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Sulfur and selenium derivatives of suberoyl anilide hydroxamic acid (SAHA)
as a plausible HDAC inhibitors: a DFT study of their tautomerism
and metal affinity/selectivity
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Aberrations in histone deacetilase (HDAC) enzymes are associated with wide range of ailments including some
types of cancer, inflammation, metabolic and neurological disorders. In a search for new efficient and body-tolerable
HDAC inhibitors two analogs of hydroxamic acid drug (SAHA), containing sulfur- and selenium atoms in the car-
bonyl group of hydroxamic moiety have been investigated. Questions regarding their physico-chemical properties and
metal affinity/selectivity have been addressed by employing density functional calculations combined with polariz-
able continuum model computations. More specifically, the paper answers the following questions: (1) How does
the substitution in the hydroxamic group affect its conformational stability and ionization pattern? (2) What are the
preferred deprotonation sites of the hydroxamic moiety and its mode of binding to the metal cation? (3) How does the
0O—S and O—Se exchange in hydroxamic moiety modulate its affinity and selectivity toward essential biogenic metal
cations such as Mg?*, Fe?* and Zn?**? The calculations reveal the key factors governing the ligation properties of the

hydroxamic moiety and its sulfur and selenium analogs.
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INTRODUCTION

There is an increasing evidence that epigenetic
changes in gene expression play important role in
progression of cancer. One of the important mecha-
nisms of epigenetic regulation of gene expression
is the acetylation and deacetilation of histones.
This chromatin modification is controlled by two
enzymes with opposing functions: histone acetyl
transferases (HAT) and histone acetyl deacetylases
(HDAC). The aberration in the action of these en-
zymes can alter the structure and function of chro-
matin and is associated with a wide range of ail-
ments including some types of cancer [1, 2], inflam-
mation [3], metabolic and neurological disorders [4,
5]. There are 18 HDACs grouped in four classes:
Classes I, IT and IV are metal (Zn** or Fe*") depend-
ent hydrolases [6, 7]. Class 11l are NAD" dependent
sirtuins and do not contain metal cation in the active
site. Up to now several classes of small-molecule
HDAC inhibitors (HDACi) have been recognized
[8—11]. They reduce malignancies by blocking the
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cell cycle and inducing apoptosis [11] Most of these
are hydroxamic acid derivatives, represented by
suberoylanilide hydroxamic acid (SAHA) and tri-
chostatin A (TSA) (Fig. 1). Their inhibitory effect
stems from chelating the metal ion (Zn?* or Fe?*) in
the active site of the enzyme and subsequent disrup-
tion of the host enzyme activity [8, 12]. Although
hydroxamic acids are regarded as potent inhibi-
tors, they generally have some issues associated
with their use such as low oral availability, poor in
vivo stability, and undesirable side effects [13, 14].
Therefore, the quest for more efficient and body-
tolerable HDAC inhibitors is ongoing.

A series of sulfur and selenium-substituted de-
rivatives of some HDAC inhibitors have been
synthesized (Fig. 2) and probed for biological ac-
tivity [15-17]. Thus, SAHA analogs containing
a-mercaptoketone and a-thioacetoxyketone have
been found to exhibit higher activity toward isolat-
ed histone deacetylases [15]. Derivatives of SAHA,
containing one or two selenium atoms in different
parts of the molecule (Fig. 2) were found to be 2 to
4-fold more selective against melanoma cells than
the unmodified SAHA, and able to decrease mela-
noma tumor development by up to 87% with negli-
gible toxicity [17, 18].
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Fig. 1. Structure of a) suberoyl anilide hydroxamic acid (SAHA) and b) trichostatin A (TSA).
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Fig. 2. Structure of sulfur and selenium analogs of SAHA.

Note that derivatives of SAHA where the hy-
droxamic ligating group —(C=0)-NHOH is modi-
fied to -(C=S)-NHOH and —(C=Se)-NHOH, have
not been studied (to the best of our knowledge). To
determine how incorporation of sulfur and selenium
into the metal-binding part of SAHA changes its af-
finity/selectivity toward biogenic metal cations we
modeled and examined the S- and Se-derivatives
of the drug by combining density functional theo-
ry (DFT) calculations with polarizable continuum
model (PCM) computations. In search for novel
HDAC inhibitors we studied in detail the geom-
etry and protonation pattern of sulfur- and seleni-
um-containing analogs of SAHA. We investigated
how the substitution of carbonyl oxygen in the hy-
droxamic group with sulfur (carb-S SAHA) and
selenium (carb-Se SAHA) would affect its phys-
icochemical and ligating properties as compared to
the original unmodified molecule (carb-O SAHA).
Several questions were addressed: (1) How does
the substitution in the hydroxamic group affect its
conformational stability and ionization pattern? (2)
What are the preferred deprotonation sites of the
hydroxamic moiety and its mode of binding to the
metal cation? (3) How does the O—S and O—Se
exchange in hydroxamic group modulate its affin-
ity and selectivity toward essential biogenic metal
cations such as Mg*, Fe*" and Zn**? The calcula-

