20-24

Zn**-> Coordination distances; *Range-Distances in A.

3.11. Molecular Electrostatic Potential in the SAHA-Binding
Pocket Complex

The electrostatic potential maps of the binding pocket differed somewhat among
the four monomers. As expected, the three molecular regions of SAHA have dif-
ferent patterns of MEPs, but showed almost the same pattern in the hydroxamic
acid group and the Zn*" ion in all cases. In contrast, the O and N atoms of the
amide-phenyl group adopt different MEP patterns according to the orientation
of those atoms in each monomer. A neutral and extended electronic region is
observed along the suberoyl hydrophobic chain, highlighting the variable con-
tour of the antagonist. The MEP map also shows matching of anionic and catio-
nic groups in some residues, for instance, His142, Asp180, Asp268 and Tyr312
with the SAHA molecule, particularly in the hydroxamic acid group and the
Zn**-jon region. This interaction between SAHA and the enzyme shows impor-
tant differences in the arrangement of binding site structures. The surfaces of the
MEPs were set to an isodensity of 0.002 a.u. Figure 10 shows a map view of the

four SAHA-amino acid complexes.

3.12. Atomic Charge Calculations

The atomic charge values of SAHA and the involved atoms from residues that
form the binding pocket were measured under bound and unbound conditions.
Many atomic charges changed somewhat in the two conditions. Thus, the extent
of charge modification in the interaction process was assessed by measuring dif-
ferences in both conditions. An illustration of the atomic charge differences is

shown in Figure 11.

3.13. Free Energy Analysis

After applying Equations (1) (2) and (3) (see methods), the free energy of each
of the 11 residues was calculated individually, as were the free energies of SAHA
and those of Zn**-ion coordination in the four monomers. Clearly, conforma-
tional differences and the resulting electrostatic properties found in each of the
four conformers are related to differences in free energy values. Interestingly,
monomer B exhibited the largest differences in conformation and properties, in-

cluding the highest free energy. Comprehensive data for each residue, Zn’*-ion
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Figure 10. Slice maps of the MEP elicited by the SAHA-binding pocket complex. Nega-
tively charged atoms display red lines, while the positively charged atoms display blue
lines. The high hydrophobicity of the SAHA molecule located on the phenyl ring and the
suberoyl chain is observed mostly as green lines, indicating near neutral MEP. In the four
monomers, the polar O and N atoms of the amide-phenyl group show noticeable variety
in position. The energy range of the isoelectric lines was cut off at =200 to 200 kJ/mol.
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Figure 11. Differences in charge values resulting from bound and unbound conditions
between SAHA and interacting residues in the binding pocket. Larger differences are ob-
served in SAHA atoms, particularly C1 and C2 followed by C6-C7 and the polar atoms
O1, N1 and O2; all these atoms belong to the acid moiety near the zinc ion. In contrast,
the phenyl ring atoms remained almost unchanged. The differences in amino acid atoms
varied to a lesser extent. However, the atoms of Ile100; His142 and His143; Asp180 and
Asp268 showed significant differences among the monomers. Phe341, with negligible
changes from the adjacent asymmetric monomer, is not shown. SAHA structure and
numbering is depicted showing the relative position of the 10 neighbour residues.

coordination and total free energy (ordered from highest to lowest energy) of the
binding pocket are shown in Table 10.

The free energy differences 4 A from the four SAHA-Aa-zinc complexes in
the FB188 HDAH, form an energy tendency suggesting four markedly different
glimpses of a dynamic process. The free energy trend in the four monomers
forms a curve that neatly resembles the lower segment of the inhibitory experi-
mental curve of SAHA on the antagonism of the FB188 HDAC enzyme [14].
This correlation reveals that the four crystallized monomers of the SAHA-enzyme
interaction are different static stages of a dynamic process captured along the
time-course of the inhibitory reaction. Monomer B was the most distinguished

among the four monomers, showing various positions for the SAHA phenyl
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Table 10. Total binding free energies for FB188 HDAH monomers complexed with SAHA.