tions reveal the key factors governing the ligation
properties of the hydroxamic moiety and its sulfur
and selenium analogs.

COMPUTATIONAL METHODOLOGY

Sulfur and selenium carbonyl analogs of SAHA,
called for convenience carb-S and carb-Se, were ex-
plicitly modeled. All the metal cations under study
(Fe*, Mg?" and Zn?") are usually hexahydrated in
aqueous solution [19, 20]. Hence, their aqua com-
plexes were modeled as [M(H,0),]** (M = Fe, Mg,
Zn). In complexes with organic or protein ligands
Mg?* and Fe** usually retain the six-fold symmetry,
whereas Zn*" tend to reduce its coordination num-
ber to 4 and form complexes with tetrahedral sym-
metry [21-24]. Thus, complexes with octahedral
symmetry between carb-X (X = O, S or Se) SAHA
and Mg*" and Fe?* (high spin; quintuplet) were mod-
eled, while for the complexes with Zn?* tetrahedral
symmetry was considered.

Allcalculations wereperformed withthe Gaussian
09 suite of programs [25]. The B3LYP functional
[26-28] in combination with 6-311++G(d,p) [29]
basis set was employed in optimizing the structures
of the molecules under study and evaluating the
respective electronic energies, £/, in both the gas
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phase (¢ = 1) and solution. In the latter case polariz-
able continuum model (PCM) calculations in water
(e = 78) were performed. The combination between
method and basis set was chosen based on: (i) pre-
vious theoretical studies on hydroxamic acids [30]
and (ii) our own validation with respect to available
experimental data [31].

Frequency calculations for each optimized struc-
ture were performed at the same level of theory.
No imaginary frequency was found for the low-
est energy configurations of any of the optimized
structures. The vibrational frequencies were used to
compute the thermal energies, £, including zero-
point energy, and entropies, 5.

The differences AE f, AE,°, APV (work term)
and AS* between the products and reactants were
used to evaluate the free energy of the product for-
mation, AG?, in the gas phase and condensed media
at T =298.15 K according to:

AG = AE i+ AE,;+ APV —TAS (1)

A positive AG* implies a thermodynamically
unfavorable product formation, whereas negative
value implies a favorable one. The free energy of
deprotonation reaction in water solution (e = 78)
were evaluated by employing the thermodynamic
cycle shown in Scheme 1 where the experimental
free energy of proton hydration (—264.0 kcal/mol
[32]) was used.

AG! _ .
HA —» A + H
AGsoIve l l AGsoIva l AGsolv8
AT +
HAq) —  Apagq +  Hgg)

AG®

Scheme 1. Thermodynamic cycle employed for calculation of
the free energy of deprotonation in solution.

AG* =AG' + AG,,’ (Products) —
~AG,, (Reagents) @)
RESULTS AND DISCUSSION

Tautomers of carb-S and carb-Se SAHA ana-
logs. The main objective of this study is to assess
how the substitution of oxygen atom from the hy-
droxamic carbonyl moiety by its analogs from the
same group of the Periodic table, sulfur and sele-
nium, could alter the tautomeric equilibria in carb-X
SAHA. In answering this question, we modeled and
thermodynamically characterized the respective S
and Se derivatives of this molecule. Two possible
tautomeric forms of hydroxamic acids could exist:
keto and enol tautomers (Fig. 3). Furthermore, each
tautomer can adopt £- or Z-conformation [33]. Four
possible conformers for both S- and Se-derivatives
have been modeled. The most stable form in the
gas phase and in water solution is the 1Z-keto form
(Table 1 and Fig. 3). The stabilization of 1Z tau-
tomer is due to formation of intramolecular hydro-
gen bond between the -OH group and neighboring
substituted carbonyl group (C=S, C=Se) as seen in

X, OH X A
p—N p—N
R H R OH
Z-keto E-keto
(12) (1E)
XI—! pH XH\
=N C=N
/ / \
R R OH
Z-iminol E-iminol
(22) (2E)

Fig. 3. Keto- and enol forms of hydroxamic acid derivatives; E
and Z isomers.