Free energies for Zn%*-coordinated Total free
Free energies for SAHA-residues and SAHA-Zn?* (kcal/mol) g_ energies
residues (kcal/mol)
(kcal/mol)
Monomer Leu Ile His His Phe Phe Tyr Phe 341  Zn?* Asp His Asp
21 100 142 143 152 208 312 180 182 268
B -2.54 -2.08* 327 -4.18 -3.96 13.84 2.80 -2.81* -114.90 -132.94 -165.90 -146.29 —555.69
C -194 -456 1.77 =273 -5.87 -9.60 1.26 -3.55 -125.75 -131.33 -169.80  —146.19 -598.29
A -3.41 -511 339 -942 -580 -9.18 2.38 -3.29 -161.68 -133.53 -168.12  -131.74 -625.51
D -3.04 199 897 -5.06 -6.16 -8.81 —0.32 -2.78 -187.35 -131.14 -169.27  -145.19 -648.16

*Free energies after tuning the side chain angles of Ile100 and Phe341.

ring, the smallest binding pocket volume, the most hydrophobic contacts, the
largest dipole moment and the highest total free energy. Figure 12 shows the
free energy trend for the four crystal monomers, comparing their experimental

SAHA-enzyme inhibition.

4. Discussion

The X-ray crystal structures of these proteins have proven to be useful in study-
ing properties beyond precise structure and electrostatic properties. The analysis
of protein crystal structure using proper ligands or antagonists may contribute
to the understanding of the mechanism of action of drugs, as reported for aspi-
rin [21]. Another example is the demonstration of the conversion of rhodopsin
to bathorhodopsin via a visual photochemical process, as reported by Nakamichi
and Okada [22]. X-ray structures of HDACs have been used to design selective
inhibitors [23] and to explore potential zinc binding groups to inhibit histone
deacetylases [24]. In the present work, we studied the crystal of the histone dea-
cetylase-like protein (FB188 HDAH) from a dynamic point of view; the protein
is composed of four monomers that include the inhibitor SAHA in the binding
pocket (PDB ID: 1ZZ71).

The underlying forces of the inhibitory mechanism of SAHA on FB188
HDAH were unveiled to a greater extent by systematic analysis of the PDB:
1771 crystal. The four monomers of the crystal varied in both structure and
electronic properties. Notably, in agreement with data obtained by molecular
dynamics calculations by Estiu et al. [25], SAHA varied mostly at the phenyl ring
region yielding, differences in total energy and electrostatic properties. In con-
trast, the zinc region of the enzyme was quite stable. In addition, the four HDAH
molecules showed variation in the binding pocket dimensions, along with con-
formational differences in SAHA and amino acids that form the binding pocket.
Notably, the hydrogen bonds and Zn** SAHA-enzyme coordinated interactions
were almost invariable, while the hydrophobic interactions changed considera-
bly. The free energy changes among the four monomers resembling the typical
pattern curve coincided with the pharmacological inhibition process.

Since the FB188 HDAH is a metalloenzyme that contains a zinc atom, it has

six short coordination bonds (1.9 to 2.2 A) that form an octahedral structure as
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Figure 12. Comparison of the free-energy fitting curve of four monomers with the
experimentalcurve of SAHA inhibition. On the right, an inset shows the present results of
the SAHA enzyme-antagonism curve, unveiled theoretically by monomer analysis of the
1ZZ1 crystal. In addition a linear equation between B and D monomers gave a slop value
of 0.81. On the left, comparison of the reported experimentalcurve of SAHA inhibition of
FB188 HDAH [14].

reported by Nielsen et al. [15]. The zinc-ion produces markedly high stability of
the complex, along with a network of eight H-bonds to SAHA, three histidines,
two aspartic acids and one tyrosine. The zinc coordination and H-bond network
are quite similar in the four monomers, suggesting that the SAHA-zinc interac-
tion is the strongest and most stable in the SAHA-FB188 HDAH complex and is,
therefore, the main inhibition site. In fact, the strain energy for the six zinc
coordinations may stabilize the zinc-SAHA-H-bonds complex to improve SAHA
efficacy as a time-independent antagonist with strong binding and low flexibili-
ty, as reported by Bressi et al [26]. It has been suggested that changes in coordi-
nation strain can modify the electrostatic forces of the zinc ion and protein resi-
dues that form the coordinated complex. Likewise, zinc electrophilicity enhances
the ability of zinc metalloenzymes to discriminate between reaction-coordinated
species [27]. For example, some zinc metalloenzymes such as HDACS8 and
thermolysin that may differ in the flexibility of their catalytic zinc coordination
are capable of hydrolyzing the amide bond [28].