Table 1. Relative Gibbs free energies (in kcal/mol) of the stable 1Z-keto and 1E-keto iminol tautomers of SAHA in the gas phase,

1 78
AGg, ', and water, AGg, ;.

AGcarb-O-SAHA] A(}carb-S-SAHA1 AC‘Icarb-Se-SAHA1 AC‘Icarb-O-SAHA78 AGcarb-S-SAHA78 AC‘Icarb-Se-SAHA78
1Z 0.0 0.0 0.0 0.0 0.0 0.0
1E 2.1 5.0 5.4 1.9 5.0 42
27 2.7 0.6 1.1 5.4 3.2 3.8
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Fig. 4. The calculations reveal that in all the analogs
of SAHA the most stable conformer is the 1Z-keto
form (Table 2), as in the unmodified molecule
(Table 2). As compared to the unmodified carb-O
SAHA molecule, the free energy difference be-
tween the 1Z-keto and 1E-keto forms in the heavier-
element derivatives are more pronounced (Table 1).
Interestingly, the 2Z iminol form in carb-S SAHA
(Fig. 4C) carb-Se SAHA appear quite close in en-
ergy (just 0.6 kcal/mol and 1.1 kcal/mol free energy

difference respectively) to the 1Z conformer due
to the stabilization effect of the intramolecular hy-
drogen bond. The two most stable conformers for
the substituted SAHA analogs are 1Z and 2Z and
here is the big difference in comparison to the par-
ent compound carb-O SAHA, where the two most
stable conformers are 1Z and 1E (both keto forms).

Hydroxamic acids are weak acids with two la-
bile acidic protons in the hydroxamic moiety (—OH
and —NH (Fig. 1)) which could be detached in the

Fig. 4. The optimized geometries of A) 1Z-keto form of carb-S SAHA, B) 1Z-keto form of carb-Se SAHA C) carb-S SAHA 2Z

conformer at B3LYP/6-311++G(d,p) level of theory.

Table 2. Change in the Gibbs free energies (in kcal/mol) in the gas phase and water for the reaction of deprotonation of SAHA

(AH—A+H"). AG

solv

8 (H") of —264.0 kcal/mol is taken from the experiment [32]

1 1
AG carb-O-SAHA AGcarb-S-SAHA

1
AGcarb-Se-SAHA

78
AGcz\rb-S-SAHA

1 78
AGcarb-O-SAHA AGcarh-Se-SAHA

347.9
3342

336.7
319.6

1Z deprotonated O
1Z deprotonated N

3334
316.3

24.6 17.5 15.8
19.9 9.6 7.9
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course of chemical/biochemical reaction thus be-
stowing an OH- or NH-acid properties, respec-
tively, on the parent molecules. [39] What is the
deprotonation pattern of the S- and Se-analogs of
SAHA? In order to shed light on this question, we
modeled the two deprotonation pathways in carb
—S/Se SAHA analogs (through OH or NH deproto-
nation) and evaluated their thermodynamic efficien-
cy (Table 2). The calculations demonstrate that the
most stable deprotonated form in the carb —S SAHA
derivative in the gas phase is the N-deprotonated 1Z
form (Fig. 5b), which is 17.1 kcal/mol more stable
in the gas-phase and 7.9 kcal/mol in water medium
than the O-deprotonated 1Z form (Table 2). For the
Se derivative, these numbers are exactly the same.
The stabilization of the N-deprotonated 1Z form is
mainly due to the intramolecular hydrogen bond,
which is preserved from the original parent structure
(structure not shown). The calculations (Table 2)
show that carbonyl S- and Se- analogs of SAHA, like
the parent unmodified carbonyl O-construct [34] be-
have essentially as NH acids in both the gas phase
and water solution. Data collected in Table 2 reveal
that the heavier the heteroatom in the C=0O/C=S/
C=Se group, the more favorable the proton disso-

ciation at NH location is (decreased free energies of
deprotonation in the sequence C=0 > C=S > C=Se).