Indeed, the atomic arrangement in the catalytic site favors the entatic state, as
suggested by Vallee and Williams [29]. This means that the enzyme is tense with
the precise strain to proceed with the catalytic reaction, as supported by the
preorganization theory of Warshel [30] whereby enzyme atomic networks are
preorganized to react. These qualities in the enzyme environment may help to
facilitate the antagonist effect of SAHA, particularly the interaction of the hy-
droxamic acid moiety. This group appears to be the real pharmacophore of
SAHA and somewhat resembles the acetate group of acetyl-lysine, the natural
substrate of histone deacetylases.

The binding pocket is an important factor for histone-deacetylase catalytic ac-
tivity or inhibition. The volume of the binding pocket may vary, as observed in
our calculations where its volume ranged from 116 to 189 A* among the mono-
mers. In some cases, there is an adjacent 14-A long cavity to the binding pocket
[9], called the foot pocket [26], which may be or may be not filled by various in-
hibitors. In the case of SAHA, the binding pocket is occupied to maintain coor-
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dination with the zinc ion. However, HDAC2 antagonists such as anilides may
occupy the foot pocket and act as time-dependent inhibitors [26].

In addition, SAHA (the zinc chelator itself), is an interesting compound. Ac-
cording to Richon et al [31], SAHA was synthesized to test the possibility that a
hydrophobic phenyl group at one end of the molecule might enhance its activity.
The crystal analysis of SAHA showed two positions for the phenyl group in the
cap of SAHA, in agreement with the preferred orientation observed using mole-
cular dynamics simulations [32]. In addition, the amide group is able to rotate,
as observed in mB and mC. These conformational differences may explain varia-
tions in the inhibitory mechanism of SAHA. In fact, the SAHA in mB, the most
dissimilar of the monomers, also had the largest differences in properties, in-
cluding two anomalously short interatomic distances and the highest free ener-
gy. In addition, the SAHA molecule from mB had the highest energy and largest
HOMO-LUMO gap, implying larger electron affinity, ionization potential and
chemical hardness, among other properties. Although SAHA from mB had an
acceptable conformation, its inhibitory activity was lowest. Pharmacologically,
SAHA is a nanomolar inhibitor of HDAC activity [33]. However, the selectivity
of SAHA appears to be low with respect to the human HDAC isoform classes
and is classified as a non-selective inhibitor of class 1 and 2 enzymes [32]. Thus,
SAHA acts as a broad-spectrum HDAC inhibitor [34] with different inhibitory
potency depending on the HDAC class studied. Additionally, the inhibition of
SAHA is not time-dependent [26]. Clinical trials have shown that SAHA is well
tolerated; antitumor activity and the pharmacokinetic analysis showed that
SAHA is rapidly eliminated in a manner proportional to the administered doses
[35]. Notably, SAHA also inhibits esterase and lipase activities [36].

5. Conclusion

The tetrameric structure in the asymmetric unit cell of the crystal of the
HDAC-like protein FB188 complexed with SAHA (PDB ID: 1ZZ1) proved a
suitable model to disclose the biophysical mechanism of the SAHA enzyme in-
hibition process, which may contribute to our understanding of the epigenetic
mechanism derived from histone modifications. By applying quantum mechan-
ics and computational chemistry, it the systematic crystal analysis comprising
the electronic structure, physicochemical properties and free energy calculations
uncovered a dynamic process inside the crystal monomers. One invariable Zn>*
SAHA-enzyme coordinate interaction region and one highly variable amide-phenyl
group region were clearly observed and were needed to slightly adjust some in-
teratomic distances to validate the results. All conformational and physicochem-
ical binding values varied among the four monomers that gave different free
energy values for each monomer, showing a clear dynamic curve in typical inhi-
bitory fashion. In this manner, it was demonstrated that the interior crystal
structure gave sufficient information to unveilthe free energy and biophysical

mechanism of any bounded molecular system, using a quantum chemical analy-
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sis of the various monomers present in a crystal.
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Abbreviations

FB188 HDAH: HDAC-like amidohydrolase, histone deacetylase-like protein;
HAT: histone acetyltransferases;

HDAC: histone deacetylase;

SAHA: suberoylanilide hydroxamic acid;

DFT: Density Functional Theory;

PDB: Protein Data Bank;

TSA: trichostatin A;

NAD: nicotinamide adenine dinucleotide;

mA, mB, mC, and mD; monomers named A, B, C and D respectively;
RMSD: root-mean-square deviation;

MEP: molecular electrostatic potential;

Aa: residues;

B-factor: thermal-factor;

x1: dihedralangle N-Ca-CS-Cy;

%2: dihedralangleCa-Cp-Cy1-C8;

DM: dipole moment.
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