Metal selectivity of SAHA. The nature of the
metal cofactor at the enzyme active center greatly
affects the thermodynamics and kinetics of the in-
teractions with the respective substrates and en-
zyme inhibitors. In proteins very often metal cat-
ions such as Mg*, Zn* and Fe?" compete for the
same binding site [20, 35-38] and the proper metal
cofactor is selected either by the protein itself or
by the cell machinery which strictly regulates the
free metal concentration in the intracellular com-
partments [439]. Note that the identity of the na-
tive metal cofactor at the active site of HDACs is
still not resolved. Transition metal dications, such
as Zn*", Co*" and Fe** have been implicated in the
enzyme activation. Note, that examples exist of
metal-dependent enzymes (including HDAC) that
have been reclassified from Zn?*-dependent to Fe*'-
dependent enzymes [40—43]. Thus, it is of particular
interest to study the metal binding properties of the
carb-X (X = O, S, Se) SAHA analogs as possible
HDAC inhibitors towards different biogenic metal
cations and elucidate the major factors controlling
their metal affinity and selectivity.

Fig. 5. B3LYP/6-311++G(d,p) optimized structures of carb-S SAHA deprotonated at (A) OH and (B) NH site of the hydroxamic

moiety. Bond lengths are given in A.
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Table 3. Change in the Gibbs free energy (in kcal/mol, AG' gas phase, AG™ in water) for the Mg?" — Zn*'exchange reactions in

SAHA, carb-S SAHA, carb-Se SAHA complexes

AG! AG™
[Mg(H,0),** + [SAHA-Zn(H,0),]* + 2H,0 — [Zn(H,0),* + [SAHA-Mg(H,0),]* -1.7 20.7
[Mg(H,0),]>* + [carb-S SAHA-Zn(H,0),]* + 2H,0 — [Zn(H,0),]** + [carb-S SAHA-Mg(H,0),]* 9.4 315
[Mg(H,0),]** + [carb-Se SAHA-Zn(H,0),]* + 2H,0 — [Zn(H,0),]** + [carb-Se SAHA-Mg(H,0),]* 2.9 30.9

AG! the free energy change for the reaction in gas phase, AG™ — in water.

Table 4. Change in the Gibbs free energy (in kcal/mol) for the Fe** — Zn?'exchange reactions in SAHA, SAHA-S, SAHA-Se

complexes
AG! AG™
[Fe(H,0),]*" + [SAHA-Zn(H,0),]* + 2H,0 — [Zn(H,0),]*" + [SAHA-Fe(H,0),]* 6.4 16.4
[Fe(H,0),]** + [carb-S SAHA-Zn(H,0),]* + 2H,0 — [Zn(H,0),]** + [carb-S SAHA-Fe(H,0),]" 0.1 19.2
[Fe(H,0),]** + [carb-Se SAHA-Zn(H,0),]* + 2H,0 — [Zn(H,0),]** + [carb-Se SAHA-Fe(H,0),]* 2.9 19.3

AG' the free energy change for the reaction in gas phase, AG’ — in water.

The SAHA metal ion selectivity can be ex-
pressed in terms of the free energy, AG*, for replac-
ing Zn?" bound to the inhibitor by its rival cation,
M* (M = Mg, Fe):

[Mg(H,0)]*" + [carb-X SAHA-Zn(H,0),]" +
2H,0 — [Zn(H,O)J** +
[carb-X SAHA-Mg(H,0),] 4

[Fe(H,0)(]*" + [carb-X SAHA-Zn(H,0),]" +
2H,0 — [Zn(H,0)J*" +
[carb-X SAHA-Fe(H,0),] 5)

In this model the carb-S and carb-Se deriva-
tives are in their O-deprotonated form and the total
charge of the metal complexes is +1. In a previous
study [31] it was shown that even SAHA shows NH
acidity in gas phase and solution the preferred form
of complexation is with O-deprotonated form. In
egs. 4 and 5 a positive AG® implies a Zn**-selective
ligand whereas a negative value implies a Mg?"/
Fe?* selective one. The thermodynamic parameters
evaluated for carb-X SAHA in the gas phase and
condensed media are summarized in Tables 3 and
4. Optimized structures of the metal complexes are
shown in Fig. 6. Calculations imply that in the gas

phase the substitution reactions for the unmodified
SAHA are favorable (negative AG') but become
unfavorable for the S- and Se-substituted analogs
evidenced by positive free energies of Zn** — Mg*
and Zn?>" — Fe*" exchange. This implies that it will
be difficult for both metal cations to replace Zn>* in
these complexes. The S- and Se-containing SAHA
derivatives exhibit higher Zn>* selectivity in con-
densed media relative to SAHA as well (higher free
energies of metal exchange in Tables 3 and 4). The
“softer” character of the Zn** cation relative to that
of the Fe*" and Mg?* cations favors the interactions
between Zn*" and the “soft” S- and Se-containing li-
gands in greater extent than those between Fe*” and
Mg?* and carb-S SAHA/carb-Se SAHA.

CONCLUSIONS

A systematic theoretical study on sulfur and se-
lenium derivatives of a representative of the fam-
ily of the HDAC inhibitors — SAHA, has been per-
formed using density functional theory combined
with polarizable continuum model calculations.
The relative stability of different conformers of the
studied molecules was determined. In all cases the
most stable is 1Z keto form. The energies of depro-
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Fig. 6. Optimized structures at B3LYP/6-311++G(d,p) level of theory for the complexes of carb-Se SAHA with A) Zn?**, B) Fe**

and C) Mg*" (Zn*" — green color, Fe?* — purple and Mg?** yellow color).

tonation for the two possible ionizable groups, O-H
and N-H, are also determined. It has been found
that for the metal-free molecule thermodynamical-
ly more favorable is the deprotonation of the N-H
group. Sulfur and selenium-containing analogs are
deprotonated more easily than the parent SAHA
molecule. Deprotonation at the N-H site is more fa-
vorable for both compounds. In condensed media
SAHA and its sulfur and selenium analogs exhibit
greater affinity/selectivity toward Zn?** cations with
a noticeable increase in the order O <S ~ Se.
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CAPA U CEJIEH CbABPXALIU ITPOU3BOAHN HA CYBEPOUJI AHNJINJL
XNAPOKCAMOBA KNUCEJIMHA (SAHA) KATO ITIOTEHIHUAJIHA HDAC
NHXUBUTOPU: DFT U3CJIEABAHE HA TABTOMEPUATA U METAJIHUA
UM AOMHUTET/CEJIEKTUBHOCT
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(Pestome)

HapymaBaneTo Ha eficTBHETO Ha €H3UMHTE OT rpynara Ha xuctoH aeanerniasure (HDAC) ce cebp3Ba ¢ mUpoK
CHEKTBP OT 3a00JIsIBaHUS, BKIFOUUTEIHO HIKOU BUJIOBE PAK, BH3MAJICHUsI, METAOOJIUTHU M HEBPOJOTUYHU 3a00J1s1Ba-
Hust. B Tepcene Ha HoBu edukacHu u no-tonepanTHn HDAC mHXHOMTOPH, ca M3CIIeBaHM JIBa aHAJIOTa Ha YTBBP-
JICHOTO JICKapCTBO CYOCpOMII aHWIH] XUApokcamoBa kuceinnHa (SAHA), chabpiKallld CEpHH U CEJICHOBH aTOMHU B
KapOOHMJIHATA TpyIa Ha XUJIPOKCaMOBHs ocTaThk. C MOMOIITa Ha TEOpHsTA HA INIBTHOCTHUS (QyHKIMOHAN (density
functional theory — DFT) ca n3cienBanu TexHuTe (GU3MKOXMMHYHN CBOWMCTBA KaKTO U a()MHHUTETA/CEICKTUBHOCTTA
UM KbM METaJIu B ra3oBa (aza u pasrBopurell. [lo-KOHKpETHO, cTaThsTa oTroBapsi Ha cieauute Bbrpocu: (1) Kax
3aMECTBAaHETO B XMJIPOKCAMOBATA TPyIa BiHse BbpXy HeliHata koH(popmaionHa cradunnoct? (2) Kaksu ca npen-
MOYUTAHUTE MECTa 3a JACMPOTOHHpPAHE Ha XHMJPOKCAMOBaTa YacT M HAYMHA HAa CBbP3BaHE KbM METAIHUS KaTHOH?
(3) Kak oomensT Ha O — S 1 O — Se B XHpoKcaMoBaTa yacT MOJy/Mpa apMHUTETa U CEJICKTUBHOCTTA KbM OCHOBHHU
OUOTCHHU METAJHU KaTHOHM Kato Mg*, Fe*™ u Zn*"? U3uncnenusra paskpuBaT KIFOUOBHTE (GaKTOPH, OTPEACIISIIH
JUTUpAIUTE CBOWCTBA HAa XMUAPOKCAMOBATA YACT HA HHXUOUTOPA M HEHMHUTE CEPHHU U CEJICHOBU aHAJIO3H.
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